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Abstract

There is world-wide push today to dramatically reduce global greenhouse gas emissions to

mitigate the effects of climate change. In this low carbon future, the demand for traditional hy-

drocarbons will be signi�cantly reduced. Replacing some of these hydrocarbons with low carbon

emissions hydrogen could be a viable alternative for energy storage or energy export, as hydrogen

as a fuel source does not emit emissions. This is of relevance to Canada, an important exporter of

traditional hydrocarbons. However, there is currently a lack of detailed techno-economic analyses

that look at the cost competitiveness of hydrogen from Canada versus other likely hydrogen export

candidates, like Australia.

This gap is addressed by completing a detailed techno-economic analysis of the export of

hydrogen as ammonia to Japan from Canada or Australia that compares the costs in 2020, 2030,

and 2050. This detailed analysis could ultimately be useful for policy makers to understand the

potential for Canada to emerge as an exporter of hydrogen as ammonia based on the comparative

economics. A life cycle assessment is also included in this analysis.

From this techno-economic analysis, the costs for exporting ammonia to Japan in 2020, 2030,

and 2050 are, respectively, US$422/tNH3, US$458/tNH3, and US$463/tNH3 for Canada, and

US$827/tNH3, US$614/tNH3, and US$497/tNH3 for Australia. The emissions rates for export-

ing this ammonia to Japan in 2020, 2030, and 2050 are, respectively, 16.0 gCO2/MJ NH3, 11.6

gCO2/MJ NH3, and 11.2 gCO2/MJ NH3 for Canada, and 27.1 gCO2/MJ NH3, 15.3 gCO2/MJ NH3,

and 9.17 gCO2/MJ NH3 for Australia.

The natural gas prices for Canada and solar/wind farm costs for Australia were the two main

determinants of economic costs for their respective pathways. The �ndings suggests that Canada

will have a cost advantage in the short-term for supplying hydrogen as ammonia to candidate

countries that are looking to import hydrogen, such as Japan but that market dynamics could change

over time. From the life cycle assessment results, Canada would have lower emissions in the

present but Australia was found to have lower emissions in the future.
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Preface

Some of the research conducted for my thesis was in collaboration with the Transition Ac-

celerator, a pan-Canadian organization studying pathways that lead to net-zero greenhouse gas.

My work in Chapter 4 was built off an existing model built by the Transition Accelerator, which

modelled ammonia production with hydrogen produced from natural gas with carbon capture and

storage in Canada for 2020 for local transport and use. Portions of Chapter 1, Chapter 4, and Ap-

pendix A are part of a submission to an academic journal that is not yet published as of the writing

of this thesis.
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Chapter 1

Introduction

Canada, along with dozens of other nations [1�3], has committed to reducing greenhouse gas

(GHG) emissions to limit the average global temperature to less than 1.5 �C above pre-industrial

levels. GHG are de�ned as gases in the atmosphere that raise the surface temperature of a planet.

Meeting this commitment would require Canada and other countries to achieve net-zero GHG

emissions, de�ned as the GHG emissions released in all of Canada and other countries equal

to the amount of GHG removed from the atmosphere. Currently, the Canadian government is

committed to trying to reach net-zero by 2050 [2]. Other developed countries also have similar

net-zero timelines [3], with the United States, European Union, and Britain targeting net-zero

GHG emissions by 2050 and China by 2060. These countries are four out of the �ve biggest

trading partners of Canada, and making up 86.7% of Canada’s total trade exports as of January

2023 [4].

Canada is currently a signi�cant exporter of fossil fuels, ranked 4th in petroleum exports, 6th

in natural gas exports, and 7th in coal exports [5] in the world. A shift away from fossil fuel use

worldwide would mean great economic change for Canada, as these current energy carriers will

be used less in a net-zero future. An energy carrier is de�ned as a substance or a phenomenon

that transports energy from one place to another for use as mechanical work, heat, or to operate

chemical or physical processes. Energy carriers or product exports made up 21.2% of total exports
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in 2021 and increased to 27.2% in 2022 [6]. This is the largest contribution for total export value in

Canada, and is followed up by consumer goods (11.3%), metal and non-metallic mineral products

(11.0%), and motor vehicles and parts (10.4%) in 2022. These exports will also rely on local

use of energy products for production, and this all indicates how vital energy products are for the

Canadian economy. The production, distribution, and local combustion of fossil carbon energy

carriers like gasoline, diesel, and natural gas accounts also account for over 70% of Canada’s

GHG emissions. For local use and exporting, new zero-emission energy carriers are required; with

options including electricity, biofuels, or hydrogen. To be considered zero emission, they must all

be produced with minimal or no GHG emissions. Out of these options, hydrogen is considered

one of the carriers of choice for use as a low-carbon energy carrier for sectors such as heavy duty

transportation and some heating demands [7].

Currently, over 95% of hydrogen produced today is made from fossil fuels [8], with the primary

fuel, or feedstock, for this industrial process being natural gas. This is linked to signi�cant GHG

emissions. Direct GHG emissions from hydrogen production can be reduced by either carbon cap-

ture and storage (CCS) of the GHG before it enters the atmosphere, or by producing hydrogen

from the electrolysis of water using electricity that is produced with low or no GHG emissions.

When combusted or oxidized in a fuel cell, hydrogen can generate useful heat or electricity with-

out the production of GHG emissions. Low-carbon hydrogen production can complement low

GHG sources of electricity like solar, wind or nuclear by providing a chemical storage alterna-

tive [7,9] when electricity production is in excess of grid electricity demand. Low GHG hydrogen

production can also serve harder-to-decarbonize markets where there is a need for chemically-

based zero-emission energy carriers (shipping) or industrial feedstocks (fertilizer, steel). Industrial

feedstocks are different than energy carriers, where the substance or phenomenon is used as a

chemical reductant.

Canada is a major producer of hydrogen today [9�11], creating over 3 mega-tonnes of hydro-

gen per year (MtH2/y), which is about 4.2% of yearly global hydrogen production. Two thirds of

Canada’s hydrogen is produced in the province of Alberta [11]. Most of Canadian hydrogen pro-
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duced is from natural gas without CCS. Alberta also has some of the lowest production costs [12]

compared to other countries due to the high natural gas production rates leading to low natural

gas feedstock prices. There is already signi�cant research that has been done to look at the viabil-

ity of exporting hydrogen globally from Canada [10, 13, 14] and from other countries [7, 15�26],

and many countries have created hydrogen strategies [7], including likely hydrogen export coun-

tries [15, 27], likely hydrogen importing countries [28], and intergovernmental organizations [29].

Some countries with net-zero commitments are planning to import hydrogen to satisfy future en-

ergy demands. For example, the government of Japan has expressed a desire to import hydrogen

as an energy carrier through their national hydrogen strategy [7, 28, 30]. Other interested regions

and countries include South Korea [31] and Europe [32]. Despite this interest, there are still many

challenges that need to be addressed before the international export of hydrogen can become a re-

ality. These challenges can be best understood by analyzing the gravimetric and volumetric energy

densities of hydrogen compared to other common energy carriers today. This is given in Table 1.1.

Table 1.1: Gravimetric and Volumetric energy densities of hydrogen and other common energy
carriers in highest heating value (HHV) [33, 34]

Energy Carrier Gravimetric Energy Density
(MJ/kg)

Volumetric Energy Density
(MJ/L)

Liquid Hydrogen 142 10.1
Compressed Hydrogen (700 bar) 142 5.6
Liquid Ammonia 22.5 15.3
Liquid Natural Gas 53.6 22.2
Compressed Natural Gas (250 bar) 53.6 9
Gasoline 46.4 34.2
Biodiesel Oil 42.2 33
Diesel 45.4 34.6

From Table 1.1, the amount of energy per unit of mass (gravimetric energy density) of the

particular energy carrier is given, with hydrogen having the highest value, meaning per kilogram

it can supply the most energy. However, with regards to amount of energy per unit of volume

(volumetric energy density), hydrogen has the lowest value. This is the case even with expensive

compression or liquefaction techniques, as shown in the table. This leads to a high costs of trans-

porting hydrogen compared to other hydrocarbons [10, 11, 35], which exist as a liquid at standard

3



conditions.

New safety precautions and practices would also need to be introduced, as hydrogen has dif-

ferent safety concerns compared to traditional hydrocarbons. Hydrogen when combusted emits a

�ent blue �ame that has signi�cantly lower visual light emissions compared to traditional hydro-

carbons [36], which would require additional detection devices for worker safety in the event of

a hydrogen leak. Other characteristics like the �ammability range (concentration range of a gas

or vapor that will burn (or explode) if an ignition source is introduced) and minimum ignition en-

ergy are also lower for hydrogen then for other energy carriers like natural gas or gasoline. The

hydrogen �ammability range is between 4-75% volume in air compared to the �ammability range

for natural gas and gasoline being 5-15% amd 1-7%, respectively [37]. The ignition energy for

hydrogen is less than natural gas and gasoline, being 0.02mJ for hydrogen compared to 0.3mJ for

both natural gas and gasoline [37].

One potential approach to address hydrogen transportation challenges is to convert the hydro-

gen to another product that can be more easily transported. This hydrogen carrier could be used

directly for energy storage instead. The most common hydrogen carriers proposed include ammo-

nia, methanol, and methylcyclohexane. Due to the reasons listed in the paragraph below, ammonia

will be the only option discussed in this thesis.

Ammonia is a commonly produced compound for fertilizer, so the production and distribution

of it is well developed. It is therefore signi�cantly easier and more economical to transport over

long distances. Ammonia does have different safety concerns (toxicity) compared to hydrogen, but

because of ammonia’s prevalent use over the world the required industry expertise for storing and

transporting ammonia is well developed [38]. Finally, ammonia may be able to be used in different

ways in the future in the supply chain besides energy storage, mainly in shipping [39,40]. This use

would synergize well with ammonia as an energy carrier being transported overseas. The economic

costs of using ammonia as a hydrogen-carrier also compare favourably to other alternatives (like

liquid hydrogen and methylcyclohexane) based on previous literature [18,23,26,40,41]. The main

focus of this thesis will be the production of ammonia to transport hydrogen over long distances.
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However, an analysis of current and future direct uses of ammonia is also included as it will likely

be a big factor in future ammonia production opportunities.

1.1 Direct Uses of Ammonia

Ammonia can also be combusted or oxidized directly with no GHG emissions. Therefore, if

the end user did not want to pay the costs of separating hydrogen from ammonia, ammonia could

still be used directly with no GHG emissions. Because energy is lost in the production of ammonia

from hydrogen, using ammonia directly is not as ef�cient as using hydrogen directly, but direct use

of ammonia is still being studied today with a variety of possible applications.

Based on current International Energy Agency (IEA) estimates [38], about 70% of ammonia

is used as a feedstock to make fertilisers. The remainder of ammonia is used as a feedstock for

a wide range of industrial applications, such as plastics, explosives and synthetic �bres. These

current uses for ammonia are unlikely to change, but if ammonia is used as an energy carrier or

for direct use as an energy source this distribution will change. One of the most likely uses for

ammonia directly is as a shipping fuel [38]. In this case, the ammonia is directly combusted as

fuel, and would replace other carbon intensive fuels that are used for shipping today. There have

been academic studies looking at the use of ammonia as a fuel source [39,40] that show promising

results. In addition, there is a pilot project under development in Finland to use green ammonia as

a fuel source for ships [42]. This would also synchronize well with the analysis later in this thesis,

as ammonia in the later analysis is being transported over long distances by sea. Ammonia for

transport could then have a duel role of being used as fuel for the ship as it is being transported.

Besides shipping, there is also the potential to use ammonia as a fuel source in power plants

to produce electricity. As described in the IEA ammonia report [38], small scale direct use of

ammonia in gas turbines has been demonstrated. However, one of the main issues they found was

the low combustion speed and �ame stability which limits it’s use in larger scale turbines. To

mitigate this, there is also an option of using ammonia with another fuel source in existing plants
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to reduce emissions from these existing facilities. Mitsubishi Power has made plans for such a

facility which currently uses coal [43], and there are other feasibility studies being undertaken for

using ammonia with coal in the Philippines, Thailand, and Chile [44]. In these studies, the amount

of ammonia that is replacing coal is modest, modelled as 20% in the facility in Thailand and 30%

in the facility in Chile. Speci�c production facilities have also partially and fully used ammonia

as fuel, including for glass [45], cement [45], and copper wiring [46]. From these examples, it is

clear there is great opportunity for the expansion of the direct use of ammonia as a fuel.

However, outside of the direct use of ammonia in power plants or shipping, ammonia as a

direct fuel source is not close to commercialization. The closest involves using ammonia in smaller

scale vehicles that are powered by ammonia have been tested by Amogy Inc. [47], a technology

company focused on ammonia. The vehicles tested included drones, trucks, tractors, and tugboats.

However, in these examples ammonia is converted to hydrogen and then subsequently used in fuel

cells to produce electricity. One of the main problems with using ammonia directly as a fuel is the

production of NOx and N2O emissions. From the combustion of ammonia, the main products are

water (H2O) and nitrogen (N2). At high combustion temperatures, this nitrogen could react with

oxygen to produce trace amounts of NOx and N2O emissions [48]. These compounds would then

be emitted into the atmosphere, which would have adverse effects on the local environment and

contribute to climate change by acting as a GHG. For shipping and co-�red power plant, investment

in scrubbers and other methods [38] would be required to reduce local environmental hazards of

toxicity and reduce the emission of compounds that contribute to climate change.

1.2 Introduction to Techno-Economic Analyses

Because of the possibility of the direct use of ammonia which was elaborated on in the previous

section, ammonia can have other, direct uses in decarbonization beyond it’s possible role as an

energy carrier of hydrogen. However, the main role of ammonia investigated in this thesis is its

use as an energy carrier. Several studies have evaluated ammonia for long distance transportation
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in techno-economic analysis [7, 13, 18�26]. As has been stated before, common import targets

include Japan, South Korea, and Europe, as these are locations that have expressed desire to import

hydrogen or hydrogen-carriers such as ammonia. Exporting countries for ammonia are varied,

with Australia and various Middle Eastern countries been the most studied, but techno-economic

analyses have also been completed for Canada, India, Chile, and Norway in the last �ve years

[7, 13, 18�26].

A techno-economic analysis is a method of �nding the economic costs for an industrial process

or pathway. This is done by de�ning the boundaries of the pathway or process being studied, and

tracking costs of individual processes in that boundary. An industrial process is de�ned by inputs

and outputs, usually where some raw material is converted into some other desired material by the

technical steps de�ned in the process. The transportation of the material from one place to another

can also be de�ned as a process. Most techno-economic analyses usually involve many different

production and transportation steps, and are therefore made up of multiple process steps. These

combined processes can be de�ned as a pathway. In some analyses, different individual processes

can have alternative options, and so can give rise to different pathways which can be compared.

In a techno-economic analysis, the costs per process are usually separated into three compo-

nents: capital expenditure (CAPEX) costs, operating expenditure (OPEX) costs, and fuel costs.

These costs are calculated using data collected from known �nancial or technical sources. In most

analyses, the capital costs are the �xed one time payments in the project. These costs are usually

associated with the purchase of land and construction of the facility that performs the speci�ed in-

dustrial process or pathway. The operating costs are the yearly expenses from running the speci�ed

industrial process or pathway. The operating costs can also further be split into �xed operation and

maintenance (FOM) and variable operation and maintenance (VOM) costs, with the �xed operat-

ing costs specifying costs that are independent of the output of the facility while variable operating

costs depend on the outputs of the process or pathway. Finally, the fuel costs are the cost of the

feedstock required for the proper running of the process de�ned.

After considering the capital, operating, and fuel costs from each process in the pathway, the
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results are given as the levelized cost of energy (LCOE). The LCOE is de�ned as the average net

present cost of energy over it’s lifetime. Present costs or value is de�ned as the current value of a

future sum of money or cash �ow. Levelized costs are a useful concept, as LCOE’s for different

pathways can be compared to evaluate the relative costs of different pathways. The LCOE will

take the general form of the equation below:

LCOE =
Sum of Costs over Lifetime

Sum of Energy/Material Output over Lifetime
=

Pn
t=1

CAP EXt+OP EXt+F uelt
(1+i)t

Pn
t=1

P roductt
(1+i)t

(1.1)

where CAPEXt is the capital cost, OPEXt is the operating cost, Fuelt is the fuel cost, and

Productt is the amount of material/energy produced in a given year t. The n variable is the number

of years the process or pathway is operational and producing the product. Finally, i is the discount

rate, which is used to calculate the present value of payments made in the future. CAPEXt,

OPEXt, and Fuelt include the CAPEX, OPEX, and fuel costs for individual components in each

pathway.

The LCOE can then be stated to be in the form of the desired currency divided by the energy

or material output average. The LCOE can take on many different bases depending on the desired

output. For example, the levelized cost based on electricity produced, mass/energy content of

hydrogen or ammonia, etc. can all be used as the base unit. In this thesis, the main levelized cost

basis used is the levelized cost of ammonia (LCOA), where the currency value used is 2019 USD

and the mass of ammonia is the basis unit.

The CAPEX, OPEX, and fuel costs for different processes of the pathways studied will vary de-

pending on the method chosen. This is especially the case for ammonia and hydrogen production,

where there are a variety of different methods that are mentioned in this thesis. A more detailed

summary of these different industrial methods and how they operate will be included in Chapter 2

of this thesis. The literature review in the next section will have techno-economic analyses that use

different methods of hydrogen production. These hydrogen methods can be split up into hydrogen

produced by water electrolysis with electricity, and hydrogen produced from natural gas. With hy-
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drogen production from natural gas, steam methane reforming (SMR) and auto-thermal reforming

(ATR) were both modelled. For hydrogen produced from water electrolysis, methods modelled

included alkaline electrolysis (AE) and proton exchange membrane (PEM) electrolysis.

1.3 Literature Review of Ammonia Export Techno-Economic

Analyses

With this important background information summarized, a literature review of techno-economic

analyses of the global export of ammonia using low GHG production methods will be given. This

literature review involved studying the locations for export and import, hydrogen production meth-

ods, production rates, and the �nal levelized cost of ammonia (LCOA). Ammonia production is

already a global industry, and so giving a brief assessment of global ammonia production rates and

prices for comparison in the literature review will be important. Today, the total, yearly production

of ammonia is about 183 Megatonnes (Mt) or about 0.5 Mt or 500,000 t of ammonia per day. In

this literature review, the production rate of the modelled ammonia facility varied between 700

t to 7000 t of ammonia per day. This correlates to about 0.14-1.4% of current yearly ammonia

production [38] for an average facility in the literature review.

In regards to the price of ammonia, prices from September 2023 were found from S&P Global

[49]. Using current methods of ammonia production, the prices range from US$350-430/tNH3 in

2019 dollars, depending on the region. These prices increase to US$400-450/tNH3 for ammonia

with CCS and US$630-670/tNH3 for ammonia produced from water electrolysis. As of now,

ammonia with CCS is marginally more expensive on average than current methods and ammonia

from water electrolysis is signi�cantly more expensive. It should also be noted current ammonia

prices has varied dramatically over the time period of multiple years. Changes are mainly based

on the feedstock prices for ammonia production, such as natural gas prices [50]. This is because

capital and operating costs of facility are slow to change but fuel prices can vary dramatically

over multiple years. An example of this is ammonia prices going from about US$260/tNH3 in the
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US Gulf Coast, Western Europe, and the Middle East in January 2020 to US$790-1140/tNH3 in

January 2022 [50]. It should be noted, however, that other market forces would also have an effect

on these prices, such as food costs, production capacity, etc. From these results, the current prices

are down from the high prices last year but still have not reached pre-COVID levels. These prices

are important to note in the literature review to see which possible pathways may be economically

viable, as even though these prices are not directly equivalent to calculated LCOE values, they

provide a useful comparison to LCOE’s found in the literature review and calculated in this thesis.

In Egerer et al. [18], a techno-economic analysis for 2030 is conducted for water electrolysis

based hydrogen and ammonia production in Australia with export to Germany. They found that

with a production capacity of 4629 tNH3 per day, the levelized cost of ammonia was US$516/tNH3

in 2019 US dollars (USD); included in their modelling is the electricity generation required for the

production of ammonia from water electrolysis that is then transported by sea to Germany, desali-

nation of water for the use in electrolysis, and conversion back to hydrogen in Germany. Ammonia

was also used as the shipping fuel for this scenario. Dedicated electricity production from a solar

and wind farm with battery storage for electrolysis was the largest contributor, representing over

half of the total levelized cost (US$312/tNH3). Total costs for hydrogen production by electrolysis

(US$105/tNH3) made up about 20% of the total costs, and ammonia synthesis (US$46.5/tNH3) and

total transportation (US$52.5/tNH3) added 10% each. A sensitivity analysis also illustrated that

the discount rate and electricity generation CAPEX had the largest impact on the overall results.

Other studies like Akhtar et al. [20], Hydrogen Import Coalition [21], Future of Hydrogen [7],

and Wijayanta et al. [26] also examine ammonia export from Australia to other destinations and

found similar results with regards to the cost breakdown of certain processes and assumptions used.

The model framework and production processes under consideration for these studies were also

similar to Egerer et al. Akhtar et al. [20] studied the export of ammonia from Australia to South

Korea and found a signi�cantly higher levelized cost (US$1659/tNH3 in 2020 and US$1362/tNH3

in 2030), due to a lower production rate (746 tNH3 per day) and because the costs of converting

ammonia back to hydrogen were not separated. This study also modelled the truck transportation
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of ammonia before being shipped.

The Hydrogen Import Coalition compared the export of ammonia from Australia to Belgium

with other likely exporting options like Chile, Oman, Morocco, and Iberia in 2030. Even with

the increased distance compared to these other countries, Australia was still able to economically

compete with a levelized cost of about US$500/tNH3. The Future of Hydrogen IEA [7] report

also provided a techno-economic analysis for 2030 of ammonia export to Japan and compared that

with the Middle East to Japan. Natural gas with CCS was also compared with water electrolysis for

these two cases. The natural gas based method costs (US$450-580/tNH3) were lower than water

electrolysis (US$750-930/tNH3) for both pathways. Looking solely at the water electrolysis path-

way, the costs of the Australian pathway was less than the Middle Eastern pathway (US$750/tNH3

versus US$930/tNH3). Lastly, Wijayanta et al. also looked at ammonia export to Japan from

Australia and compared it to other hydrogen carrier options for 2030 and 2050. With a large pro-

duction capacity of 4630 tNH3 per day, the levelized cost for 2030 and 2050 was US$411/tNH3

and US$360/tNH3, respectively. These results matched up well with what was expected based on

other academic studies.

Other common export areas studied included Middle Eastern and North African countries.

Some of these pathways were already compared with Australia in the IEA and Hydrogen Import

Coalition report. Hank et al. [24], for example, undertook a techno-economic analysis for ammonia

export from Morocco to Germany in 2030 and compared it to other hydrogen carriers. The total

levelized cost of US$852/tNH3 was higher than other studies. The majority of this difference

comes from both higher renewable electricity generation and hydrogen production costs, making

up more than half of the total costs.

Another country pathway that could compete with Australia, the Middle East, and North Africa

is Canada, evaluated by Okunlola et al. [13]. This study looked at hydrogen and ammonia export

from Alberta, Canada to other regions of Canada, the USA, the Asia-Paci�c, and Europe. The

transportation of hydrogen or ammonia by land was an important factor in this study compared to

others as Alberta is landlocked. This paper uses pipeline transportation over land. Ammonia as
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a hydrogen-carrier was only investigated for the export to Japan scenario, but the overall cost of

delivered ammonia was competitive with other pathways studied in this literature review, with a

value of US$651/tNH3 with a production capacity of 3419 tNH3 per day. If there is no reconversion

to hydrogen from ammonia included in the model given in Okunlola et al., then the LCOA will be

US$511/tNH3, an even more competitive cost with the other pathways discussed.

Other export country possibilities have been compared in this literature review. This includes

India to Japan by Pawar et. al. [19] and Norway to the Netherlands and Japan from [23]. In both

cases, the levelized costs were higher (US$852/tNH3 for Pawar et al. and US$1180-1400/tNH3 for

Ishimoto et al.) than the other techno-economic analyses in this literature review. This suggests

these pathways are noncompetitive, as these levelized costs are higher than the ones given for

Canada, Australia, Chile, and Middle Eastern countries in this literature review.

In general, the production capacities varied dramatically between the different studies, with

the smallest and largest production capacities studied having an order of magnitude difference.

The larger production capacity examples bene�ted from economics of scale, and generally have

lower levelized costs of ammonia. The production methods also varied, with different methods of

natural gas based hydrogen production and electricity based hydrogen production being studied.

A summary of results for the LCOA are given in the Table 1.2.
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While a wide variety of scenarios are reported in these academic papers and international or-

ganization reports, it is hard to draw comparisons of the results between different papers/reports as

they use different assumptions. Most of the studies also only completed a techno-economic analy-

sis of one main transportation pathway. Studies and reports done by international organizations like

the IEA [7] and Hydrogen Import Coalition [21] compared the economic costs of providing ammo-

nia from different countries, however, none of these studies directly compared Canada with other

countries. To evaluate the competitiveness of Canada as a possible exporter of hydrogen-carriers,

an in-depth techno-economic analysis must be completed with a likely competitor, using the same

assumptions when possible. Most of the previous work focused on one method of producing hy-

drogen, rather than a comparison between pathways. Few papers/reports also directly considered

the land transportation costs (Akhtar et al., Okunlola et al.) with others mostly assuming it to not

be a factor compared to sea transportation.

The carbon policies of related countries were also rarely discussed, especially with the pro-

duction of hydrogen by natural gas methods. Even with CCS in the case of hydrogen production

from natural gas, there would still be some emissions that would incur a carbon tax. In the coming

decades, the carbon price is expected to increase dramatically for many countries [7], with even

a small amount of emissions potentially incurring a large cost. A carbon credit system could also

greatly affect the economic costs of all pathways if implemented.

Another gap in the literature is that only some of the papers and reports (IEA [7], Egerer et

al. [18], Akhtar et al. [20], and Hank et al. [24], Wijayanta et al. [26]) include a techno-economic

analysis for a future date of 2030, and only Wijayanta et al. [26] and Hydrogen Import Coalition

[21] including projections for 2050. The process of building and exporting ammonia to a target

country for a facility will take place over the period of decades. Therefore, it is critically important

for decision makers today to have estimated costs for projects in the near future, as the overall

competitiveness of certain pathways based on location, production type, size etc. may change

quickly with these long term projects.

From this literature review, it was also noted that all of the hydrogen production techniques used
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were with some variation of water electrolysis or methane reforming from natural gas. These two

hydrogen production methods are likely to be the most common methods of hydrogen production

in the future, and was one of the main differences for the comparison of various export pathways

in the literature review. Because of this, the various sub-methods of producing hydrogen via water

electrolysis or methane reforming from natural gas will be studied and compared in Chapter 2.

Another important factor when determining likely pathways of ammonia export would be the

environmental factors. Despite both methods of hydrogen production having low GHG emissions

compared to current fossil fuel based methods, there will still be GHG emissions from processes

in the production and transport of ammonia that should be compared. The amount of GHG emis-

sions is a critical environmental component due to the direct contribution to climate change, but

there are other environmental factors that are important as well, such as land use, water use, and

hydrogen/carbon storage potential. These environmental factors will therefore be studied via a life

cycle assessment in Chapter 4. A life cycle assessment categorizes environmental impacts from all

the processes in a pathway to �nd the overall environmental impact difference between different

pathways.

1.4 Goals and Summary of Thesis

There is still signi�cant uncertainty about the future of ammonia export from Canada. This

thesis �lls a gap in literature by conducting a techno-economic analysis for ammonia production

and export with different starting locations of Canada and Australia. An in-depth analysis of the

thermodynamic limitations of different types of hydrogen production for the two pathways and a

life cycle assessment are also completed to augment this analysis. Australia was chosen as one

export country competitor as the production costs in Australia for hydrogen and ammonia were

some of the lowest today. A consistent set of assumptions was used to compare the economics of

both possible pathways in the present as well as in the future to evaluate how costs change over

time. There are many policy makers in Canada and in particular Alberta who are interested in
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the economic prospects of exporting hydrogen as ammonia internationally, so this work can help

inform and give understanding of the long term global competitiveness for hydrogen production

from Canada.

This thesis is separated into �ve chapters and two appendices. Chapter 1 has presented the

overall context of the demand for hydrogen as an energy carrier and the reason converting hydrogen

to ammonia is one of most appealing methods of transporting hydrogen over long distances. This

was then shown to have particular relevance to Canada for future energy export to replace current

hydro-carbon export. A summary of important concepts related to work in this thesis outside the

typical physics understanding was also given, such as techno-economic analyses, pathways, and

life cycle assessments. A literature review of both direct ammonia uses in industry and techno-

economic analysis of hydrogen export as ammonia was also given to �nd suitable candidates for

comparison to Canada. A summary of the goals of this thesis is then given, which is to �nd the

suitability of hydrogen export from Canada.

Chapter 2 contains background information on different hydrogen and ammonia production

methods. For hydrogen production, both hydrogen produced from natural gas and hydrogen pro-

duced from water electrolysis are considered. For hydrogen produced from natural gas, carbon

capture will be a vital component to insure low emissions. Therefore, a summary of carbon cap-

ture methods and locations is also analyzed. This hydrogen is then used to produce ammonia,

with the Haber-Bosch production method chosen as the method modelled. The reasons for these

choices, as well as important feedstock, typical operating parameters, and an explanation of how

these processes work and why is given. A �gure from this chapter was recreated from another

previous published work, and the permission to use this �gure is given in Appendix B.

Chapter 3 includes the methodology for the techno-economic analysis of the export of ammo-

nia from Canada or Australia to Japan, along with corresponding results of this analysis as well as

a discussion of these results. In the results, the differences in costs between important individual

processes for both the Canadian and Australian pathways are compared. These results are com-

pared in the present (2020) as well as in the future (2030 and 2050). The overall results are then
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analyzed to give a better understanding of how the different processes values affect the �nal overall

levelized cost. A sensitivity analysis is then undertaken to examine how the results may be affected

by changing variables. In addition to Chapter 3, Appendix A gives a full, in-depth overview of the

equations and data used in the techno-economic analysis.

Chapter 4 gives a life cycle assessment of various environmental factors in the techno-economic

analysis. These factors include emissions intensities, land usage, water usage, hydrogen storage,

and carbon storage. The �rst two factors involve a direct comparison between the Canadian and

Australian pathway, and the corresponding results can identify if one pathway will be more envi-

ronmentally friendly than the other in terms of emissions and land. The last three factors involve

the use of speci�c resources for the proper functioning of one or both pathways, and so the analysis

for these factors �nds if there is enough local resources in the area to accommodate these pathways.

Chapter 5 is the summary and conclusion of this thesis. This chapter presents the main results

from each of the chapters and corresponding commentary of their pertinence to the possible hy-

drogen export market. Finally, the main contributions of this work, limitations of the current work,

as well as possible ideas for future work are given.
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Chapter 2

Background Information on Ammonia and

Hydrogen Production

In Chapter 2, a summary of different ammonia and hydrogen production methods will be given.

After this, the methods of production used in the techno-economic model and life cycle assessment

are described. This will take the form of an explanation of the general processes used to produce

hydrogen/ammonia, including the feedstock used, individual components in the production pro-

cess, as well as typical operating parameters. This will ultimately help give a physical understand-

ing of how these methods produce hydrogen/ammonia. This is important for the techno-economic

model described in Chapter 3, as the CAPEX, OPEX, and fuel costs for different ammonia and

hydrogen production methods of the pathways studied will vary depending on the method chosen.

2.1 Ammonia Production Methods Overview

Today, there are a variety of methods to produce ammonia. These technologies include ther-

mochemical cycling, electrochemical synthesis, the Haber-Bosch synthesis, and plasma reactions

[34, 51]. The most commonly used method for ammonia production today is the Haber-Bosch

process, which accounts for 85% of total ammonia production today [52]. In the Haber-Bosch

process, hydrogen (H2) and nitrogen (N2) are combined to create ammonia (NH3) by the following
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chemical reaction:

N2(g) + 3H2(g)() 2NH3(g) ��
f H = �92:2 kJ=mol (2.1)

The chemical formulae are given as well as the phase of the compound: (l) for liquid and (g) for

gas. In these industrial processes, compounds are not typically a solid due to the low temperatures

required, being about -259.2 �C for hydrogen, -210 �C for nitrogen, and -77.73 �C for ammonia.

The formation of ammonia is slightly exothermic. A process diagram of an average Haber-Bosch

facility for creating ammonia is given below:

Figure 2.1: Process Flow Diagram for Haber-Bosch Production of Ammonia

In this process, combined ammonia and hydrogen gas are compressed to about 200 bar [53].

Higher pressures mean the molecules are closer together and more likely to react but at higher eco-

nomic costs due to the greater amount of electricity needed to power the compressors. The amount

of moles is smaller in the reactant side than the product side, also favouring higher pressures.

These elements are then added to what is called the recycle loop, a continuously running stream

of hydrogen, nitrogen, and trace amount of ammonia. The stream of compounds is then sent to a

series of reactors with each having a catalyst. In these reactors, the stream of compounds comes

in contact with the catalyst, which is a substance that speeds up the rate of the chemical reaction.
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For the Haber-Bosch process, the reactions are reversible, meaning that ammonia is produced from

nitrogen and hydrogen and ammonia separates into hydrogen and nitrogen. Because the reaction

is exothermic, the higher the temperature means that less ammonia will be produced. This means

lower temperatures would be preferred. However, at lower temperatures, the rate of the reaction

would decrease. Therefore, a temperature of about 500 �C is chosen [53]. For ammonia produc-

tion, the catalyst is an iron-based compound, usually based on high purity magnetite (Fe3O4), as

iron lowers the activation energy of the reaction in the Haber-Bosch process.

After some ammonia is produced (not all hydrogen/nitrogen is converted), the compounds are

then cooled for separation and recovering heat for use in other parts of the Haber-Bosch process.

The cooled compounds are then sent into a �ash vessel, which rapidly reduces the pressure and

causes evaporation. This allows most of the ammonia to be separated from hydrogen and nitrogen.

Further trace gases are also separated from the stream in this step and purged to prevent the build

up of compounds that may adversely affect the overall production of ammonia. The remaining

compounds are then sent into the loop again with new hydrogen and nitrogen and the process re-

peats. One compressor is separated from the previous compressors to make sure that the combined

stream of hydrogen, nitrogen, and ammonia will have the required partial pressures for the reactors.

The Haber-Bosch process is the most developed and mature ammonia production technology,

with the most relevant data available for comparison and meets the requirement of low cost and

low GHG emission. For these reasons, the Haber-Bosch process was chosen to model ammonia

production. The Haber-Bosch process is also the method used in ammonia production for all of

the techno-economic analyses given in the literature review in Chapter 1, further supporting the

choice to use the Haber-Bosch process in the techno-economic analysis. However, there are other

ammonia production technologies that could be options in the future but are not considered in

this thesis. This is because they are either comparatively expensive, have high GHG emissions,

or are not scale-able to what is modelled in this thesis. These methods include electrochemical

synthesis, thermochemical cycling, plasma reforming, or using chemical reactions from waste in

land�lls [34].
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2.2 Hydrogen Production Methods Overview

For the production of ammonia, hydrogen is one of the main feedstocks. Like ammonia, there

are many different technological methods of producing hydrogen. These production methods are

differentiated by the primary feedstock used. Today, the most common methods of producing

hydrogen are from non-renewable sources of energy such as natural gas, oil, and coal by steam

methane reforming (SMR). SMR currently makes up about 95% of total hydrogen production

today [8]. These current production methods have high GHG emissions, but with the addition of

CCS technology the emissions can be signi�cantly reduced. Across all the fuel options, natural gas

is the most common feedstock used for hydrogen production today, accounting for 50% of total

hydrogen production [8]. Hydrogen produced from natural gas with CCS will be the �rst pathway

considered in this thesis.

Water electrolysis is expected to be one of the most likely alternatives for low GHG hydrogen

production, given the expected cost declines [7], and so will be considered in this analysis as the

second pathway. Currently, electrolysis of water to produce hydrogen account for 4% of hydrogen

production [8]. Water electrolysis for the production of hydrogen can be accomplished by a variety

of different methods. The most common method today is by alkaline electrolysis (AE), which is

the most mature and large scale electrolysis based technology today [7,54]. Other, less commonly

used methods include proton exchange membrane (PEM) electrolysis and solid oxide electrolysis

(SOE).

Recently, there has been a convention to assign colours to describe different types of hydro-

gen production. Hydrogen produced today from natural gas without CCS is referred to as grey

hydrogen. If a CCS component is added to hydrogen produced from natural gas, it becomes blue

hydrogen, whereas hydrogen produced from electrolysis with low GHG electricity is referred to

as green hydrogen. Other less common colours include: pink (nuclear power), turquoise (methane

pyrolysis), brown (coal gasi�cation).

Ammonia production sometimes also follows this convention, with ammonia produced from

hydrogen made from natural gas called grey ammonia, ammonia produced from hydrogen made
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from electrolysis called green ammonia, etc. In the literature review in Chapter 1, the main methods

that are studied in these analyses are either blue or green hydrogen, re�ecting the primary focus on

these two methods in development of a global hydrogen industry. The techno-economic analysis

in this thesis also includes these two methods. Because of this, an understanding of these hydrogen

production methods referred to as blue or green hydrogen will be undertaken.

Blue Hydrogen

For blue hydrogen, there are two main methods of hydrogen production in this category: steam

methane reforming (SMR) and auto-thermal reforming (ATR). SMR is currently the most common

method of hydrogen production today, and will be discussed �rst. In the production of hydrogen

by SMR, the main input is natural gas which is converted into hydrogen output. The hydrocarbons

in natural gas are primarily methane, but can also include other compounds like ethane, propane,

and sulfur compounds. For SMR, these other compounds are usually separated in a pre-treatment

unit to prevent nickel catalyst poisoning in the main reactor by removing the sulfur contaminants.

This also converts the other hydrocarbons into methane (CH4). After this, the methane is sent to

the main reformer where steam (H2O) reacts with hydrocarbons in producing hydrogen (H2) and

carbon monoxide (CO) [55], with the ideal chemical reaction in the main reactor given below:

CH4(g) +H2O(g)() CO(g) + 3H2(g) ��
f H = 206:2 kJ=mol (2.2)

The temperature and pressure of this reformer is usually between 1050-1200 K and 20-30 bar,

respectively. After this, the syngas (hydrogen and carbon monoxide) is transported to a water gas

shift reactor (WGSR) to produce more hydrogen and carbon dioxide:

CO(g) +H2O(g)() CO2(g) +H2(g) ��
f H = �41:2 kJ=mol (2.3)

Because the reaction is slightly exothermic, the chemical equilibrium point will shift to the product

side at lower temperatures, but at the cost of lower production rates [56]. Therefore, the usual setup
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in SMR is to have two shift reactors in series, one at higher temperatures (580-725 K) followed by

another WGSR at lower temperatures (470-520 K). At this stage, a pressure swing absorption unit

is used to separate the hydrogen from carbon dioxide and any other excess elements. The reactors

in SMR are then powered by the combustion of these excess gases as well as natural gas. A process

diagram of SMR is given below:

Figure 2.2: Process Diagram for SMR Production of Hydrogen

For ATR, the basic setup is similar to SMR. The key difference between the two hydrogen

production methods is that in the main reformer the methane is partially oxidized. Consequentially,

in addition to the current reactions in SMR, there will also be the following reaction occurring in

the main reactor:

CH4(g) +
1
2
O2(g)() CO(g) + 2H2(g) ��

f H = �35:6 kJ=mol (2.4)

The main reactor for ATR has different temperature and pressure values, typically having a tem-

perature range of 1200-1300 K and pressures of 30-50 bar [57].

Green Hydrogen

In this thesis, there are three different electrolysis techniques that will be analyzed: alkaline

electrolysis (AE), proton-exchange membrane (PEM) electrolysis, and solid oxide electrolysis

(SOE). All of these methods have the basic setup of an electrical battery, with the setup made

up of two electrodes (anode and a cathode) and an electrolyzer/ionic conductor. The anode and
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cathode are both electrical conductors that complete a circuit that allows for the separation of wa-

ter into hydrogen and oxygen when a voltage is applied. In each setup, the anode will be used for

oxidation and the cathode for the reduction of water [58]. The overall chemical reaction is given

in the equation below, with the overall reaction for AE and PEM given in Equation 2.5 and the

overall reaction fo SOE given in Equation 2.6.

H2O(l)()
1
2
O2(g) +H2(g) ��

f H = 285:8 kJ=mol (2.5)

H2O(g)()
1
2
O2(g) +H2(g) ��

f H = 241:8 kJ=mol (2.6)

In each method, there will be two separate chemical reactions at the anode and cathode that will

give the overall reactions of the system in Equations 2.5 and 2.6. The enthalpy values correspond

to the required voltage to cause these reactions. The average industrial setup for AE, PEM, and

SOE is shown in Figure 2:3.

(a) AE (b) PEM (c) SOE

Figure 2.3: Diagram for Water Electrolysis Production Methods, including (a) Alkaline Electrol-
ysis (AE), (b) Proton Exchange Membrane (PEM) electrolysis, and (c) Solid Oxide Electrolysis
(SOE). Image recreated from Coutanceau et. al. [58] with permissions given in Appendix B.

The �rst water electrolysis method to discuss will be AE (Figure 2.3a). AE is currently the
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oldest water electrolyzer used for industrial scale production today, with the technology developed

in the 1920’s [7]. In this technique, the electrolyzer is made up of aqueous potassium hydroxide

or sodium hydroxide. At the cathode (Equation 2.8), hydrogen is produced from water along

with hydroxide (OH�), with the hydroxide being consumed at the anode to produce water and

oxygen (Equation 2.7). The electrodes in this techniques are also separated by a diaphragm, which

keeps the products formed from electrolysis separated and transports the OH� molecules from one

electrode to another [59]. This method typically has a working temperature of about 80 �C [58]

and an operating pressure of 1-30 bars [7]. The chemical reaction at the anode and cathode in AE

(Figure 2.3a) is given below:

Anode : 2OH�(g)() H2O(l) + 2e� +
1
2
O2(g) ��

f H = 174:2 kJ=mol (2.7)

Cathode : 2H2O(l) + 2e� () 2OH�(g) +H2(g) ��
f H = 111:6 kJ=mol (2.8)

The second water electrolysis method to discuss will be PEM electrolysis (Figure 2.3b). This

method is not as widely used as AE due to high costs, but with expected decreasing costs it will

likely become more prevalent in the near future. In this process, water is being split using a catalyst

into protons and oxygen at the anode (Equation 2.9). The protons then permeate through a polymer

membrane from the anode to the cathode under the induced current. At the cathode the protons

then bond with neutral hydrogen atoms to create hydrogen gas (Equation 2.10). In this case, the

polymer membrane is an acid that transports H+ (protons) to the cathode. This method typically

has a working temperature of about 80 �C [58] and an operating pressure of 30-80 bars [7]. The

chemical reaction at the anode and cathode in PEM (Figure 2.3b) is given below:

Anode : H2O(l)() 2H+(g) + 2e� +
1
2
O2(g) ��

f H = 285:8 kJ=mol (2.9)

Cathode : 2H+(g) + 2e� () H2(g) ��
f H = 0 kJ=mol (2.10)

The �nal water electrolysis method to discuss will be SOE (Figure 2.3c). SOE is the least
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mature water electrolysis method discussed, with only prototype setups with no industrial applica-

tions [7]. This process involves water being split into oxide ions (O2�) and hydrogen at the anode

(Equation 2.11). The oxide ions are then conducted through the solid ceramic oxide membrane

from the cathode to the anode. At the cathode, the oxide ions are split into oxygen and electrons

(Equation 2.12). For this case, the membrane is yttrium-stabilized zirconia [58] that conducts the

aforementioned oxide ions. This method typically has a working temperature of about 700 �C [58]

and an operating pressure of 1 bar [7]. It should be noted that at this high temperature the water in

this case will be a gas instead of a liquid like in the previous two methods. The chemical reaction

at the anode and cathode in SOE (Figure 2.3c) is given below:

Anode : O2�(g)() 2e� +
1
2
O2(g) ��

f H = 0 kJ=mol (2.11)

Cathode : H2O(g) + 2e� () O2�(g) +H2(g) ��
f H = 241:8 kJ=mol (2.12)

2.3 Carbon Capture Rate

For blue hydrogen production, carbon capture is an essential component, but it comes with high

energy needs. Currently, there are many different options for carbon capture that can be discussed.

These can be split into two categories: the physical methods of separating carbon for later storage

and the location in the industrial process where the method is applied.

The location of carbon capture is a key variable, and can be split up into two types: pre-

combustion and post-combustion. In post-combustion, carbon is removed after the combustion

of a fossil fuel, typically from the �ue gas, which is gas released into the atmosphere. The pre-

combustion method uses the reaction given in the water gas shift reaction, with the carbon being

separated from hydrogen. In other carbon capture methods, this step would be in addition to other

processes, but for hydrogen production it is already undertaken.

The second variable is the actual method used for capture as part of the hydrogen production

itself. The two most common methods today are absorption and adsorption. Both of these meth-
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ods involve capturing carbon dioxide using amines, which will bond with carbon dioxide. In the

adsorption case, the stream of carbon dioxide will bond with amines over a select volume. In

the absorption case, the carbon dioxide bonds with an absorbent over a surface area. For carbon

capture for hydrogen production, amine-solvent methods are the most common, and this is an

absorption capture method.

There are also less common methods of carbon capture, such as oxy-combustion and calcium

looping. These methods may become increasingly prominent in the future, with oxy-combustion

being of particular importance. This is because this method uses pure oxygen instead of air in the

combustion process, which gives a �ue gas that is pure carbon and water vapour. This leads to

the carbon capture being more economical. As has been stated before, ATR hydrogen production

includes this method in the main reactor.

The locations where carbon capture is possible in the SMR and ATR reactions is given in Figure

2.4, taken from a thesis by Elnigoumi [60]. In the SMR reaction, there are three possible locations

for carbon capture: syngas capture (Location 1), tail gas capture (Location 2), and �ue gas capture

(Location 3). Flue gas capture is post-combustion capture and syngas and tail gas capture are pre-

combustion capture. For ATR, the oxidization in the main reactor means there will be no carbon

dioxide in the �ue gas or post-combustion, meaning there are only pre-combustion capture options

available [54]. This is shown in Figure 2.4.

(a) SMR (b) ATR

Figure 2.4: Possible Locations for Carbon Dioxide Capturing in (a) SMR and (b) ATR Plants. [60].

From a previous study by Meerman et. al. [61], the various carbon dioxide concentrations,
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partial pressures, and capture rates at these various locations were calculated for a SMR facility,

and this is shown in Table 2.1. From Figure 2.4, the logical point to capture the most carbon

dioxide would be at location 3, as at this step in the SMR process the �ue gas and syngas split

up the carbon stream. The syngas and the tail gas are then used as a fuel for the main reformer.

Therefore, locations 1 and 2 for carbon capture won’t be able to capture any �ue gas carbon while

location 3 will be able to capture all of the carbon imputed into the SMR process system. From

Table 2.1, this is re�ected in a higher carbon capture rate of 90% compared to 60% for locations 1

and 2.

Table 2.1: Overview of Capture Location Characteristics and Achievable Overall Carbon Dioxide
Removal for the SMR Process [60, 61]. Capture rates are highest at location 3 because it capture
all GHG emissions from the syngas, tail, and �ue gas.

Location CO2 Concentration (mol %) Total Pressure (Bars) CO2 Parital Pressure (Bar) Capture Rate (%)
Location 1 15-35 20-31 3-11 60
Location 2 30-60 0.41-2 0.04-1.2 60
Location 3 5-19 �1 �0.05-0.19 90

This higher capture rate, however, comes with increasing economic costs [61]. From Table 2.1,

it can be seen that the partial pressures of CO2 and CO2 molar concentrations are higher in the

syngas and tail gas streams for locations 1 and 2 compared to �ue gas at location 3. As a result, the

amount of energy required to separate the carbon through amine capture will increase. For ATR,

the oxidization in the main reactor implies there will be no carbon dioxide in the �ue gas or post-

combustion, meaning there are only pre-combustion capture options available [54]. This location

for ATR would have similar results for CO2 concentration, total pressure, and CO2 partial pressure

as location 2 for SMR, due to both being right after the WGSR. However, the carbon capture rate

would be similar to location 3, as there is only one stream of carbon in ATR compared to two in

SMR. This would therefore point to ATR being less expensive than SMR in terms of the carbon

capture component.
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2.4 Chapter Summary

In this chapter, different ammonia production methods were discussed with the reasons why

the Haber-Bosch method was chosen for this techno-economic analysis. A summary of how this

method worked was also included. After this, different hydrogen methods were discussed as well

as the naming conventions depending on the feedstock used. Of these, hydrogen produced by

natural gas with CCS (blue hydrogen) and hydrogen produced from water electrolysis with low

carbon electricity (green hydrogen) were chosen as the most likely low GHG hydrogen production

methods.

From this, different methods within these de�ned categories were discussed in a similar way to

the Haber-Bosch process. Under the blue hydrogen category, steam methane reforming (SMR) and

auto-thermal reforming (ATR) were discussed. Under the green hydrogen category, alkaline elec-

trolysis (AE), proton exchange membrane (PEM) electrolysis, and solid oxide electrolysis (SOE)

were all discussed as possible options. An understanding of how these different methods work will

be of critical importance for Chapter 3.
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Chapter 3

Techno-Economic Analysis of Ammonia

Production and Export in Western Canada

and Australia

In this chapter, the methodology of the techno-economic analysis created is described, which

was used to compare the levelized cost of supplying ammonia to Japan from either Canada or

Australia. In the methodology, the individual processes that make up this pathway are reviewed,

going through the possible options for each process and the reasoning behind choosing certain

options. The methodology also includes a summary of important data and assumptions. After the

methodology, the results from this techno-economic analysis are given for each individual process

and the combined pathways. Two different sensitivity analyses of the results is also included.

Finally, these results and other, non-monetary factors on each pathway are discussed.

3.1 Methodology of the Techno-Economic Analysis

The central analysis in this work is a comparison between ammonia produced in Canada and

Australia. The general pathway framework used for both of these scenarios is shown in Figure
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3.1. The individual processes of these pathways can be grouped into two major sections: ammonia

production and ammonia transportation.

Figure 3.1: Basic Export Pathway Framework for all pathways in this study. The system boundary
includes all the processes shown. Ammonia production and ammonia transportation components
are de�ned in the orange and red boundaries, respectively.

The developed techno-economic model calculates the cost of producing hydrogen, conversion

to ammonia, and then transportation of ammonia to Japan. The �nal result of this techno-economic

analysis is the Levelized Cost of Ammonia (LCOA) in units of US$/tNH3. The LCOA for the two

country pathways are calculated with start dates of 2020, 2030, and 2050.

Component sections of this techno-economic model include: hydrogen feedstock, the produc-

tion of hydrogen, the production of ammonia, land transportation, and sea transportation. Taken

together, these processes represent the total costs of bringing the produced ammonia to Japan for

local use. These processes are independently considered for both the Canadian and Australian path-

ways, with local assumptions used for each when necessary. The data used for this model comes

from a combination of academic papers, government databases, and industrial/technical reports.

The currency values used in this analysis are given in 2019 USD. This techno-economic analysis

was created in both Microsoft Excel with Visual Basic for Applications macros and Python. The

work in Chapter 3 was built off an existing model built by Hamid Rahmanifard at Transition Ac-

celerator, which modelled ammonia production with blue hydrogen with CCS in Canada for 2020

for local transport and use. Everything else in addition to this pathway was unique work for this

thesis.
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3.1.1 Pathway Framework Analysis

Ammonia Production

The ammonia production part of this techno-economic model can be split up into the various

components required to create ammonia. The production of ammonia itself will �rst be discussed,

followed by the feedstocks required for ammonia production. As discussed in Chapter 2, ammonia

production by the Haber-Bosch process is the most prevalent industrial method of ammonia pro-

duction today. It was also the method used in all of the techno-economic analyses in the literature

review, and is also used in this techno-economic model. In Chapter 2, the different types of hydro-

gen production methods were reviewed. The two most likely options, as well as the options that

exclusively used in the techno-economic analyses from the literature review, are blue and green

hydrogen, or hydrogen produced from natural gas feedstock with CCS or low GHG electricity

feedstock.

For blue hydrogen, there are two main methods of hydrogen production from natural gas:

SMR and ATR. In this techno-economic model, auto-thermal reforming (ATR) was chosen as the

production method for blue hydrogen pathways due to the higher rates of carbon capture [54]

possible with ATR, which is elaborated on in Chapter 2. For green hydrogen based pathways,

the main choice is between AE and PEM. From previous literature which looked at electrolyzer

costs in the future, the PEM electrolyzers was found to be more economically competitive with

AE in the future [7, 15]. Furthermore, the projections between AE and PEM electrolysis from

Element Energy Ltd [54] predict lower costs for PEM electrolysis compared to AE. Therefore, a

PEM electrolyzer for green hydrogen pathways is modelled.

The electricity feedstock for PEM electrolysis was modelled as coming from a dedicated com-

bined solar and wind energy farm to mitigate variability problems with these energy sources, as-

suming a 50% split of the total electricity generated for hydrogen production from solar and wind.

In addition there is a need for short term hydrogen storage facilities to allow the storage of excess

production of hydrogen to be used for ammonia production when there is inadequate hydrogen
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production due to low wind or solar power. Short term hydrogen storage can be accomplished with

many different methods, including compressed gas storage, liquid hydrogen storage, metal hydride

storage, and underground storage. For this model, there is no need to transport the hydrogen as it is

just for local storage. This along with the fact that underground storage is the lowest cost option for

hydrogen storage out of these options [62] were the reasons why underground storage of hydrogen

is the option chosen for this model. An analysis of the feasibility of underground hydrogen storage

in the selected region will be done in Chapter 4.

There is another key difference in how the ammonia is produced from hydrogen in the ATR and

PEM pathways. Today, ammonia production using hydrogen made with natural gas is frequently

completed at the same facility. This allows the excess heat from SMR or ATR to be used in the

Haber-Bosch process. However, with the CCS component included, the excess heat will likely be

used to power this CCS component. This will mean there will be little to no excess power for

ammonia production [54, 60], which will now require a separate source of energy. This is also the

case for hydrogen produced from electrolysis. To power the Haber-Bosch process in this analysis,

grid electricity or electricity produced from natural gas with CCS could be used. Electricity is also

needed speci�cally in the ATR process for the air separator unit. These options were chosen over

other dedicated renewable sources of electricity because of the variability concerns from dedicated

renewable generation could cause the frequent stoppage of the ammonia production loop in the

Haber-Bosch process. The emissions from using grid electricity will be considered in Chapter 4.

Finally, nitrogen is also required for the Haber-Bosch process. In this techno-economic model,

the required nitrogen is produced from an air separator unit (ASU). In the natural gas based path-

ways, the ATR method is used for the production of hydrogen, which already requires an ASU.

This ASU can also give enough high purity nitrogen (¿99%) as a byproduct to use in the Haber-

Bosch process [63]. For the pathways that produce hydrogen by electrolysis, a dedicated ASU will

need to be included instead to produce the required nitrogen instead of being a byproduct. The

ASU in the pathways that produce hydrogen by electrolysis will be powered by grid electricity.
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Ammonia Transportation

After the ammonia is produced, there are two key steps to transport it to the �nal export des-

tination: land transport and sea transport. For land transport, ammonia pipelines were considered,

but the lack of available ammonia pipelines in Canada or Australia compares unfavourably to train

transport, where the infrastructure for transportation already exists. Train transportation was also

found to be one of most economical methods of transporting ammonia in Australia [15], mainly

because of the costs of creating an ammonia pipeline; therefore, the land transportation of ammo-

nia in this model is done by train. There are various safety concerns [7, 40, 64] for transporting

ammonia by train which could add insurance costs. These insurance costs are excluded in this

techno-economic model, but are discussed later in this thesis. It should be noted that insurance

costs would also exist for other land transportation such as pipelines.

After the ammonia is at the coast, it is transported to an export terminal where it is stored

before being transported by ship. The ship then unloads the ammonia at the import terminal for

use at the target country. The ship’s fuel is also considered in this scenario, with current fossil fuel

options like heavy fuel oil (HFO), marine gas oil, and marine diesel fuel being the most prominent

because of their near universal use in shipping today [65]. There are other options like methanol,

methane, and nuclear based fuels that could be used in the future, but as they are not mature they

are not considered here. Ammonia also is a potential shipping fuel [39, 40] option, which would

synergize well with the pathways being considered. However, it is also not a mature pathway with

only prototype ammonia powered ships available. Because of it’s widespread use and available

data, HFO was chosen as the fuel to power the shipping of ammonia. All pathways in this model

have an endpoint at the import terminal of the Port of Tokyo, Japan. Japan was chosen because of

the interest expressed by the Japanese government in importing hydrogen or hydrogen carriers in

the future [7, 28, 30].
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3.1.2 Pathway Framework Comparison

The most consequential differences between the Canadian and Australian pathways will come

from the method used to produce hydrogen. Water electrolysis production of hydrogen for the Aus-

tralian pathways in this techno-economic model was chosen, using low cost renewable electricity

resources [7, 66]. As one of the lowest cost producers of natural gas [11], hydrogen production

from natural gas was chosen for the Canadian pathways, which is consistent with the Government

of Alberta plans for natural gas based low carbon hydrogen [67].

For all derivatives of the Canadian pathways, the starting point of this techno-economic analysis

is the production of hydrogen, assumed to be produced by natural gas feedstock with CCS. The

most economical place to produce hydrogen via this method in Canada is in Alberta. This is

because of both the available carbon storage space and low natural gas costs [9,10,27,67]. For this

pathway, the hydrogen and ammonia is produced in the Edmonton area. This is consistent with the

current industrial heartland hydrogen strategy by the Government of Alberta [67]. The ammonia

would then be transported by train to the Prince Rupert area in British Columbia to be shipped

overseas to Japan.

Despite using CCS in this scenario, some of the carbon produced will still be released into the

atmosphere, and it will incur a carbon price based on the carbon pricing policy in Alberta [68] and

the federal backstop carbon pricing in Canada [69]. Provincial policies, such as the carbon credit

system, are also a unique part for the Canadian pathways which are included. The Haber-Bosch

process in the Canadian pathways will be powered by a hydrogen powered combined-cycle gas

turbine (CCGT), with hydrogen coming from the main facility. The pathway framework for the

Canadian scenario is illustrated Figure 3.2a.

In the Australian model pathways, the starting point, like the Canadian pathways, is the pro-

duction of hydrogen. Australia has low solar and wind power generation costs now, and these

prices are expected to decrease signi�cantly in the coming decades [7, 15]. This makes the pro-

duction of hydrogen by water electrolysis the strongest choice in the future in terms of economic

and environmental factors. In the Australian model pathways, hydrogen production is completed
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by a combined, dedicated solar and wind farm that produces the required electricity to produce

hydrogen.

There are many regions near the coastline in Australia that can host solar and wind farms. Some

of the lowest cost options were found to be around Brisbane, so this area was chosen for hydro-

gen and ammonia production as well as the export shipping port area. This area was also chosen

because it is the shortest nautical distance to Japan. Because of the variability of solar and wind

power, there will need to be dedicated hydrogen storage. This is because ammonia production re-

quires a constant input of hydrogen, as stopping ammonia production is time consuming and costly

compared to stopping hydrogen production by electrolysis. For this same reason, grid electricity

will also be required for the Haber-Bosch process. The pathway framework for the Australian

scenario is illustrated Figure 3.2b.
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3.1.3 Calculation and Required Data Summary

In this model, capital expenditure (CAPEX) and operating expenditure (OPEX) costs of build-

ing and running the related hydrogen facilities are calculated separately. The estimation values

will primarily depend on the amount of hydrogen the facility produces as well as the year the hy-

drogen facility is constructed. For electric hydrogen OPEX, non-electricity feedstock OPEX costs

are calculated as a percentage of the CAPEX expenses [70]. Water prices were also included in the

electric hydrogen facilities OPEX costs [54, 71]. Hydrogen storage costs are from a National Re-

newable Energy Laboratory (NREL) report [62]. Dedicated ASU costs for the Australian pathway

are from a thesis by Yuan Jiang [72], and are included under hydrogen production costs for this

thesis to be consistent with the ASU costs being included in hydrogen production cost in Element

Energy Ltd for ATR hydrogen production [54].

For the Canadian pathways, the cost estimation for natural gas and grid electricity prices go up

to 2050, and these estimations were taken from the Canada Energy Regulator [73]. The natural gas

costs in this thesis are calculated to be 53.8% of the Henry Hub benchmark natural gas projections

used by Canada Energy Regulator. This factor is used because a Transition Accelerator report [74]

found the Alberta prices for natural gas from 2015 to 2020 to be about 53.8% of the Henry Hub

benchmark price. For the Australian pathways, CAPEX and OPEX projections for solar and wind

farms in different regions of Australia come from the Australian Energy Market Operator [75].

As of the writing of this thesis, Australia does not have a carbon pricing policy. Meanwhile,

the Government of Canada has a carbon price for GHG emissions and the Government of Alberta

has a carbon pricing and carbon credit system; both of these systems will be modelled. The costs

of CCS will also be included. Therefore, the Australia pathway will have zero GHG emissions

related costs.

Like the hydrogen production part of this model, the ammonia production process is split up

into CAPEX and OPEX calculations. The calculations for the production of ammonia were the

most in-depth, and they were based off the work from a techno-economic analysis of an ammonia

plant powered by offshore wind [76]. The basic calculations for CAPEX is determined by the
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bottom up cost, or the cost estimate from the employees performing the relevant work. This cost is

split up into the compressors, drivers, heat exchangers, reactors, pumps, �ash vessels, and storage

components, with the economic data for these individual components coming from a textbook by

Turton [77].

The OPEX for ammonia production is split up into three sections: �xed operation and main-

tenance (FOM), variable operation and maintenance (VOM), and non-hydrogen feedstock. The

FOM costs are assumed to be 5% of the bottom up cost projections and VOM costs are the labour

costs and water costs in running the ammonia synthesis facility. Labour costs come from the hourly

earnings for professional, scienti�c and technical services in both Canada [78] and Australia [79].

The electricity required for the ammonia synthesis loop is modelled as grid electricity for the Aus-

tralian pathways and electricity produced from a CCGT for Canada. Grid electricity costs from

Australia are taken from the Australia Energy Regulator [80] and CCGT data comes from a USA

Energy Information Administration (EIA) report [81].

After ammonia is produced, ammonia needs to be transported to Tokyo, Japan. For both the

Australian and Canadian pathways, the �rst part of this process is by land. Land transportation

in this model is assumed to be via train. Train freight rates come from the Railway Association

of Canada [82] and the National Hydrogen Roadmap for Australia [15]. The train distance for

the Canadian pathways will be greater than the Australian pathways (1305 km [13] versus 300

km [75]). The trains used to transport ammonia as well as the distribution network for train based

transportation are assumed to already exist in both Canada and Australia.

For the calculation of shipping costs, the process used for shipping in Brandle et. al. [83] was

also used for this model. In this model, the shipping costs are split off into export terminal, ship,

and import terminal costs, with assumptions for the CAPEX and OPEX for these processes coming

from the IEA [7]. The shipping distances for the Canadian pathways will be 6873 km, and for the

Australian pathways it will be 7169 km. Unlike Brandle [83], this model uses HFO for the ship

fuel while Brandle uses hydrogen as the ship fuel.

A list of the key assumptions and data used for the Canadian pathways, Australian pathways,

39



and ammonia production are given in Table 3.1 and Table 3.2. Location factors [84] are also used

to get prices for speci�c regions. These assumptions are used throughout the model for multiple

different processes. For a full list of sources and the in-depth calculations used in this techno-

economic model, please see Appendix A.

Table 3.1: Summary table of data and assumptions used for the Canadian pathways. Alberta
Natural Gas price is based on Henry Hub Projections. This table includes the most important
factors used in the model for the Canadian pathways.

Variable Name Reference Value Unit
Contingency - 25 %
Discount Rate - 6 %
Lifetime - 25 Year
Ammonia Production Capacity - 3000 tNH3/d

Alberta Natural Gas Price [73]
1.01 (2020)
1.63 (2030)
1.83 (2050)

US$/GJ NG

Hydrogen Facility CAPEX [54]
0.562 (2020)
0.506 (2030)
0.384 (2050)

US$/kgH2

Hydrogen Facility Variable OPEX [54] 0.013 US$/kgH2
Hydrogen Facility Fixed OPEX [54] 0.275 US$/kgH2
Hydrogen Facility Capacity Factor [71] 90 %
Water Cost [71] 0.000123984 US$/gal
Water Usage [54] 4.8 L/kgH2
Carbon Sequestration Rate [54] 95 %
Carbon Sequestration Cost [7] 20 US$/tCO2
Carbon Credit Return Rate [85] 90 %
Train Freight Rate [82] 0.026 US$/tNH3/km
Train Distance [13] 1305 km
Ammonia Facility Compressors [77] 14.9 US$/tNH3
Ammonia Facility Drivers [77] 0.500 US$/tNH3
Ammonia Facility Heat Exchangers [77] 24.2 US$/tNH3
Ammonia Facility Reactors [77] 4.49 US$/tNH3
Ammonia Facility Pumps [77] 1.17 US$/tNH3
Ammonia Facility Flash Drums [77] 6.44 US$/tNH3
Ammonia Facility Storage [77] 6.71 US$/tNH3
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Table 3.2: Summary table of data and assumptions used for the Australian Pathways. This table
includes the most important factors used in the model for the Australian pathways.

Variable Name Reference Value Unit
Contingency - 25 %
Discount Rate - 6 %
Lifetime - 25 Year
Ammonia Production Capacity - 3000 tNH3/d

Solar Generation Facility CAPEX [75]
1049 (2020)
736 (2030)
386 (2050)

US$/kWe

Solar Generation Facility OPEX [75] 12.78 US$/kWe/y
Solar Generation Facility Capacity Factor [75] 29 %

Wind Generation Facility CAPEX [75]
1417 (2020)
1212 (2030)
984 (2050)

US$/kWe

Wind Generation Facility OPEX [75] 18.79 US$/kWe/y
Wind Generation Facility Capacity Factor [75] 38 %

Solar Farm Nominal Capacity [75]
2132 (2020)
1938 (2030)
1861 (2050)

MWe

Wind Farm Nominal Capacity [75]
1616 (2020)
1470 (2030)
1411 (2050)

MWe

Solar Farm LCOE [75]
47.3 (2020)
35.1 (2030)
21.4 (2050)

US$/MWhe

Wind Farm LCOE [75]
51.3 (2020)
45.2 (2030)
38.5 (2050)

US$/MWhe

Hydrogen Facility CAPEX [54]
0.714 (2020)
0.346 (2030)
0.282 (2050)

US$/kgH2

Hydrogen Facility OPEX [70] 3 %/y
Hydrogen Facility Capacity Factor [71] 98 %
Water Cost [71] 0.000123984 US$/gal
Water Usage [54] 20 L/kgH2

Electrolysis Ef�ciency [54]
51.0 (2020)
49.3 (2030)
48.1 (2050)

kWhe/kgH2

Hydrogen Storage Capacity - 14 Days
Train Freight Rate [15] 0.030 US$/tNH3/km
Train Distance [75] 300 km
Grid Electricity Price [80] 41.57 US$/MWhe
Ammonia Facility Compressors [77] 10.1 US$/tNH3
Ammonia Facility Drivers [77] 0.337 US$/tNH3
Ammonia Facility Heat Exchangers [77] 16.3 US$/tNH3
Ammonia Facility Reactors [77] 3.03 US$/tNH3
Ammonia Facility Pumps [77] 0.788 US$/tNH3
Ammonia Facility Flash Drums [77] 4.34 US$/tNH3
Ammonia Facility Storage [77] 4.52 US$/tNH3
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From all these processes in this model, the yearly cost for each was calculated. These costs

were used to calculate a LCOA to Japan. The difference in cost between the two combined path-

ways and the individual processes at various starting years can then compared.

3.2 Results of the Techno-Economic Analysis

3.2.1 Individual Processes

The �rst process in this model that will be examined is the process of producing hydrogen.

Figure 3.3 shows the cost of the hydrogen production needed to provide the required ammonia

in terms of the levelized cost of hydrogen (LCOH). As can be seen from Figure 3.3, the present

hydrogen production costs in Canada are less than in Australia (US$1.32/kgH2 for Canada and

US$4.26/kgH2 for Australia), but the cost of producing hydrogen in Canada is expected to in-

crease slightly by 2050 while in Australia it is expected to decrease (US$1.40/kgH2 for Canada

and US$2.21/kgH2 for Australia). The increase in costs in Canada is due to a future increase in

the cost of natural gas. The contribution from natural gas feedstock was found to increase from

US$0.30/kgH2 in 2020 to US$0.48/kgH2 and US$0.54/kgH2 in 2030 and 2050 respectively.
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Figure 3.3: Levelized Cost of Hydrogen Production for the Canadian and Australian pathways,
assuming a start date of 2020, 2030, and 2050 for both cases. Canada’s hydrogen costs remain
constant while Australia’s decrease substantially, mainly due to decreasing solar/wind farm costs.

This is in contrast to Australia, where the electricity generation CAPEX contribution decreases

from US$2.54/kgH2 in 2020 to US$1.18/kgH2 in 2050. This reduction in cost of the building and

running of electricity generation facilities for producing hydrogen is the main factor in the future

decline in hydrogen production costs in Australia.

The present contribution of the CAPEX and OPEX of the hydrogen production facility is higher

for the Australian pathways (US$0.78/kgH2 for Canada and US$1.08/kgH2 for Australia) due to

maturity of natural gas based methods of producing hydrogen compared to electricity. However,

each pathway has decreasing costs by 2050 (US$0.62/kgH2 for Canada and US$0.45/kgH2 for

Australia), with Australia ultimately becoming less expensive. Underground hydrogen storage

for the Australian case is also comparatively inexpensive, making up only 5-9% of the costs. If

underground storage was not an option, then the costs of other options would be much higher.

The production of ammonia is compared in Figure 3.4. The two important details to note

are the relative lack of change over time of the ammonia production component. For the Cana-

dian pathways, the total cost from ammonia production changes from US$88.5/tNH3 in 2020 to
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US$91.4/tNH3 in 2050; for the Australian pathways, the total ammonia production component

changes even less, going from US$60/tNH3 in 2020 to US$62/tNH3 in 2050. For the Canadian

pathways, the changes come from increasing natural gas prices and employee hourly earnings

while for the Australian pathways is comes solely from employee hourly earning increases due to

in�ation. Grid electricity prices are assumed to remain constant for the Australian cases due to

lack of available data. These changes are small because the production of ammonia is already a

well developed industrial processes.

Figure 3.4: Levelized Cost of Haber-Bosch Production for the Canadian and Australian pathways,
assuming a start date of 2020, 2030, and 2050 for both cases. This graph does not factor in
the costs for hydrogen production of hydrogen feedstock costs, only ammonia produced by the
Haber-Bosch method. For the Canadian pathway, additional production of hydrogen is created to
allow the production of electricity by CCGT while in Australia grid electricity is used. Ammonia
production costs for both pathways remains constant over the 30 year span.

Transportation costs for these two pathways are shown in Figure 3.5. For the transportation

costs, the Canadian pathways has higher costs (US$116/tNH3 vs US$76.0/tNH3). This mainly

comes from the land transportation component, as the distance to travel by train is much greater in

Canada (1305 km) than in Australia (300 km).
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Figure 3.5: Levelized Cost of the Transportation of Ammonia for the Canadian and Australian
pathways, assuming a start date of 2020, 2030, and 2050 for both cases. Land transportation is
modelled as being completed via train with the routes and train cars already built. Sea transport
includes the cost of building and operating a ship as well as the import and export terminals. Be-
cause of the increased train distance, transportation for the Canadian pathways is more expensive
the transportation for the Australian pathways.

The shipping component of transportation is similar for both cases. This is because Canada and

Australia have similar electricity and fuel prices to operate the terminals and ships. The distance

to Japan from each export port is also similar. The shipping and fuel costs for the Australian cases

(US$56.4/tNH3 for shipping and US$8.91/tNH3 for fuel) are similar to the Canadian pathway

(US$63.4/tNH3 for shipping and US$9.71/tNH3 for fuel). Overall, shipping will not be a cause of

signi�cant differences between the two major pathways.

Unlike in the other processes, the transportation component is modelled as not changing over

time. One reason is because data for future projections of freight rates and shipping is scarce. Also,

for some common Canada and Australia transportation factors such as freight rate, sea distance,

ship costs, and terminal costs, the values are currently similar for both, and so they do not have

a signi�cant effect on economic difference between the two pathways. The main factor that is

different in regards to transportation between Canada and Australia is land distance, which is not
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likely to change signi�cantly in the future.

The �nal major process to consider in this techno-economic model is carbon policy costs.

These carbon policy costs include carbon pricing and carbon credits. Carbon pricing is a policy that

applies a tax on GHG emissions, including emissions from production of ammonia. The carbon

pricing system in Alberta is structured as an output based allocation system such that facilities

that produce goods or services below certain emissions rates can gain carbon offsets which can

be sold to other companies that do not meet these emissions rates. These costs are given for the

Canadian pathways in Figure 3.6. Australia currently has no carbon pricing policies enacted so

the pathways for Australia will have zero carbon costs. The one important factor to note is that

the current carbon policies of the federal and provincial governments in Canada will mean that the

LCOA will decrease signi�cantly in the future. This is because of the carbon credit system, which

allows facilities to sell carbon credits to other facilities at rates close to the carbon price to allow

them to meet emission targets. This is in the absence of changes to the current carbon crediting

rules for hydrogen production. However, as is discussed later in this chapter, these credit values

are likely to be reduced as economy wide emissions are reduced.

Figure 3.6: Economic Effects of Current Carbon Price and Carbon Credit Policy on the modelled
LCOA for the Canadian pathway in 2020, 2030, and 2050. Carbon pricing has a modest effect
compared to the carbon credit system, which decreases costs dramatically within the current gov-
ernment framework.
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Today, the carbon credit system is signi�cant and leads to a decreasing in the overall LCOA (-

US$48.3/tNH3), and in the future under current policies this would change to drastically decreasing

the overall costs (-US$253/tNH3 in 2030 and -US$410/tNH3 in 2050). The carbon price in 2020,

2030, and 2050 will be US$15, US$128, and US$250 respectively, so this leads to the carbon price

contribution increasing from US$2.56/tNH3 in 2020, US$14.5/tNH3 in 2030, and US$28.3/tNH3 in

2050. In this model, the carbon price in Canada up to 2030 is based on current federal government

goals [69] while the the carbon price in 2050 is based off IEA projections for advanced economies

[29].

3.2.2 Combined Processes

With the different sections of techno-economic analysis calculated and analyzed separately, the

total cost for each pathway can be studied and compared. This comparison is illustrated by Figure

3.7.

Figure 3.7: Overall Levelized Cost of Delivered Ammonia for the Canadian and Australian path-
ways, assuming a start date of 2020, 2030, and 2050 for both cases. This factors in the hydrogen,
ammonia, transportation, and carbon policy components. The levelized cost for both country path-
ways are expected to decrease substantially in the future.
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For the Canadian pathways, the overall LCOA will change from US$373/tNH3 in 2020 to

US$204/tNH3 in 2030 and US$53.5/tNH3 in 2050. The projections indicate a signi�cant decrease

in cost for the Canadian pathways in the coming years. The main drivers of this change is the

natural gas feedstock cost increasing, hydrogen facility costs decreasing, and the carbon credit

system decreasing the LCOA. Out of these three, the carbon credit system is the largest component.

For the Australian pathways, the LCOA shows a downward trend, going from US$827/tNH3 in

2020 to US$614/tNH3 in 2030 and US$497/tNH3 in 2050. The main driver of change for the

Australian pathways is the decreasing electricity production costs for solar and wind energy.

This carbon credit contribution calculation is signi�cant but it is highly likely there will be a

stricter emissions rate to generate carbon credits, and the value of carbon credits may also change

over time. Fundamentally, if Canada is able to reach a net-zero carbon economy by 2050, then

the policy of carbon credits would be redundant, since the expected emissions from industrial

processes will be close to zero, unless there is widespread use of direct air capture to reduce carbon

in the atmosphere. The costs of the Canadian pathway with no carbon credit system are shown in

Figure 3.8.
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Figure 3.8: Overall Levelized Cost of Delivered Ammonia for the Canadian and Australian path-
ways, assuming a start date of 2020, 2030, and 2050 for both cases. This factors in the hydrogen,
ammonia, transportation, and carbon policy components. In this scenario, the model does not take
into account the current carbon credit system active in Alberta. Without the carbon credit system,
the overall levelized cost for the Canadian pathways will increase in the future.

Without the carbon credit system, the Canadian pathways’ LCOA increase in all three years

chosen, with the levelized cost rising from US$422/tNH3 in 2020, to US$458/tNH3 in 2030, and

US$463/tNH3 in 2050. If there is no carbon credit system, then the LCOA will increase in the

coming decades, mainly from the projected increase in natural gas prices in Alberta. This will bring

the Australian and the Canadian pathways closer to parity with one another in 2050. The Canadian

pathways remains more economical in supplying ammonia to Japan presently (US$422/tNH3 for

Canada and US$827/tNH3 for Australia for a difference of US$425/tNH3), but this is expected to

converge in the coming decades (US$463/tNH3 for Canada and US$497/tNH3 for Australia for a

difference of US$34/tNH3). Australia may also enact carbon credit policies in the transitionary

period as well, which would make the Australian pathways more economically viable compared

to the Canadian pathways.

The shipping costs for both cases remain constant and do not change in the future, but because

shipping costs for both pathways are close to equal due to the similar shipping distances used,

changes in actual shipping costs will not affect the overall comparison in any signi�cant way. The
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shipping fuel used in this model will also likely change to a lower GHG fuel in the future, but this

is not modelled here. Even if shipping fuel changes, it is likely that there would only be a small

impact in relative costs.

3.2.3 Sensitivity Analyses

With the results from this techno-economic model, the uncertainty of these results also needs

to be considered. To do this, various sensitivity analyses were created. A sensitivity analysis is

an examination of the outputs of a mathematical model by varying the inputs to investigate their

impact on the overall results. This has a variety of uses, both for the testing and the understanding

of the results from the model. A sensitivity analysis test the created model itself by helping �nd

errors that change the results drastically or give no change at all when there should be an impact.

This analysis also helps with understanding quantitatively what is happening in the model in re-

gards to how the inputs affect outputs. This also gives an understanding of which inputs have the

greatest affect on the overall result, allowing a greater focus on these inputs in further analysis

and discussion. Ideally, a sensitivity analysis should consider all possible inputs that are subject to

future change or uncertainty.

The �rst sensitivity analyses of these results was undertaken by varying key assumptions in the

techno-economic model by -10% to 10% for 2020 and 2050 LCOA in tornado plots. A tornado plot

is a bar chart that sorts the inputs that change the overall results of the model the most in descending

order, with the input variables in the y-axis that change the LCOA in the x-axis the most at the top

and the those that changed it the least on the bottom. For the Canadian pathways, this sensitivity

analysis was undertaken without the carbon credit system included due to it likely being irrelevant

for the 2050 Canadian case. The values of -10% to 10% were chosen for this sensitivity analysis to

give an understanding of which variables have the greatest effect on the overall results. The results

from this sensitivity analysis are illustrated in Figures 3.9 and 3.10. Only the top six factors that

changed the price for that speci�c scenario were included in this thesis.
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(a) Canada 2020 (b) Canada 2050

Figure 3.9: Sensitivity Analysis of important variables and assumptions for (a) Canada 2020 and
(b) Canada 2050 pathways via a tornado plot. The overall change in levelized cost does not change
greatly, with the main factor in cost changes related to hydrogen facility and feedstock.

From Figure 3.9a, it can be seen that the biggest cost changes comes from the variability

in the discount rate, hydrogen plant CAPEX, project life, and natural gas cost. Even for these

variables, however, only a minor change in the overall cost of ammonia is registered, increasing or

decreasing by about US$9/tNH3 (about 2.5% of the total LCOA). The next sensitivity analysis for

the Canada 2050 Pathway (Figure 3.9b) gives different results, with the natural gas cost increasing

in importance, increasing from 4th to 1st in terms of cost change. The natural gas cost is projected

to increase in the future, so any percent change will give a greater cost difference, which explains

it’s increased impact. The hydrogen plant CAPEX also becomes less important, going from 2nd to

4th, mainly because of the expected cost decline.
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(a) Australia 2020 (b) Australia 2050

Figure 3.10: Sensitivity Analysis of important variables and assumptions for (a) Australia 2020
and (b) Australia 2050 pathways via a tornado plot. The change in levelized cost with varying the
solar/wind farm capital and operating costs are both signi�cant

For the Australian pathways, the tornado plot for ammonia production and transport from in

Australia in 2020 is shown in Figure 3.10a. The most important factor in the Australian pathways

according to this sensitivity analysis is feedstock of electricity for the hydrogen plant, with the

CAPEX and OPEX for electricity production being ranked 1st and 5th respectively. Figure 3.10b

gives a sensitivity analysis for key variables in the Australia 2050 pathway. The important detail

to note here is that the variability of costs for the main variables decreased compared to the 2020

scenario (overall range from the most important variable decreasing from US$81/tNH3 in 2020

to US$38/tNH3 in 2050). This comes from the fact that solar and wind farm CAPEX is likely to

decrease in cost signi�cantly, as stated before.

Overall, from this sensitivity analysis, the most signi�cant factors were the ones that changed

most over time: combined solar/wind electricity generation costs for Australian pathways and

natural gas prices for Canadian pathways. These are also the two factors that are unique to each

pathways. Therefore, these factors that are most likely to change the conclusions of this analysis

if they are changed. To see how signi�cant these factors are in relation to each other in affecting

the �nal results, another sensitivity analysis via heat map were created to see how the differences

in the LCOA between Canada and Australia.
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The range of data used for this sensitivity analyses by heat map are taken from Way et. al. [86].

In this thesis, probabilistic cost forecasting methods are used to determine the range of future costs

for solar, wind, natural gas costs, etc. These values come in the form of median projections along

with a range of values at various con�dence intervals (CI) for solar/wind/natural gas costs. Like the

�rst sensitivity analysis, the Canadian pathways is assumed to be without a carbon credit system.

When applicable, the projections values used were modi�ed to �t the scenarios discussed in this

thesis. To see where the original values came from, how those values were changed, and how they

were replaced in the techno-economic model, please see Appendix A.4. The sensitivity analysis of

renewable energy costs versus natural gas costs at a 50% CI are given in Figure 3.11.
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(a) NG vs Solar/Wind Price Heat Map for 2030
(50% CI, Fast Transition)

(b) NG vs Solar/Wind Price Heat Map for 2050
(50% CI, No Transition)

(c) NG vs Solar/Wind Price Heat Map for 2050
(50% CI, Slow Transition)

(d) NG vs Solar/Wind Price Heat Map for 2050
(50% CI, Fast Transition)

Figure 3.11: Heat Map of the price differences between the overall delivered levelized cost of
ammonia of the Canadian and Australian pathways when varying natural gas costs and electricity
generation plant with a 50% con�dence interval. Blue indicate the levelized cost from the Canadian
pathway is a lower cost while green indicates the levelized cost from the Australian pathway is a
lower cost. Results for 2030 still show the Canadian pathway as having less cost but in 2050 it
favours the Australian pathway.

In Figure 3.11, it can be seen that in 2030 that with a CI of 50% that the Canadian pathway will

always be more economical than the Australian pathway (Figure 3.11a), even if there is no carbon

credit by this point. This is even in the fast transition scenario for solar and wind, where prices

are at the lower end, and is consistent with the current price advantage of the natural gas versus

electrolysis pathway. By 2050, however, this changes, as from Figures 3.11b, c, and d, it can be
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seen with a CI of 50% that the Canadian pathway will have a lower LCOA for 68.7%. 51.5%, and

30.2% of projected natural gas and electricity generation CAPEX values for the no transition, slow

transition, and fast transition scenarios, respectively. This e to Australia being a more competitive

option than Canada in 2050 if there is a greater transition to renewable solar and wind power in the

future. To explore more extreme variation in cost projections, Figure 3.12 plots a 95% CI instead

of 50%.

(a) NG vs Solar/Wind Price Heat Map for 2030
(95% CI, Fast Transition)

(b) NG vs Solar/Wind Price Heat Map for 2050
(95% CI, No Transition)

(c) NG vs Solar/Wind Price Heat Map for 2050
(95% CI, Slow Transition)

(d) NG vs Solar/Wind Price Heat Map for 2050
(95% CI, Fast Transition)

Figure 3.12: Heat Map of the price differences between the overall delivered LCOA of the Cana-
dian and Australian pathways when varying natural gas costs and electricity generation plant with
a 95% CI. Blue indicate the LCOA from the Canadian pathway costs less while green indicates
the LCOA from the Australian pathway costs less. With a greater range of possible values, the
Australian pathway could be less expensive than the Canadian pathway in 2030.
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With a 95% CI, in 2030 (Figure 3.11a) under a fast transition the Canadian pathway will have

a lower LCOA for 84.6% of projected natural gas and and electricity generation CAPEX values.

This points to the possibility of the Australian pathway being competitive in 2030, but should be

noted that this would only be in some fringe cases and only under a fast transition to renewable

energy. In 2050, with a CI of 95% for natural gas and electricity generation CAPEX that the

Canadian pathway will have a lower LCOA for 58.3%. 52.6%, and 44.7% for the no transition,

slow transition, and fast transition scenarios, respectively (Figures 3.11b, c, and d). Compared to

the 50% CI results, the 95% CI results in 2050 do not depend as much on the transition scenario,

with the probability of the Canadian pathway having a lower LCOA between 44.7-58.3% in 95%

CI to 30.2-68.7% in 50% scenarios. It should also be noted the range of values for electricity

generation CAPEX is more uncertain compared to the price of NG, especially in 2050.

Overall, the sensitivity analysis supports the previous conclusion that the Canadian pathway

would likely be more economical compared to Australia currently and in 2030. However, this

changes in 2050, with the Australian pathway likely to become more competitive, especially in the

50% CI scenarios. This would point to the possibility of both pathways being potential economic

options, especially if Japan is interested in multiple sources for ammonia.

3.3 Discussion of the Techno-Economic Analysis

From this analysis, the key �nding is that the main economic determinants comes from input

energy costs to produce hydrogen, or the costs of natural gas versus renewable power from solar or

wind. Other variables that are important for modelling the ammonia facility, such as the hydrogen

facility, train transport, and shipping, are not likely to change in the future or are similar for both

pathways, and so do not have a signi�cant effect on relative costs. There are some key non-

monetary factors as well that are not included in this techno-economic model that may affect the

overall conclusions. One of the biggest factors that is not considered in the techno-economic model

is safety concerns. Ammonia in high concentrations in the air can be corrosive, and can bring about
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fatal health consequences. The main safety concern therefore in this process of exporting ammonia

is that it a leak of toxic compound like ammonia could have disastrous consequences.

The part of the pathway where this is most concerning is the land transportation by train.

Because of the longer distances and the dif�cult terrain, the Canadian pathway has more risks than

the Australian pathway. This could be modelled by including insurance costs, but is excluded due

to lack of data. This lack of data comes from the apprehension of railroad companies to actually

insure trains transporting materials de�ned as a �toxic-inhalation-hazard� [87]. Furthermore, from

this same report there is considerable debate between rail carriers and the insurance market about

what the cost would be. One solution to this problem would be to having government organizations

backstop insurance costs, which would represent a government subsidy for ammonia export. It

should also be noted that the Canadian pathways’ insurance costs would be much higher than

Australia due to the above reasons, which may affect the overall results. A risk of a spill would

also lead to signi�cant local community concerns. This is one way in which the Canadian pathways

would not be preferable to the Australian pathways despite the lower costs.

The results of this techno-economic model can also be compared to the results found from

the literature review in Chapter 1. This comparison will provide further veri�cation of the model.

From the literature review in Chapter 1, only studies that modelled the export of ammonia from

Canada or Australia will be compared with the results of this analysis. This comparison is given

in Table 3.3.
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From Table 3.3, the results from the academic paper [13] that studied the pathway of exporting

ammonia to Japan from Canada in 2020 can be directly compared to the results of this thesis for the

Canadian pathway in 2020. The overall LCOA from Okunlola et al. [13] compared to the results

in this thesis (US$651/tNH3 and US$422/tNH3) pointed to a big discrepancy. However, it should

be noted that US$140.4/tNH3 of the contribution in Okunlola et al. is due to the reconversion

of ammonia to hydrogen at the end point, which is not modelled in this thesis. Without this

contribution, the LCOA from Okunlola et al. would be US$511/tNH3.

The main difference in cost between these two discussed models besides the reconversion cost

comes from the Haber-Bosch production component, as in this thesis it is US$69.6/tNH3 while it

is US$178.5/tNH3 in Okunlola et al. In contrast, the transportation levelized cost (US$115.9/tNH3

versus US$108.9/tNH3) and hydrogen production cost (US$247.6/tNH3 versus US$221.8/tNH3)

were much closer than the Haber-Bosch production costs between the model in this thesis and

Okunlola et al, respectively. The Haber-Bosch production facility modelled in this thesis is much

closer in cost to other results from the literature review, such as from the IEA report [7] with a

value of US$60/tNH3 and the paper from Egerer et al. [18] with a value of US$46.5/tNH3.

The reason for Okunlola et al. having a higher cost for Haber-Bosch production could be

because it includes the cost for an ASU required for nitrogen production while in this thesis it is

included in the hydrogen production component. This is likely because Okunlola et al. uses SMR

for hydrogen production, while in this thesis ATR is used, which includes an ASU component. It

should also be noted that even thought the overall hydrogen feedstock and facility costs from the

two discussed pathway are similar, the natural gas price used for calculations in Okunlola et al.

is US$1.45/GJ NG while in this thesis it is US$1.01/GJ NG. This would point to the hydrogen

feedstock component being lower in cost than Okunlola et al., and therefore, the hydrogen facility

component would be higher in cost. This is expected due to ATR currently being a more expensive

method of hydrogen production compared to SMR [54].

For the export of ammonia from Australia, there was a greater amount of academic papers and

reports to compared the results of this thesis to. However, there was only one other paper in the lit-
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erature review (Akhtar et al. [20]) that had results for a 2020 start date, which had an overall LCOA

of US$1659/tNH3, which is almost double the cost calculated in this thesis (US$827/tNH3). This

is likely because the production capacity in Akhtar et al. [20] (746 tNH3/d) is signi�cantly smaller

than the amount modelled in this thesis (3000 tNH3/d). Akhtar et al. also included projections in

2030, and also has a high cost because of the same reason.

Other academic papers and reports also modelled the export of ammonia from Australia starting

in 2030, such as Egerer et al. [18], the Hydrogen Import Coalition [21], the IEA [7], and Wijayanta

et al. [26]; the overall LCOA calculated from each varied, with values from US$411-750/tNH3. In

2030, the LCOA calculated in this thesis was found to be US$614/tNH3, and within range of what

was found in the literature review. Like in this thesis, it should be noted that the main contribution

to the LCOA in each techno-economic analysis studied was the hydrogen feedstock facility/solar

or wind farm. For this thesis, Egerer et al. [18] and the IEA [7], the hydrogen feedstock and facility

made up 78%, 81%, and 88% of the total LCOA, respectively.

For a start date of 2050, the Hydrogen Import Coalition [21] and Wijayanta et al. [26] calcu-

lated overall LCOA of US$420/tNH3 and US$360/tNH3. These values are lower than the LCOA

calculated in this thesis (US$497/tNH3), with the main determinant likely coming from the higher

solar and wind farm estimations in this thesis compared to the other literature review papers and

reports. One important point to make is that the results from Wijayanta et al. use a combined blue

and green hydrogen setup, which could reduce the overall LCOA in 2050 compared to a pure green

hydrogen feedstock facility.

From comparing the results of this thesis with equivalent pathways of other studies in the

literature review, the overall results for both the Canadian and Australian pathways in this thesis

were found to be similar to these other studies. The percent distribution of the total costs into

the speci�c process such as hydrogen feedstock, hydrogen production, ammonia production, and

transportation were also similar between this thesis and the other techno-economic analyses of the

literature review. This provides further veri�cation of the results of this model.

For both pathways, there are signi�cant hurdles to produce the amount of ammonia modelled
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here. For the Australia case, electrolysis is used less at scale, and the assumed electrolyzer size

needed in this model would be about ten times the size of largest produced in the world today.

The solar and wind farm used to power the electrolyzers are also close to ten times the size of the

biggest solar and wind farms in Australia today. For the Canadian pathways, the CCS component

is also not been widely demonstrated at the scale modelled. If either of these bottlenecks were

dif�cult to overcome, that could change weather a pathway is actually realistic.

For the Canadian pathways, the use of CCS is the biggest unknown variable. Therefore, a

brief look at the state of currently planned and operational CCS facilities is relevant. A study by

Dziejarski et. al [88] that was released in June 2023 gives the most recent look at CCS use globally.

The results from this study are visualized in Figure 3.13. From their search, they found that in total

there are 135 facilities with CCS planned or in operation in the world today with a total carbon

capacity capacity of 149.3 MtCO2 per year. Of these, 27 facilities (20% of total) are operational and

in use with a carbon capture capacity of 36.6 MtCO2 per year (25% of total). Of these operational

facilities, the plurality (44%) of facilities and the majority of carbon capture capacity (72%) are for

natural gas processing, but there are still some examples for hydrogen production. Three hydrogen

production facilities currently use CCS with two of them located in Canada, with a carbon capture

capacity between 1-1.6 MtCO2 per year. In this model, the amount of CO2 stored per year is about

1.7 Mt, and so this is close to the range of currently existing facilities. The number of facilities

currently using CCS for hydrogen is low, but the similar carbon capacity rates for this model to

current industrial sites, the dramatic increase in planned facilities, and the fact that two of the three

existing facilities are in Canada all point to CCS being a viable option for the Canada pathway.

61



(a) Number of Facilities (b) Carbon Capture Capacity

Figure 3.13: Currently Planned and Operation Carbon Capture Facilities in the world today in
terms of (a) number of facilities and (b) carbon capture capacity. Data from Dziejarski et. al [88].
Out of the operational facilities, about three are used hydrogen production with carbon capture
capacities in the range of what is modelled in the techno-economic analysis.

Currently, hydrogen is not produced at the scale given in this model using green hydrogen

methods. The Japanese government is projecting that the expanding hydrogen market will include

three million tonnes of hydrogen per year by 2030 and twenty million tonnes of hydrogen per

year by 2050 [28]. This is the energy equivalent to 18.9 million tonnes of ammonia in 2030

and 126 million tons of ammonia in 2050. For comparison, the amount of ammonia produced

by this model is about one million tonnes per year. If green hydrogen methods could not match

this required export amount, then the Canadian pathways would have a big advantage. However,

there are currently projects under development to make hydrogen from electricity with similar

production capacities as this model, such as in Pount Tupper by Bear Head Energy [89] or Project

Nujio’qonik by World Energy GH2 [90]. This would mean that the Canadian pathways would have

this advantage over Australian pathways only in the short term.

3.4 Chapter Summary

In this chapter, the methodology of the techno-economic model was presented, as well as rel-

evant choices and assumptions made. From this techno-economic model, the LCOA of providing

ammonia to Japan was US$422/tNH3 in 2020, US$458/tNH3 in 2030 and US$463/tNH3 in 2050
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from Canada and US$827/tNH3 in 2020, US$613/tNH3 in 2030 and US$497/tNH3 in 2050 from

Australia. For the Canada pathway, current carbon credits policy would decrease these levelized

cost and would likely be a factor in the short term.

Further sensitivity analyses were completed that found that hydrogen feedstock costs like nat-

ural gas for Canada and solar/wind power for Australia were the main cost difference between the

two pathways. In 2020, Canada is more economical than Australia, but in 2030 and especially

2050 it looks like Australia will reach close to cost parity to Canada and may even have a lower

LCOA. Finally, a discussion of non-monetary factors like safety concerns for the longer train dis-

tance for Canada, insurance costs, and scaling issues for electrolyzers and CCS found that some

bottlenecks may exist in the de�ned pathways that could make either Canada or Australia the more

desirable pathway.
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Chapter 4

Environmental Impacts of Ammonia

Production and Export in Western Canada

and Australia

In Chapter 3, a techno-economic analysis of transporting ammonia as a hydrogen-carrier to

Japan from Canada or Australia was completed. This analysis only looked at the economic costs

of these pathways. Another important analysis to make is the environmental impacts of these

pathways. A life cycle assessment was therefore undertaken, using different environmental factors

to determine if other non-monetary factors could play a role in determination of one or the other

pathway.

This life cycle assessment’s product system and system boundary will be the same as de�ned

for the techno-economic analysis in Chapter 3. Different environmental impacts were compared

for both pathways, which included GHG emissions, land usage, water usage, and hydrogen/carbon

storage potential.
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4.1 Greenhouse Gas Emissions

In general, GHG emissions from differing pathways is usually a key focus of environmental

assessments today, as it is the key contributor to climate change. Hydrogen is proposed as a low

carbon energy carrier so GHG emissions will also be the main focus in this thesis. In the techno-

economic analysis, the processes studied were split into ammonia production and transportation

components (Figure 3.1). These were then further divided into hydrogen feedstock, hydrogen

production, hydrogen storage, ammonia production, land transportation, and sea transportation

components. All six of these component processes produce emissions for one or both pathways,

and so will be considered here.

This life cycle assessment took the form of �nding data or calculating from the model the

amount of emissions released per year from each process. These results can then be normalized to

an emissions rate (CO2rate) in units of grams of CO2 per MJ of NH3 produced. The basic form of

this equation is given below:

CO2rate =
P
CO2(ModelProcesses)
CapNH3 �HHVNH3

(4.1)

with CO2(ModelProcesses) being the tonnes of CO2 released per year (tCO2/y) for each process

in the model, CapNH3 being the ammonia production capacity in tonnes of ammonia per year

(tNH3/d), andHHVNH3 being the highest heating value (HHV) of ammonia in terms of MJ of NH3

per kilogram of NH3 (MJ/kg). The �rst process in the model considered is the hydrogen feedstock.

For the Australian pathways, solar/wind energy is used so therefore, there is no direct emissions.

Upstream emissions from solar/wind farm production will not be considered. For the Canadian

pathways, natural gas is used and there are emissions associated with the production and processing

of natural gas that must be accounted for. This data for natural gas production and processing

emissions from the present to 2035 comes from the Government of Canada through a UN report

from Environment and Climate Change Canada [91]. In this source, there are two scenarios listed,

which are reference measures and alternative measures, with the alternative measures involving
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greater policy pushes to reduce emissions compared to the reference case.

The second process in this model is hydrogen production. Like the hydrogen feedstock pro-

cess, the Australian pathways has no direct emissions, while there are emissions in the Canadian

pathways. The amount of emissions from hydrogen production based on natural gas is calculated

directly in Appendix A with Equations A.29-A.32. For hydrogen storage, the Australian pathways

will require grid electricity to power the compressors, which will have an associated grid emissions

intensity. Grid intensity projections until 2035 for the Brisbane area were found from a Govern-

ment of Australia report [92]. Nitrogen production of the Australian pathway will also use grid

electricity, and therefore these emissions will also be considered.

For the direct production of ammonia, the Canadian pathways uses a combined-cycle gas tur-

bine (CCGT) plant powered by hydrogen from the previous process, and so therefore has no di-

rect emissions. Instead, the emissions would be included in the hydrogen production and hydro-

gen feedstock component. For the Australian pathways, grid electricity was used, with the same

source [92] used for hydrogen storage. It should be noted that grid electricity could also be used

for the Canadian pathways as well.

The transportation of ammonia by train will involve emissions, as the model assumes that the

trains used are fueled by diesel oil. This assumption was made for the Canadian pathways, as

railway data from the Railway Association of Canada implies that diesel oil is the most common

fuel source for train freight transport [82, 93, 94]. The emission intensity of railway transport in

Canada along Class 1 Freight railways was also taken from the Railway Association of Canada

[93].

Data was hard to �nd for train emissions in Australia, with the only source of information

about emissions from freight trains in Australia coming from the Australian Bureau of Infrastruc-

ture, Transport and Regional Economics working paper from 2007 [95]. In this paper, the total

emissions from non-electric rail is 2242.5 gigagrams of CO2 and the total freight amount for the

year is 206.88 billion tonne kilometers. This gives an emissions rate of about 11 kgCO2/1000 t/km

in Australia for 2007. Because this is the latest projection available, these projections will not be
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used in this thesis. This calculated value is close to the one given for the Canadian pathway, and

because of this, the assumption that the value for emission intensity of train transport in the Cana-

dian pathways could also be used for the Australian pathways. In both cases, the train would run

on diesel oil with similar technologies for each pathway so they would likely be similar because of

this as well.

For the shipping component, emissions come from two sections: terminal and ship emissions.

The amount of emissions from the export and import terminals come from the storage of ammonia,

where grid electricity is used to power compressors. For the Canadian pathways, grid electricity

emissions rates in British Columbia come from the same UN report that natural gas emissions data

was collect from [91]. For the Australian pathways, the Government of Australia report is used

again [92]. As has been stated before, the fuel used for shipping is heavy fuel oil. From another

Environment and Climate Change Canada report [96], the emission factor for industrial heavy fuel

oil use was used in this model for both pathways. A summary of emission factor data values found

in these reports and the corresponding compilation for comparison is given in Table 4.1 and Figure

4.1:

Table 4.1: Greenhouse Gas Emission Factors for Individual Component Processes for the Canadian
and Australian Pathways. For Natural Gas Production and Processing Emissions, �rst number is
alternative measures scenario and second number is reference measures scenario.

Variable Name
Reference Value Unit

Natural Gas Production and Processing
Emissions

[91]
37.2 (2020)
20.3-25.8 (2030)
18.8-23.8 (2050)

kgCO2/bbleq

Brisbane Gird Electricity Emissions [92]
0.73 (2020)
0.38 (2030)
0.20 (2050)

tCO2/MWhe

British Columbia Gird Electricity Emis-
sions

[91]
0.0167 (2020)
0.001 (2030)
0.0007 (2050)

tCO2/MWhe

Diesel Oil Emissions [93] 12.75 kgCO2/1000 t/km
Heavy Fuel Oil Emissions [96] 3,156 gCO2/L
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Figure 4.1: Emission Intensities for the Canadian and Australian pathways in 2020, 2030, and 2050
under different scenarios. The Australian pathway will have a higher emissions rate in 2020 and
2030 than the Canadian pathway but by 2050 the Australian pathway will have lower emissions.

From Figure 4.1, the emissions intensities of the Canadian and Australian pathways can be

directly compared. The �rst important point to note is that the emission intensity in the Australian

pathways is higher in 2020 compared to the Canadian pathway (16.0 gCO2/MJ NH3 versus 27.1

gCO2/MJ NH3). The main reason for this is that the grid electricity emissions in the Australian

pathway are high in 2020. However, emissions reach close to even in 2030 (11.6 gCO2/MJ NH3

versus 15.3 gCO2/MJ NH3) and Australia has lower emissions in 2050 (11.2 gCO2/MJ NH3 versus

9.17 gCO2/MJ NH3) for the reference case. This points to the Australian pathways having a lower

carbon footprint in the future due to a decrease in grid electricity emissions.

It should also be noted that the difference between the reference and alternative measures case

is not signi�cant (13.0 gCO2/MJ NH3 versus 11.6 gCO2/MJ NH3 in 2030 and 12.5 gCO2/MJ NH3

versus 11.2 gCO2/MJ NH3 in 2050). This leads to the conclusion that the emissions from natural

gas processing and production are unlikely to change with additional measures speci�ed in the UN

report [91]. However, this is not true for the grid electricity emissions in this same report, with

the grid emissions in Alberta changing from 0.5049 tCO2/MWhe in 2020 to 0.109 tCO2/MWhe
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or 0.206 tCO2/MWhe in 2030 for alternative or reference measures, respectively. In 2050, these

projections for alternative and reference scenarios are 0.0214 tCO2/MWhe and 0.174 tCO2/MWhe.

If grid electricity was used in the Canadian pathways for ammonia production or for use in ATR,

the emissions difference between these pathways is likely to be signi�cant compared to the pure

natural gas case.

Finally, the emissions from transportation do not appear to have that great of an effect on the

overall life cycle assessment. For train transport, the Canadian pathways are about four times

greater (0.666 gCO2/MJ NH3 versus 0.167 gCO2/MJ NH3) than the Australian pathways. How-

ever, in both cases, the overall contribution is about an order of magnitude less than the hydrogen

and ammonia emission contributions. For shipping, the emissions from both are similar because

the distance to Japan from both export ports in Canada and Australia are similar.

There are some other factors that must be considered in this analysis as well that can not be

directly quanti�ed. As has been stated before, the use of ammonia as a shipping fuel is one possible

option for the direct use of hydrogen or a hydrogen carrier. The transport of ammonia overseas

using ammonia powered ships would be a likely possibility in the future, and would allow for no

direct emissions from the shipping portion as ammonia only produces water when combusted.

The carbon capture rate for CCS in the Canadian pathways also has a signi�cant effect on the

overall results. If there was no carbon capture (grey ammonia), the total life cycle emissions from

the hydrogen production facility would increase twenty fold, going from 3.624 gCO2/MJ NH3

to 72.474 gCO2/MJ NH3, due to the fact that 95% of the emissions would not be captured and

released into the atmosphere with hydrogen production by ATR without CCS. This would increase

the emissions from the Canadian pathways dramatically, going from a range of 12.5-16 gCO2/MJ

NH3 with carbon capture depending on the year and measures for emissions reduction taken to a

range of 81.4-84.9 gCO2/MJ NH3 without carbon capture. This dramatic increase further proves

how important carbon capture for the hydrogen facility that use natural gas feedstock is to reduce

overall emissions.

Compared to the techno-economic analysis in Chapter 3, it should be noted that there is a
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greater concern about data availability for the life cycle assessment. This is because for the im-

portant process contributions like grid electricity for Australia and Natural Gas production and

processing, the emissions data is only projected until 2035. For the 2050 scenarios then, the data

in 2035 is used. This is likely then an overestimation in both cases for the total emissions as net-

zero goals will cause increasing pressure to reduce these emission factors even further. It should

be noted that this would have a greater impact on the Australian pathways as 74-91% of the total

emission contribution from 2020 to 2050 directly depends on grid electricity emissions. For the

Canadian pathways, this ratio is about 45-60% from 2020 to 2050. This would mean any similar

percent decrease in grid electricity and natural gas production and processing would give greater

emissions reduction to the Australian cases.

Finally, it should also be noted that the storage of hydrogen adds a signi�cant contribution to the

overall emissions. If other pathways were taken to reduce the amount of storage of hydrogen, the

overall emission intensity would likely decrease. From this analysis, it is shown that the emissions

rate from the modelled Australian pathways will be higher than the modelled Canadian pathway

emission rate today but likely will be lower by 2050.

4.2 Land Usage

The main difference in land area between the two modelled pathways will come from hydrogen

production and hydrogen feedstock. The hydrogen production facility in both pathways will take

up land, with a UK study by Element Energy Ltd [54] giving land usage rates per kW of hydrogen

for different hydrogen production facilities. For the Canadian case, land will also be used for the

production and processing of natural gas, with rates per MWe found from Strata Policy, a US think

tank [97]. This source also contained land use rates for combined-cycle gas turbine (CCGT) plants,

which is also used in the Canadian pathway. For the Australian pathways, land use per MWe for

solar and wind farms are taken from a dataset from the Australian Energy Market Operator [75].

The ammonia production facility in both pathways is modelled the same, so therefore, the land

70



usage in both cases will be the same. This also applies for the import and export terminals. One

major difference will come from the amount of rail used for train transport, as the distance in the

Canadian pathway is more than four times as long as the Australian pathway (1305 km versus 300

km). The difference in the land usage for train compared to the others studied is that this land usage

is spread out over these long distances and is already assumed to exist in this model. Therefore, it

is not useful to compare the land usage from train transport to other, more centralized, processes

that are modelled.

A summary of land usage data values found in these reports is given in Table 4.2 and Table

4.3. To calculate the total land used for each pathway, the land usage rate values contained in

Table 4.2 and Table 4.3 would be multiplied by the nominal capacity of the relevant facility. This

would include the hydrogen facility nominal capacity (Equation A.5), CCGT nominal capacity

(Equations A.51), and solar and wind farm nominal capacities (Equations A.25 and A.26).

Table 4.2: Land Usage Factors for Individual Component Processes for the Canadian Pathways.

Variable Name Reference Value Unit
SMR Facility Land Use [54] 0.107 m2/kW H2
ATR Facility Land Use [54] 0.055 m2/kW H2
Natural Gas Production and Processing Land Use [97] 0.6722 ha/MWe
CCGT Facility Land Use [97] 0.139 ha/MWe

Table 4.3: Land Usage Factors for Individual Component Processes for the Australian Pathways.
Note that Wind Farm area can also be used for other uses.

Variable Name Reference Value Unit
AE Facility Land Use [54] 0.136 m2/kW H2
PEM Facility Land Use [54] 0.074 m2/kW H2
Solar Farm Land Use [75] 0.02 km2/MWe
Wind Farm Land Use* [75] 0.24 km2/MWe

For the Canadian pathway, the total land used for the SMR and ATR pathways are 336 hectares

and 331 hectares, respectively. The overwhelming amount of land in this pathway will be from

natural gas production and processing, calculated to be about 320 hectares. The CCGT and hydro-

gen production facility make up the rest of the land used. This same analysis was also completed
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for the Australian pathways with a few differences in Figure 4.2. In this analysis, only a PEM

hydrogen production facility is analyzed since the overall contribution of this process to land use is

small. Different solar/wind combinations are also studied in 2020, 2030, and 2050 as the electrical

ef�ciency of PEM will increase, meaning the size of the solar/wind farm can be decreased along

with the corresponding land use.

Figure 4.2: Total Land Usage for the Australian pathway using a PEM hydrogen production facility
with full solar, half solar/wind, and full wind options in 2020, 2030, and 2050. Wind farms take
up much more land than solar farms, but even with only using solar farms the amount of hectares
required would still be ten times the amount required for the Canadian pathways.

Like for the Canadian pathway, the Australian pathway land usage is dominated by the hy-

drogen feedstock facility, in this case being the solar and/or wind farm. The hydrogen facility

was calculated to be about 6.5 hectares, which is about three orders of magnitude less than the

solar/wind farm. For this reason, the hydrogen facility land usage was not included in Figure 4.2.

It can also be noted that solar farms use up much less land than a wind farm, with a full solar

farm almost being an order of magnitude smaller than a full wind farm. A caveat is that wind

farm land can also be used for agricultural purposes such as animal grazing or crop cultivation at

the same time, and this is not the case for solar farms, natural gas production and processing, and
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hydrogen facilities. If land use was a prohibitive factor, than having a greater ratio of solar farms

to wind farms rather than a 50/50 split as modelled in the techno-economic analysis would be

desired. The land usage rates also decrease slightly in the future: going down from about 39,000

hectares to 34,000 hectares for a full wind farm, 22,000 hectares to 19,000 hectares for a 50/50

split solar and wind farm, and 4,300 hectares to 3,700 hectares for a full solar farm from 2020 to

2050. Compared to the Canadian pathway, however, the lowest possible land use in 2050 with a

full solar farm is still an order of magnitude bigger than the projected land use for natural gas based

hydrogen production.

Overall, the Canadian pathway in terms of land use is signi�cantly better than the Australian

pathway options, mainly because the solar and wind farms alone require signi�cantly more land in

comparison to the Canadian pathway. If space was an issue, then this could have an effect on the

overall analysis; however, Canada and Australia both would have available land for projects such

as these so in the short term this is not likely to be an issue. For both techno-economic analysis

and life cycle assessment for land use, the hydrogen feedstock was one of the main factors that

affected the overall results. Unlike the GHG emissions component, there are not many obvious

ways to reduce the land usage by changing the feedstock and processes in the model itself. The

only option would be for the Canadian pathway by using grid electricity instead of CCGT for

ammonia production. The elimination of CCGT component would not really change the overall

value to much, only reducing the total land usage by about �ve hectares.

4.3 Water Usage

In both pathways, the use of water in the production of hydrogen is critically important. How-

ever, the amount of water used could be a constraint if there is critically low water availability in

the regions where the hydrogen facilities are based. Therefore, an analysis of the water availability

in the Edmonton and Brisbane areas was undertaken to evaluate this issue.

To �nd if this is a possible issue, water usage rates for the hydrogen produced from natural gas
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and hydrogen produced from electricity were found. From the report by Element Energy Ltd [54],

the amount of raw water consumption for hydrogen from natural gas is equivalent to 0.12 L/kWh

H2 HHV or 4.8 L/kgH2 and and tap water consumption for hydrogen from electricity averages to

about 20 L/kgH2. The total water consumption rate for either facility can then be calculated by

multiplying these numbers by the result from Equation A.3. This gives values of 3.89 GL/y for the

Australian case and 1.01 GL/y for the Canadian case.

Water is also used for ammonia production and underground storage. However, it should be

noted that the water used for ammonia production and underground storage is cooling water, and

can be reused. Therefore, the total amount of water that would actually be used for both ammonia

production and underground storage would likely not be signi�cant.

For the Canadian pathway, the amount of water allocated to the energy sector in 2021 was

1.24*109 m3 (equivalent to 1240 GL) by the Alberta Energy Regulator [98], such that the water

consumption modelled in this paper is only 0.075% of the total water allocation for energy pro-

duction. For the Australian pathways, the amount of yearly water traded in the northern Murray-

Darling basin was used as a comparison [99], as this region is where the hydrogen production

facility would be located. Over the past �fteen years, the lowest amount of water allocation traded

in a year was about 139 GL. The water usage from the modelled hydrogen facility would be about

2.8% of this value.

4.4 Hydrogen Storage Potential

For the Australian pathway, the variability of the energy production from solar and wind power

will necessitate some form of energy storage. This is because the ammonia production Haber-

Bosch process will require a consistent supply of feedstock. From previous analysis [62], the

storage of hydrogen underground is the lowest cost option for storing a backup source of energy

for this process. Therefore, like the Canadian pathways, there must be an underground storage

option in Australia for this pathway to be viable.
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The region chosen for electricity, hydrogen, and ammonia production in Australia is in the

Darling Down (Q8) region, given by the Australia Energy Market Operator [75] due to the low

costs of electricity production and closer distance to export to Japan. An analysis of hydrogen

storage potential was also completed. Using the results from the Equation A.3, the amount of

hydrogen required per second for both pathways, the total amount of hydrogen storage required

for the Australian pathways can be calculated. This result for 14 days of storage is 7.46 ktH2 or

1.06 PJ of hydrogen energy equivalent storage.

There have been previous, comprehensive reviews of the possibilities of storing hydrogen un-

derground in different regions of Australia. From the study by Amirthan et. al. [100], a full review

of different kinds of underground storage was undertaken. In this paper, the Bowen-Surat basin is

a region that overlaps signi�cantly with the region chosen for electricity generation in this thesis.

In this region, they calculated the estimated hydrogen storage capacity from hydrocarbon basins in

this region is 2990 ktH2 or 371 PJ. Similar results were also found from Ennis-King et. al. [101],

with aquifers, depleted reservoirs, and salt caverns all being possible options in this region. From

these results, the amount of hydrogen storage for the project proposed in this paper would be about

0.24-0.28% of the estimated hydrogen storage capacity in the region.

4.5 Carbon Storage Potential

For the Canadian pathways, GHG emissions are required to be sequestered underground for

this to be low carbon production of hydrogen and therefore ammonia. Therefore, there must be

available storage space of GHG emissions near the production facility of hydrogen for this to be a

viable pathway. A calculation of how much storage space required is also critically important. To

calculate the amount of GHG emissions that would be sequestered, Equation A.31 is used. With a

ammonia production capacity of 3000 tNH3/d over twenty-�ve years, the yearly storage rate and

total storage would therefore be 1.56 MtCO2/y and 0.039 GtCO2, respectively. Using the same

method, the amount of carbon storage required for the CCGT facility can also be calculated to be
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0.137 MtCO2/y or 0.0034 GtCO2 in total.

In the Canadian pathways, the Edmonton region was chosen for the location of hydrogen and

ammonia production. The reason being is that according to a review of carbon storage potential in

Western Canada by Hares et. al. [102], several Gt of CO2 saline aquifer carbon storage potential

exist in the Alberta Industrial Heartland, which is just north-east of Edmonton. The overall storage

potential through investment with 90% probability of viability is also equal to 187 GtCO2 [102].

There is also opportunity for depleted gas reservoirs and CO2 enhance oil recovery storage. Current

annual sequestered carbon through CO2 enhance oil recovery storage is 3.6 MtCO2/y [102]. From

these results and comparing them to the numbers required, it is likely the carbon storage space

would exist in the Edmonton region to make this project feasible.

4.6 Chapter Summary

In this chapter, the quanti�able environmental factors that could be an important factor in

determining the viability of the Canadian or Australian pathways were studied. Looking at climate

change impact, the emissions rate was found to be 16.0 gCO2/MJ NH3 in 2020, 11.6 gCO2/MJ

NH3 in 2030, and 11.2 gCO2/MJ NH3 in 2050 for Canada and 27.1 gCO2/MJ NH3 in 2020, 15.3

gCO2/MJ NH3 in 2030, and 9.17 gCO2/MJ NH3 in 2050 for Australia. This indicates that the

Canadian pathway has lower emissions today but by 2050 Australia’s would be lower. The amount

of land used for the Australian pathways, however, would be about ten times the amount of land

used in the Canada case in the best case scenario for Australia. In terms of water availability, both

the Canadian and Australian pathways would only use less than a few percent of the available water

for hydrogen and ammonia production in the modelled regions. This is also the case for hydrogen

and carbon storage potential. Therefore, these three limiting factors are unlikely to be inhibitors to

either pathway.
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Chapter 5

Conclusion

The overall goal of this thesis was to gain a greater understanding of the possibility of Canada

being a competitive ammonia exporter. There is signi�cant interest in hydrogen as a low GHG

energy carrier and it could be a possible international export product. From previous literature,

converting hydrogen to ammonia for transport was found to be one of the better options for in-

ternational hydrogen export and for direct use. This literature, however, contained no direct com-

parisons of supplying hydrogen as ammonia from Canada to other likely exporters like Australia.

To address this gap, a techno-economic analysis and life cycle assessment comparing the export

of ammonia from Canada or Australia to Japan was created. The choice in hydrogen production

methods for both pathways was different, with Canada based on natural gas and Australia based

on electricity. This was one of the main differences between both pathways, and so a review of

different hydrogen production methods using these two feedstocks was given.

The details of the methodology for the techno-economic analysis were then explained. The

main results from this techno-economic analysis gave an overall LCOA of providing ammonia to

Japan are US$373/tNH3 in 2020, US$204/tNH3 in 2030 and US$53.5/tNH3 in 2050 for Canada

and US$827/tNH3 in 2020, US$614/tNH3 in 2030 and US$497/tNH3 in 2050 for Australia. For

the Canadian pathways, current carbon credits policy is likely to change in the future, which would

greatly affect the overall results; without carbon credit, the overall LCOA for Canada changes to
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US$422/tNH3 in 2020, US$458/tNH3 in 2030 and US$463/tNH3 in 2050. A sensitivity analysis

was then completed, which found the most impactful variables on the overall cost was the hydrogen

feedstock cost for both pathways.

The present overall costs of ammonia export from Canada were much lower compared to am-

monia export from Australia. However, this changes in 2030 and 2050, with the overall cost

difference between both pathways projected to decrease. One of the biggest factors in this change

comes from the increasing cost of energy from natural gas in Canada and decreasing costs of so-

lar/wind power in Australia. A more in-depth sensitivity analysis of natural gas and solar/wind

farm costs found that 2030 was still likely to favour the Canadian pathways in most cases, but by

2050 the two pathways are close in cost and the most competitive depends on the accuracy and

range of many variables.

Finally, a life cycle assessment comparing various environmental factors, such as GHG emis-

sions, land usage, water usage, and carbon/hydrogen storage potential was undertaken. In terms of

GHG emissions, the emissions rate is 16.0 gCO2/MJ NH3 in 2020, 11.6 gCO2/MJ NH3 in 2030,

and 11.2 gCO2/MJ NH3 in 2050 for Canada and 27.1 gCO2/MJ NH3 in 2020, 15.3 gCO2/MJ NH3

in 2030, and 9.17 gCO2/MJ NH3 in 2050 for Australia. This assessment points to Canada being

the better pathway now but Australia will likely surpass it by 2050, mainly due to the lowering

grid emission intensity. In terms of the amount of land used, the Canadian pathways would use

about a tenth of the land of the Australian pathways in the best case scenario for Australia. Other

possible constraints such as water usage, carbon storage potential, and hydrogen storage potential

were determined not to be a constraining factor for either pathway.

In the long term, ammonia export from Canada and Australia will likely be close in economic

costs, meaning the choice in pathway may be decided by other, non-monetary factors, such as

safety of transportation, water usage rates, storage capacity, and political viability. Canada, how-

ever, could be a short term-solution to immediate energy needs for importing countries like Japan

because of it’s low cost, which would bring economic opportunity for Canada and Alberta specif-

ically. However, questions remain about medium to long term competitiveness and the risk of
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stranded assets. The environmental affects of both pathways especially cannot be ignored either,

as ammonia is a toxic substance and a potential for a spill may create push-back to pursuing inter-

national ammonia export.

5.1 Contributions

From the work in this thesis, the following contributions to the �eld of energy transitions were

made:

� Completing the �rst techno-economic analysis comparing hydrogen export from Canada to

other international hydrogen/ammonia exporter options in the present and the future.

� Completing a corresponding life cycle assessment for these pathway, which compared non-

economic concerns between the two pathways.

The most novel contribution from this thesis is the techno-economic analysis of ammonia export

from Canada to Japan and comparing that to Australia to Japan. This analysis found that Canada

was more economical in the present but that both would likely come close to parity by 2050. This

would mean there could be an opportunity for Alberta to supply ammonia as an energy carrier in

the near term at a lower cost compared to Australia, but that long term competitiveness depends

on relative changes in the cost of natural gas and wind/solar generation. The life cycle assessment

also found that the Australian pathway will have a greater emissions rate than Canadian pathway

in the present but the Australian pathway will be lower in the future. Other environmental factors

were also considered and it was found that land usage, water usage, GHG storage capacity, and

hydrogen storage capacity would not inhibit the functioning of either pathway. There is a great

deal of excitement about the use of hydrogen in Alberta speci�cally, and so this research will

help give a greater understanding of the competitiveness of ammonia export. This is especially

relevant for policy makers in Alberta, who are interested in the possibilities of international export

of hydrogen/ammonia.
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5.2 Future Research

Future work could include broadening the areas of study to compare these pathways in sup-

plying ammonia to different destinations that want to import hydrogen, such as countries in the

European Union. Comparisons for Canada with other export countries, like Chile and countries in

the Middle East could also be added. Other export and import targets could change the analysis

dramatically, as some countries may be able to provide ammonia for some countries but not other

due to various factors, mainly from the distance to transport the ammonia.

Other future work could involve broadening the possible options for both pathways. Possible

options include using pipelines to transport ammonia. Using pipelines for the transport or storage

of water, carbon dioxide, and hydrogen would also be options. This would allow a greater degree

of freedom for the placement of various facilities, as pipeline transport of these compounds can

be undertaken in locations where there is not the required water availability and carbon/hydrogen

storage space. These pipelines could have signi�cant costs, but it may be offset by lowering pro-

duction costs at the hydrogen feedstock, hydrogen, or ammonia facility. Using different hydrogen

techniques in different regions could also be an option. In the future, solar/wind power based am-

monia production in Canada could also be competitive depending on how the costs compare to

Australia. If they were comparable, then solar/wind farms in British Columbia could be a compet-

itive pathway to eliminate a signi�cant amount of the land transportation costs and risks.

The use of a solar/wind farm to produce electricity also opens up options for experimentation.

For example, instead of hydrogen storage, electricity storage could be used instead to mitigate the

variability of solar and wind power. Electricity could also be transported by power lines so that

the solar and wind farm could be in a different location from the hydrogen production facility.

With growing interest in long distance and even ocean based transmission lines, hydrogen could

be produced closer to areas of consumption. Using different regions in Canada or Australia for

export and production along the entire pathway could also be undertaken to see how this affects

the overall results.

Outside of the techno-economic analysis, there are other possibilities for future work. One
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possibility is doing an in-depth analysis of the physical and thermodynamic properties of hydro-

gen/ammonia production. This further work can take the form of looking how variables such as

temperature and pressure effect the ef�ciency hydrogen/ammonia production. Some other exam-

ples include �nding the affect of other possible reactions besides the ideally de�ned ones taking

place. How these changes in the ef�ciency could affect the economics of each pathway could then

be studied. For the life cycle assessment, increasing the de�ned scope of emissions to include

scope 3 emissions could also be included. This would factor in the emissions from the produc-

tion of facilities of both pathways, such as emissions from actually building the solar/wind farms,

hydrogen facility, etc.
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Appendix A

Techno-Economic Modelling Calculations

This section describes the equations and the calculations used in the techno-economic model

described in Chapter 3; this section acts as supplementary information for the methodology section

of Chapter 3 for this thesis. The basic outline of the model is that the yearly cost of each process in

the model framework is calculated, and then the total LCOA delivered to Japan is then calculated.

This �nal calculation is given by Equation A.1.

LCOA =
P
ModelProcesses
CapNH3 � CFH2

(A.1)

where CapNH3 is the ammonia production capacity and CFH2 is the capacity factor of the hydro-

gen production facility. The production capacity is the amount of product the facility will produce

theoretically at maximum capacity with no breaks and the capacity factor is the percent time the

facility is actually operational per year. The model processes include the costs of the processes

de�ned in the methodology section in Chapter 3 for the techno-economic analysis.

These capacity factors come from the NREL hydrogen production models [71] and the am-

monia production capacity value is user inputted. This section will now go through the in-depth

calculations used to �nd the yearly costs for each of the processes in the model framework. It

should be noted that there are various location factors [84], currency conversions [103], yearly in-

�ation variables [77, 104, 105], and unit conversions used throughout the techno-economic model,
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but they are not included in the calculations here. The values given in the Appendix will be in

the units given in the sources found, which is not the case in the main body of the thesis, where

units are converted to make an understanding of the analysis easier. A table of general physical

and economic properties used throughout the model are given in Table A.1.

Table A.1: General Data and Assumptions used for various parts of the developed techno-economic
model.

Variable Name Variable Value Unit
Contingency contingency 25 %
Discount Rate i 6 %
Lifetime n 25 Year
Highest Heating Value (Hydrogen) HHV H2 142.18 MJ H2/kgH2
Highest Heating Value (Natural Gas) HHV NG 52.22 MJ NG/kgNG
Highest Heating Value (Heavy Fuel Oil) HHV HF O 41.8 MJ HFO/kgHFO
Highest Heating Value (Ammonia) HHV NH3 22.5 MJ NH3/kgNH3
Hydrogen Molar Mass M H2 2.02 gH2/molH2
Nitrogen Molar Mass M N2 28.01 gN2/molN2
Carbon Dioxide Molar Mass M CO2 44.01 gCO2/molCO2
Ammonia Molar Mass M NH3 17.03 gNH3/molNH3
Oxygen Molar Mass M O2 32.00 gO2/molO2

The main economic properties in this table include the contingency, discount rate, and lifetime.

The contingency factor is a factor added to various parts of the model in the term (1+contingency).

This is to account for unforeseen expenses that may occur during the overall project. In this model,

the value is 25%. The discount rate and lifetime are both used to calculate the capital recovery

factor (CRF) for CAPEX values for various processes. CAPEX costs are the upfront costs required

for the project, and to convert this one time cost into an equivalent yearly cost a CRF is used, given

by Equation A.2:

CRF =
i(1 + i)n

(1 + i)n � 1
(A.2)

where i is the discount rate of 6% and n is the lifetime of the facility, which is 25 years for both

types of hydrogen facilities. The discount rate is the rate of return used to discount future cash

�ows back to their present value.
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A.1 Hydrogen Production

A.1.1 Hydrogen Facility

To determine the annual cost of the hydrogen facility, the amount of hydrogen required �rst

needs to be calculated. The amount of hydrogen required for the modelled facility is given by

Equation A.3,

_mH2 =
3MH2 � CapNH3

2MNH3

(A.3)

where _mH2 is the mass amount of hydrogen needed and Mx are the molar masses of hydrogen

and ammonia. The constants come from the chemical Equation A.4 to produce ammonia from

hydrogen and nitrogen.

N2 + 3H2 ! 2NH3 (A.4)

The nameplate capacity of hydrogen facility can then be calculated by Equation A.5,

CapH2 = _mH2 �HHVH2 (A.5)

with the HHVH2 being the highest heating value (HHV) of hydrogen, the values of which were

taken from the Hydrogen Analysis Production Models made by NREL [71]. The CAPEX cost per

year for hydrogen produced from natural gas can then be calculated by Equation A.6.

CAPEXH2 = CAPEXrate
H2
� CapH2 � (1 + contingency) � (CRF ) (A.6)

In Equation A.6, the CAPEXrate
H2

are the cost estimations from [54] that are based on the

hydrogen production capacity and start year. For hydrogen production based upon natural gas, this

report from the Department for Business, Energy & Industrial Strategy for the United Kingdom

has costs split into two parts, with one table results depending on the hydrogen production capacity

of the plant in 2020 and the other depending on the start year with a hydrogen production capacity
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of 1000MW. To �nd CAPEXrate
H2

for this case, linear interpolation is used with Equation A.7

CAPEXrate
H2

=
CAPEXrate

H2
(CapH2 ) � CAPEXrate

H2
(PlantY ear)

CAPEXrate
H2

(2020)
(A.7)

with PlantY ear being the year the hydrogen facility is constructed in the model.

The CAPEX cost per year for hydrogen produced from electrolysis can then be calculated by

Equation A.8.

CAPEXH2 =
1:3 � CAPEXrate

H2
� CapH2 � (1 + contingency) � (CRF )

�H2

(A.8)

The factor of 1.3 comes from the NREL Hydrogen Tool [71], as the average electrolysis plant

today has a lifetime of only 7-8 years without repairs compared to the 25 year lifetime of the

natural gas based hydrogen facility. It was found from the NREL Hydrogen Tool that replacing

electrolyzer stack every 7-8 years costs 15% of CAPEX costs. Therefore, to get these two facilities

on an equal lifetime, a factor of 1.3 must be included to account for these replacement costs. �H2

is the thermodynamic ef�ciency of converting electricity to hydrogen. �H2 is found by the ratio

of the HHV of hydrogen to projected rate of energy conversion �H2 = HHVH2=Elecrate. These

projections come from [54].

For the hydrogen facility that uses electricity to produce hydrogen, the cost rates from report

from the Department for Business, Energy & Industrial Strategy for the United Kingdom given

are only for a massive electrolysis facility (100 MW H2). Since this is close to the size of the

electrolysis facility used in this model, only linear interpolation based on the plant start year is

needed for the electrolysis hydrogen case for Equation A.7.

For natural gas hydrogen production, the OPEX cost values per year for the hydrogen facility

require a similar calculations. This is given by Equation A.9,

OPEXH2 = (V OMH2 + FOMH2 ) � (1 + contingency) (A.9)
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with V OMH2 being in units of being �xed operating and maintenance costs and FOMH2 variable

operating and maintenance costs. These two values are found by the following two equations,

V OMH2 = V OM rate
H2
� _mH2 (A.10)

FOMH2 = FOM rate
H2
� _mH2 (A.11)

with V OM rate
H2

and FOM rate
H2

being estimations from [54].

OPEX values for electrolysis production of hydrogen are not as well known. From a previous

literature review [70], a value of 3% of the total CAPEX was found to be a common value used to

calculate the OPEX, and this value used to calculate the OPEX for the electric hydrogen facility.

Included in the electric hydrogen OPEX is the cost of water for water electrolysis. This is given

by the equation below:

WaterH2 = Waterprice �Waterrate � _mH2 (A.12)

where Waterprice is the water price rate from [71] and Waterrate being the water usage rate for

electrolytic production of hydrogen [54]. The summary table of data and assumptions for calcula-

tion used for the projected cost of the hydrogen production cost are given in Table A.2 for Canada

and Table A.3 for Australia.

Table A.2: Data and Assumptions used for the Canadian Hydrogen Production Facility

Variable Name Variable Reference Value Unit
Ammonia Production Capacity CapNH3 - 3000 tNH3/d

CAPEX CAPEX rate
H2

[54]
694 (2020)
611 (2030)
473 (2050)

US$/kW H2

Variable OPEX V OM rate
H2

[54] 0.0017 US$/kWh H2
Fixed OPEX FOM rate

H2
[54] 31.39 US$/kW H2/y

Capacity Factor CFH2 [71] 90 %
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Table A.3: Data and Assumptions used for the Australian Hydrogen Production Facility

Variable Name Variable Reference Value Unit
Ammonia Production Capacity CapNH3 - 3000 tNH3/day

CAPEX CAPEX rate
H2

[54]
965 (2020)
514 (2030)
437 (2050)

US$/kWe

OPEX - [70] 3 %
Capacity Factor CFH2 [71] 98 %
Electrolyser Replacement Cost Factor - [71] 30 %
Water Cost Waterprice [71] 0.000123984 US$/gallon
Water Usage Waterrate [54] 20 L/kgH2

Electrolysis Ef�ciency Eff Elec [54]
51.0 (2020)
49.3 (2030)
48.1 (2050)

kWhe/kgH2

A.1.2 Hydrogen Storage

The techno-economic data for underground storage was collected from NREL’s Cost of Storing

and Transporting Hydrogen Report [62]. This report had the values for calculations for hydrogen

storage CAPEX, OPEX, and water usage over a wide range of hydrogen storage space needed. It

was assumed that 14 days of hydrogen storage would be suf�cient for this model, based on the

observation of wind and solar collection data from NREL’s System Advisory Model. To calculate

these values, an interpolation of the storage cost the data sets in NREL’s report [62] was completed.

The CAPEX, OPEX, and water costs for hydrogen storage per year are given in the equations

below:

CAPEXH2Stor = CAPEXrate
H2Stor � (1 + contingency) � CRF (A.13)

OPEXH2Stor = OPEXrate
H2Stor � (1 + contingency) (A.14)

WaterH2Stor = Waterrate
H2Stor � (1 + contingency) (A.15)

where CAPEXrate
H2Stor, OPEXrate

H2Stor, and Waterrate
H2Stor are the interpolated values found from

[62]. Hydrogen storage also requires electricity, and so the calculation for electricity per year was
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given by:

GridElecH2Stor = _mH2 �GridElecprice � CompElec (A.16)

The electricity required for the underground storage of hydrogen is modelled as grid electricity

(GridElecprice), whose prices for Australia come from [80]. The electricity required for the com-

pressors (CompElec) comes from [62] and is assumed to be 2.205 kWhe/kgH2. The assumptions

and data used for modelling the storage of hydrogen is given by Table A.4

Table A.4: Data and Assumptions for the Storage of Hydrogen for the Australian Pathways

Variable Name Variable Reference Value Unit
Storage Capacity - - 14 Days
CAPEX CAPEX H2Stor [62] 12,063,502 US$/y
Water Costs WaterH2Stor [62] 285,605 US$/y
Australian Electricity Price GridElec price [80] 41.57 US$/MWhe
Compressor Electricity Usage CompElec [62] 2.205 kWhe/kgH2

A.1.3 Hydrogen Feedstock

For the Canadian pathways, the amount of natural gas required is calculated by Equation A.17

_mNG =
CapH2 �NGconv

HHVNG
(A.17)

and the total cost of the natural gas used is given by Equation A.18

NGprice = _mNG �NGrate �HHVNG �HenryHubPer (A.18)

where HHVNG is the HHV of natural gas and NGconv is a conversion constant of the energy

content of natural gas needed to produce a certain amount of hydrogen [54]. NGrate is the bench-

mark price estimations for natural gas in Alberta per energy unit, which come from the Canada

Energy Regulator [73]. These prices are based on the Henry Hub Price Projections. These bench-

mark prices, however, are not just for Alberta. The Transition Accelerator report [74] �nds the

Alberta prices for natural gas from 2015 to 2020 to be about 53.8% of the Henry Hub benchmark
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price. Therefore, this factor was included to give benchmark prices in Alberta with the variable

HenryHubPer. This source has natural gas and electricity cost projections for a current policies

scenario and an evolving policies scenario. For this model, the evolving policy scenarios was used.

For the Canadian scenario, grid electricity may be required depending on the type of ATR

facility used. From the source of the hydrogen production facility by Element Energy Ltd [54],

there are two possible ATR facilities. The �rst is the power import case, where electricity as well

as natural gas is used. There is also the self suf�cient case, where excess hydrogen is used instead

of electricity. For this case, more natural gas will be needed and the facility CAPEX and OPEX

will be more expensive. However, because of the low natural gas costs in Alberta with higher

electricity costs, the self suf�cient case would be more economical and is used in this model.

For the Australian pathways, electricity for hydrogen production is generated from dedicated

solar and wind farms. It is assumed that solar and wind farms each provide half of the required

electricity to minimize the variability and the amount of hydrogen storage required. In the south-

eastern region of Australia which includes Brisbane, a greater negative correlation of solar and

wind power was found compared to other regions [106], which gave further reason to have a

mixed solar and wind farm. CAPEX and OPEX values for solar and wind farms in different regions

of Australia were found from the Australian Energy Market Operator [75]. Capacity factors for

different regions are also given.

These regions in Australia are divided into low, medium, and high cost regions. These pro-

jections from the Australian Energy Market Operator also include projections up to 2050, with

�ve different scenarios modelled. These scenarios are described in detail in the Australian Energy

Market Operator report [75]. For the analysis in this thesis, the scenarios of step change was used

since it was based on the most average projections for future costs. For the electrical ef�ciencies

from this source, there are low, medium, and high projections. In this thesis, the medium cost

projections were used for build cost estimations and ef�ciency projections. This is also based on

the region chosen to have the solar and wind farms, which in the report [75] is in the Darling Down

(Q8) region.
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To calculate the total CAPEX per year for the Australian pathways, the calculations for solar

and wind farms are used below:

CAPEXSolar =
CAPEXrate

Solar � CapH2 � (1 + contingency) � (CRF )
�H2 � CFSolar

(A.19)

CAPEXW ind =
CAPEXrate

W ind � CapH2 � (1 + contingency) � (CRF )
�H2 � CFW ind

(A.20)

with CAPEXSolar and CAPEXW ind being the CAPEX rates from the Australian Energy Market

Operator, CFSolar and CFW ind being the capacity factor of the renewable generation facility. To

�nd the total for a combined solar and wind farm, the equation below is then used:

CAPEXElecGen =
CAPEXSolar + CAPEXW ind

2
(A.21)

The OPEX value for electricity generation facility is calculated in a similar manner:

OPEXSolar =
OPEXrate

Solar � CapH2 � (1 + contingency)
�H2 � CFSolar

(A.22)

OPEXW ind =
OPEXrate

W ind � CapH2 � (1 + contingency)
�H2 � CFW ind

(A.23)

OPEXElecGen =
OPEXSolar +OPEXW ind

2
(A.24)

The total capacity of the solar and wind farm used in this analysis can also be calculated. These

calculations are given below:

CapSolar =
CapH2

2 � �H2 � CFSolar
(A.25)

CapW ind =
CapH2

2 � �H2 � CFW ind
(A.26)

The levelized cost of electricity (LCOE) from the solar and wind farm calculation were also

included in the equations below, even though they are not directly used in the model. They are
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included here for clarity to the reader to compare with other LCOE values. The total capacity of

the solar and wind farm can also be calculated. These calculations are given below:

LCOESolar =
(CAPEXSolar � CRF +OPEXSolar) � (1 + contingency)

2 � CapSolar � 8760h
y � CFSolar

(A.27)

LCOEW ind =
(CAPEXW ind � CRF +OPEXW ind) � (1 + contingency)

2 � CapW ind � 8760h
y � CFW ind

(A.28)

The data used for this section is given in Table A.5.

101



Table A.5: Data and Assumptions for the feedstock used for the production of hydrogen.

Variable Name
Variable Reference Value Unit

Solar Generation Facility
CAPEX

CAPEX rate
Solar [75]

1049 (2020)
736 (2030)
386 (2050)

US$/kWe

Solar Generation Facility
OPEX

OPEX rate
Solar [75] 12.78 US$/kWe/y

Solar Generation Facility Ca-
pacity Factor

CFSolar [75] 29 %

Wind Generation Facility
CAPEX

CAPEX rate
W ind [75]

1417 (2020)
1212 (2030)
984 (2050)

US$/kWe

Wind Generation Facility
OPEX

OPEX rate
W ind [75] 18.79 US$/kWe/y

Wind Generation Facility Ca-
pacity Factor

CFW ind [75] 38 %

Solar Farm Nominal Capacity CapSolar [75]
2132 (2020)
1938 (2030)
1861 (2050)

MWe

Wind Farm Nominal Capacity CapW ind [75]
1616 (2020)
1470 (2030)
1411 (2050)

MWe

Solar Farm LCOE LCOE Solar [75]
47.3 (2020)
35.1 (2030)
21.4 (2050)

US$/MWhe

Wind Farm LCOE LCOE W ind [75]
51.3 (2020)
45.2 (2030)
38.5 (2050)

US$/MWhe

Natural Gas Conversions Rate NGconv [54] 1.368 kWh NG/kWh H2

Alberta Natural Gas Price NGrate [73]
1.01 (2020)
1.63 (2030)
1.83 (2050)

US$/GJ NG

Alberta Henry Hub Factor HenryHubPer [74] 53.8 %

A.1.4 Carbon Emission Costs

As of the writing of this thesis, Australia does not have an economic policies related to GHG

emissions. Meanwhile, the Government of Canada has a carbon price for GHG emissions and

the Government of Alberta has a carbon credit system; both of these systems will be modelled.

The costs of CCS will also be included in this section. Therefore, the Australian pathways will
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have zero carbon emissions related costs. In all three cost factors, the calculation of the amount of

carbon dioxide produced is critically important.

For hydrogen produced from natural gas, emissions come from two parts of the process: the

water gas shift reaction (WGS) and the combustion reaction (COMB). For these two reactions, the

emissions from both were found following the form of this equation:

xCO2 = CapNH3 � Coeffx �
MCO2

MNH3

(A.29)

where x is WGS or COMB. For COMB, CoeffCOMB will be 0.21 and for WGS, CoeffW GS will

be 0.375. These constants depend on the chemical reactions undertaken in each process.

The calculation for total emissions from hydrogen production:

TotCO2 = WgsCO2 + CombCO2 (A.30)

The amount of CO2 captured and the amount released are then calculated, with the coef�cient of

carbon capture of 95% coming from Element Ltd. [54].

SeqCO2 = TotCO2 � CoeffCO2 (A.31)

RelCO2 = TotCO2 � (1� CoeffCO2) (A.32)

The carbon sequestration cost is then calculated by:

SeqCOprice
2 = SeqCOrate

2 � CapCO2 � (1 + contingency) (A.33)

with SeqCOrate
2 assumed to be US$20 per tonne of captured CO2 to be transported and stored

from the hydrogen facility. In this model, the carbon sequestration costs are assumed to remain

constant.

The carbon price is the cost for released CO2 into the atmosphere under the Canadian govern-
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ment policy. This current policy is set to increase the carbon price rate by US$15 dollars every

year until 2030 to US$170 per tonne [69] and likely increase to around US$250-US$300 per tonne

by 2050 [29]. For the carbon price calculation, the current policy framework is applied, with the

calculation being:

RelCOprice
2 = CPrate �RelCO2 (A.34)

with CPrate being the carbon price.

The �nal cost factor related to carbon emissions is the carbon credit system instituted by the

Government of Alberta. For the production of hydrogen, this policy gives carbon credits to an

institution which produces hydrogen below a certain rate of emissions to offset costs of CCS.

In Alberta, the high performance benchmark for hydrogen is 9.068 tCO2eq/tH2 and is currently

decreasing by 0.075 tCO2eq/tH2 every year [68].

Because the ammonia and hydrogen production sites are assumed to be part of the same overall

facility, the end product will be ammonia. In the current bill, there are no high performance bench-

mark for ammonia, with the emissions rates being set on a facility speci�c basis [68]. Therefore,

for use in this model, an older version of this bill was used [107] to �nd a high performance value

for ammonia. This value for the emissions credits (EC) was found to be 1.767 tCO2eq/tNH3 and

was converting in terms of tonnes of hydrogen by the following equation:

ECHyd = 1:767 �
CapNH3

_mH2

(A.35)

This value was found to be 9.9439 tCO2eq/tH2. The overall allowable emissions credit benchmark

equation is the given by:

H2Benchrate =9:9439� 0:075 � (start year � 2022) (A.36)

where start year is the facility starting production.
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The amount of carbon released by the natural gas hydrogen facility is given by:

H2Emissionsrate =
RelCO2

_mH2

(A.37)

The difference between these two rates can be found to calculate the total revenue gained from

selling carbon credits. Carbon credits are assumed to be worth 90% of the carbon price rate, based

on the month-to-month offset price in 2020 changing from (CAD$20-30) when the carbon price

was CAD$30 [85]. The total revenue is then:

CCrevenue = CPrate � 0:9 � (H2Benchrate �H2Emissionsrate) � _mH2 (A.38)

The major assumptions used for modelling the carbon policy for the Canadian pathway is given

in Table A.6.

Table A.6: Data and Assumptions for the carbon policy in the Canadian pathways.

Variable Name Variable Reference Value Unit
WGS Coef�cient Coeff W GS - 0.375 -
COMB Coef�cient Coeff COMB - 0.21 -
Carbon Emissions Sequestered CoeffCO 2 [54] 95 %
Carbon Sequestration Rate Cost SeqCOrate

2 [7] 20 US$/tCO2

Carbon Price CPrate [29, 69]
15 (2020)
128 (2030)
270 (2050)

US$/tCO2

Carbon Credit Rate - [85] 90 %
Hydrogen Facility Emission Rate H2Emissions rate - 0.422 tCO2/tH2

Hydrogen Benchmark Emission Rate H2Benchrate [68]
10.094 (2020)
9.344 (2030)
7.844 (2050)

tCO2/tH2

For the calculation of hydrogen production costs, both these costs in terms of the LCOA as

well as the LCOH in terms of US$/kgH2 are given. To convert the LCOA values to LCOH, the

equation below is used:

LCOH = LCOA �
_mNH3

_mH2

(A.39)
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A.2 Nitrogen Production

For the production of ammonia, nitrogen as well as hydrogen is required. In this model, nitro-

gen is created by an air separator unit (ASU). For the Canada pathway, the setup that is used for

the hydrogen facility has an ASU already included to produce the required oxygen for ATR [54].

The amount of oxygen required for ATR must �rst then be found and compared with the nitrogen

required for ammonia production. This is because the production of oxygen for ATR will also pro-

duce nitrogen which can be used for ammonia production. From this, it can be found if additional

ASU capacity besides what is required for ATR hydrogen production is needed to get the required

nitrogen for ammonia production.

In Equation A.3, the mass amount of hydrogen per a unit of time was calculated for this techno-

economic analysis. To calculate the amount of nitrogen required, a simple alteration of this equa-

tion is done, shown in Equation A.40.

_mN2 =
MN2 � CapNH3

2 �MNH3

(A.40)

_mN2 is the mass amount of hydrogen needed and Mx are the molar masses of nitrogen and ammo-

nia. The constants come from the chemical Equation A.4 to produce ammonia from hydrogen and

nitrogen. Equation A.40 will give the amount of nitrogen required for the Haber-Bosch process in

this model.

In the carbon emissions section of the Appendix, the amount of carbon dioxide emissions in

the ATR process from Element Energy Ltd. [54] is calculated in Equation A.29. The amount of

oxygen needed for the ATR process can similarly be acquired by Equation A.41.

_mO2 = CapNH3 � CoeffO2 �
2 �MO2

MNH3

(A.41)

_mO2 is the amount of oxygen required and CoeffO2 will be 0.41. These constants depend on

the chemical reactions undertaken in each process. In this case, the ASU is used to get high-
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purity oxygen; however, high-purity nitrogen can also be obtained from this process with only

incremental cost increase [63].

The amount of nitrogen gained from an ASU will depend on the composition of air. From a

book on astrophysical quantities [108], the mole fraction of air is 78.1% nitrogen and 20.9% oxy-

gen. This then means that for every mole of oxygen in air, there are 3.727 moles of nitrogen. These

two elements make up 99% of total air content and therefore were the only elements considered in

this calculation. The equivalent amount of nitrogen produced from the oxygen produced for ATR

(Equation A.41) can then be calculated by Equation A.42.

_mN2 (ATR) = _mO2 �
3:727 �MN2

MO2

(A.42)

Here, _mN2 (ATR) is the amount of byproduct nitrogen produced when producing the oxygen re-

quired for ATR modelled by Element Energy Ltd. [54]. Throughout this thesis, the ammonia

production capacity (CapNH3) is given as 3000 tNH3/d, which gives from Equation A.40 a re-

quired N2 input of 2467 tN2/d. With ATR production, the amount of oxygen required is calculated

to be 2515 tO2/d, which corresponds to about 8207 tN2/d. This would mean the amount of oxygen

required for ATR also would produce the required amount of nitrogen for ammonia production.

However, for the Australian pathway, hydrogen is produced from PEM electrolysis instead

of ATR, which does not require oxygen and therefore no ASU is included. For the Australian

pathway, the production of nitrogen will need to be modelled by a separate ASU. From a thesis

by Yuan Jiang [72], capital costs for various equipment components are given, one of which is an

ASU. The calculation for the CAPEX costs of the ASU modelled is given below:

CAPEXASU = Coasu �

0

@ _mN2 (ATR)
So �

3:727�MN2
MO2

1

A
sf

� (1 + contingency) � CRF (A.43)

where Coasu, So, and sf are values de�ned in the thesis by Yuan Jiang [72]. The OPEX of the
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modelled ASU is then given be the following equation:

OPEXASU = Coasu �

0

@ _mN2 (ATR)
So �

3:727�MN2
MO2

1

A
sf

� (1 + contingency) � FOMfrac (A.44)

where FOMfrac is 5%, which makes the OPEX of the ASU 5% of the total CAPEX cost of the

ASU.

This ASU will also require electricity to function. In this model, this electricity comes from the

grid to insure a constant production of nitrogen for use in ammonia production, analogous to the

reasoning for having hydrogen storage in the Australian pathway. The electricity costs for ASU

can be calculated by the following equation:

ElecASU =
GridElecprice � _mN2 (ATR) � Elecrate

ASU � (1 + contingency)
�O2

(A.45)

Because the hydrogen production costs used from Element Energy Ltd. [54] in the Canadian

pathway included the ASU costs used for nitrogen production, the ASU costs for nitrogen produc-

tion in the Australian pathway for this thesis will therefore also be included in the hydrogen facility

CAPEX and OPEX. This is to be consistent as possible for both pathways. Important assumptions

and data usage for the ASU in this techno-economic model is given in Table A.7.

Table A.7: Data and Assumptions of the ASU facility for the Australian pathway in this techno-
economic model.

Variable Name Variable Reference Value Unit
Fixed OPEX Fraction FOMfrac [76] 5 %
Australian Electricity Prices GridElec price [80] 41.57 US$/MWhe
ATR Oxygen Coef�cient Coeff O2 - 0.41 -
Nitrogen Air Mole Fraction - - 78.1 %
Oxygen Air Mole Fraction - - 20.9 %
ASU Base Cost Coasu [72] 57.6 Million USD
ASU Base Capacity So [72] 1836 tO2/d
ASU Scaling Factor sf [72] 0.5 -
ASU Electricity Usage Rate Elecrate

ASU [72] 0.32 kWhe/Nm3
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A.3 Ammonia Production

Like the hydrogen production part of this model, the ammonia production process is split

up into CAPEX and OPEX calculations. The calculations for the production of ammonia were

the most in-depth, and they were based off the thesis work by Morgan [76], which is a techno-

economic analysis of an ammonia plant powered by offshore wind. In Morgan, the basic calcula-

tions for CAPEX is determined by the bottom up or grass roots cost, or the cost estimate from the

employees performing the relevant work. This cost is split up into the compressors, drivers, heat

exchangers, reactors, pumps, �ash vessels, and storage components, with the economic data for

these individual components coming from Turton [77]. The CAPEX calculation for the ammonia

facility is given by Equation A.46.

CAPEXNH3 = GrassRtsNH3 � (1 + contingency) � CRF (A.46)

with GrassRtsNH3 being equal to:

GrassRtsNH3 = grfac �BareCostNH3 + (1 + continfac) � ActCostNH3 (A.47)

with grfac being grass root faction of the bare module cost, which has a value of 50%. The

continfac variable is the contingency factor for the Haber Bosch loop CAPEX, and is set to 18%.

BareCostNH3 are the buying and installing costs for the ammonia facility of the various compo-

nents, and the ActCostNH3 are the costs from continuously running the ammonia facility. These

factors are broken down further into compressors, drivers, heat exchangers, reactors, pumps, �ash

vessels, and storage components costs. To see the full breakdown of costs for these components,

please see Morgan [76]. The equations for these costs are then calculated by summing up the cost

of the various components.

There is a slight difference between this model and the model from Morgan [76], and this is that

the recycle stream for the ammonia production setup was about six times the main �ow rate. This
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was determined to not be correct, and so a COCO simulation was undertaken where the ratio of the

recycle stream to main �ow was lower (mass fraction of 1.35). COCO is software that simulates

chemical processes in a steady state.

The OPEX from ammonia production is split up into three sections: FOM, VOM, and non-

hydrogen feedstock. The FOM costs are assumed to be 5% of the grass roots cost projections and

VOM costs are the labour costs and water costs in running the ammonia synthesis facility. The

FOM and VOM calculations are given by the equations below:

FOMNH3 = GrassRtsNH3 � FOMfrac (A.48)

V OMNH3 = LabourStor + LabourSynLoop+WaterNH3 (A.49)

with LabourStor and LabourSynLoop being the labour costs of running the storage of ammonia

and synthesis loop of the facility respectively. WaterNH3 is the cost of water used for running

the facility. Labour costs come from the hourly earnings for professional, scienti�c and technical

services in both Canada [78] and Australia [79]. An annual in�ation rate of 2% for hourly earnings

is used.

The electricity required for the ammonia synthesis loop in the Australian pathways is modelled

as grid electricity. This is because the ammonia production facility requires a constant input of

electricity, as it is costly to startup and shutdown the synthesis loop multiple times. This means

a steady source of electricity from the grid would be desired. The equation used to calculate the

electricity costs for producing ammonia per year is given below:

ElecNH3 = GridElecprice � SynLoopelec �
CapNH3

2715
� (1 + contingency) (A.50)

where GridElecprice is the price of electricity, which was found for various regions in Aus-

tralia [80]. SynLoopelec is the amount of electricity required for the synthesis loop, and this was

calculated from the COCO simulation of the compressors in the setup. The COCO simulation for
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this model assumed an ammonia capacity of 2715 tonnes of ammonia per day, so the factor CapNH3
2715

is included to adjust the amount of electricity needed depending on the size of the ammonia plant.

For the Canadian pathways, the electricity for the ammonia synthesis loop comes from a CCGT.

In terms of MW H2, the amount of energy for the synthesis loop can be found by the following

equation:

SynLoopH2 =
SynLoopelec

�CCGT
(A.51)

where �CCGT is the ef�ciency of converting hydrogen to electricity in the CCGT, given here as

50% [109]. This is the additional capacity of the hydrogen facility, in addition to the value given

in Equation A.5. The costs for the creating the hydrogen to convert to electricity can be calculated

separately in this way compared to hydrogen required as direct feedstock. The cost of the CCGT

facility itself can be calculated by the following equation:

ElecNH3 = SynLoopH2 � (CAPEXCCGT +OPEXCCGT ) � (1 + contingency) (A.52)

with CAPEXCCGT and OPEXCCGT coming from an EIA report [81].

Important assumptions and data usage for ammonia production in this techno-economic model

is given in Table A.8.
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Table A.8: Data and Assumptions for ammonia production in this techno-economic model.

Variable Name Variable Reference Value Unit
Grassroots Factor grfac [76] 50 %
Haber-Bosch Contingency Factor continfac [76] 18 %
Fixed OPEX Fraction FOMfrac [76] 5 %

Canadian Hourly Earnings - [78]
25.82 (2020)
31.92 (2030)
47.43 (2050)

US$/hr

Australian Hourly Earnings - [79]
34.69 (2020)
42.51 (2030)
63.17 (2050)

US$/hr

In�ation Rate - - 2 %
Synthesis Loop Capacity SynLoopelec [76] 34.9 MWe at 2715tNH3/d
Australian Electricity Prices GridElec price [80] 41.57 US$/MWhe
CCGT Ef�ciency � CCGT [109] 50 %
CCGT CAPEX CAPEX CCGT [81] 6.93 US$/MWhe
CCGT OPEX OPEX CCGT [81] 1.59 US$/MWhe
Compressors (Canada) CompCost [77] 14.9 US$/tNH3
Drivers (Canada) DrvCost [77] 0.500 US$/tNH3
Heat Exchangers (Canada) HXCost [77] 24.2 US$/tNH3
Reactors (Canada) ReactCost [77] 4.49 US$/tNH3
Pumps (Canada) PumpCost [77] 1.17 US$/tNH3
Flash Drums (Canada) F lashCost [77] 6.44 US$/tNH3
Storage (Canada) StorCost [77] 6.71 US$/tNH3
Compressors (Australia) CompCost [77] 10.1 US$/tNH3
Drivers (Australia) DrvCost [77] 0.337 US$/tNH3
Heat Exchangers (Australia) HXCost [77] 16.3 US$/tNH3
Reactors (Australia) ReactCost [77] 3.03 US$/tNH3
Pumps (Australia) PumpCost [77] 0.788 US$/tNH3
Flash Drums (Australia) F lashCost [77] 4.34 US$/tNH3
Storage (Australia) StorCost [77] 4.52 US$/tNH3

A.4 Transportation

After ammonia is produced, the hydrogen-carrier needs to be transported to the export target of

Tokyo, Japan. For both Australian and Canadian pathways, the �rst part of this process is by land.

Land transportation in this model is assumed to be via train. The trains used to transport ammonia

as well as the distribution network for train based transportation are assumed to already exist in

both Canada and Australia.

Therefore, the train cost calculations will depends solely on OPEX costs, which takes the form
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of:

OPEXtrain = (OPEXrate
train �Distance) � CapNH3 � CFH2 � (1 + contingency) (A.53)

with theDistance being the space in kilometers between the ammonia production plant to the coast

where the ammonia is shipped to Japan. The OPEXrate
train is the rate of transporting a material by

train per tonne and per kilometer, and this was found from the Railway Association of Canada [82]

and the National Hydrogen Roadmap for Australia [15]. The data used for train transport in this

model is given by Table A.9.

Table A.9: Data and Assumptions for train transportation in this techno-economic model.

Variable Name Variable Reference Value Unit
Canada Train Cost OPEX rate

train [82] 0.026 US$/tNH3/km
Canada Train Distance Distance [13] 1305 km
Australia Train Cost OPEX rate

train [15] 0.030 US$/tNH3/km
Australia Train Distance Distance [75] 300 km

For the calculation of shipping costs, the process used for shipping in Brandle’s study [83] was

also used for this model. The shipping costs are split off into export terminal, ship, and import

terminal costs, with assumptions for the CAPEX and OPEX for these processes coming from the

IEA [7]. The only difference between this model and the one used in Brandle’s study is that this

model uses HFO for the ship fuel while Brandle uses hydrogen as the ship fuel. The cost of fuel

will therefore also be considered in this model.

The CAPEX and OPEX for the ship used to transport ammonia is given by the following

equations:

CAPEXship = CAPEXrate
ship � ShipSize � CRF � (1 + contingency) (A.54)

OPEXship = CAPEXrate
ship � ShipSize �OPEX

rate
ship � (1 + contingency) (A.55)

The CAPEXrate
ship is the assumed cost per ship for transporting ammonia, given by the IEA
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assumptions annex [7]. OPEXrate
ship is the percentage of the total CAPEX used to calculated the

OPEX, and the value used in this model is 4%. ShipSize is the size of the ship relative to the base

ship given by the IEA. The ship size is calculated by Equation A.56. It should also be noted that

the ship size may need to be larger than the reference given from the IEA, but only one ship will

still be used if that is the case.

ShipSize =
CapNH3 � CFH2

CapShip �NumTrips
(A.56)

CapShip is the amount of ammonia able to be stored on one full ship and NumTrips is the

number of trips this ship is able to take from the export to import and back to the export terminal

in a year. To calculate this, Equation A.57 is used.

NumTrips =
8760

2 � (SeaDistance
ShipSpeed +BerthT ime)

(A.57)

In Equation A.57, the SeaDistance is the distance between the export and import terminals,

ShipSpeed is the speed of the ship (given as 30 km/hr), and BerthT ime is the berthing time

at an export or import terminal (given as 48 hours). There is a factor of two here which models

both the journey from the export to import terminal and import to export terminal.

As stated before, the ship or ships in this model will use HFO as their fuel source. The costs

from this fuel are calculated by the equation below

ShipFuelPrice =
2 � ShipSize �HFOrate � FuelUsage � SeaDistance �NumTrips

HHVHF O

+
(1 + contingency)

HHVHF O

(A.58)

whereHFOrate is the cost for HFO, which was taken from Ship and Bunker statistics website [110]

and �nding the average cost of IFO 380 fuel over the past three years. FuelUsage is the amount

of energy used per kilometer to power the ship, which in this model is 2500 MJ H2/km. HHVHF O
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is the HHV of HFO.

The CAPEX and OPEX for the export and import terminal is given by the equation below. The

only difference between the export and import terminal calculations is the assumptions that are

used, and they will both use the same calculations.

CAPEXterminal = CAPEXtank � (NumTank) � CRF � (1 + contingency) (A.59)

OPEXterminal = (CAPEXtank�(NumTank)�OPEXrate
terminal+Electerminal)�(1+contingency)

(A.60)

The CAPEXtank variable is cost of one sealed tank to store ammonia, which is given in the IEA

Assumptions Annex [7]. OPEXrate
terminal is the percentage of the total CAPEX used to calculated

the OPEX, and the value used in this model is 4%. The NumTank is the number of tanks needed

for storage at the terminal, which is calculated by the following equation:

NumTank =
CapNH3 � CFH2 �DayInterval

Captank
(A.61)

where DayInterval is the number of days between trips to the export or import terminal to pick

up or drop off ammonia and Captank is the capacity of the tank used to store ammonia. For the

export terminal, the equation for DayInterval is

DayInterval =
365

NumTrips �NumShip
(A.62)

while for the import terminal DayInterval is assumed to just be 20 days. NumShips is the

number of ships being used to model this transportation of ammonia.

To �nd the electricity needed for storage tanks at both terminals (Electerminal), Equation A.63

is used in this model.

Electerminal = Elecrate
terminal � CapH2 � CFH2 (A.63)
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The Elecrate
terminal variable determines the amount of electricity needed per kilogram of hydrogen

equivalent for storage at the terminal, which value come from the IEA assumptions annex [7].

For the export terminal, the value is 0.005 kWhe/kgH2. For the import terminal, the value is 0.02

kWhe/kgH2. The data and assumptions for the shipping model process is given in Table A.10

Table A.10: Data and Assumptions for shipping in this techno-economic model.

Variable Name Variable Reference Value Unit
Ship CAPEX CAPEX rate

ship [7] 91 US$/tNH3
Ship OPEX OPEX rate

ship [7] 4 %
Canada Ship Capacity ShipSize [7] 62,540 tNH3/ship
Australia Ship Capacity ShipSize [7] 6360 tNH3/ship
Canada Shipping Distance SeaDistance - 6873 km
Australia Shipping Distance SeaDistance - 7169 km
Ship Speed ShipSpeed [7] 30 km/h
Berthing Time BerthT ime [7] 48 Hours
Fuel Usage FuelUsage [7] 2500 MJ H2/km
Heavy Fuel Oil Cost HFO rate [110] 405 US$/tHFO
Export Terminal CAPEX CAPEX tank [7] 73 US$/tNH3
Export Terminal OPEX OPEX terminal [7] 4 %
Export Terminal Electricity Usage Elecrate

terminal [7] 0.005 kWhe/kgH2
Import Terminal CAPEX CAPEX tank [7] 104 US$/tNH3
Import Terminal OPEX OPEX terminal [7] 4 %
Export Terminal Electricity Usage Elecrate

terminal [7] 0.02 kWhe/kgH2

A.5 Sensitivity Analysis

In Chapter 3, various sensitivity analyses were undertaken. The �rst took the form of a tornado

plot, with key variables being changed from -10% to +10% of the original value in 2020 and

2050 for both the Canadian and Australian pathways. In the graphs shown, only the top six most

variables which affected the overall price the most were included. All of the variables that were

analyzed in this way are given here:

� Natural Gas Price (NGrate)
� Grid Electricity Cost (GridElecprice)
� H2 Plant CAPEX (CAPEXH2 )
� NH3 Plant CAPEX (CAPEXNH3 )
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� Train Cost (OPEXrate
train)

� CO2 Sequestration Rate Cost (SeqCOrate
2 )

� Discount Rate (i)
� Solar/Wind Farm CAPEX (CAPEXElecGen)
� Ship CAPEX (CAPEXship)
� Solar/Wind Farm OPEX (OPEXElecGen)
� Heavy Oil Fuel Cost (HFOrate)
� Project Life (n)

The second sensitivity analysis (via heat maps) was completed using data from Way et. al. [86].

These values are based on world-wide assumptions for these variables, such as the world wide

average capacity factors for solar and wind and US and EU natural gas price averages. To get

values for the scenarios discussed in this thesis, the values used in Way et. al. were scaled to local

conditions. An average of US and EU natural gas prices was used in Way et. al., and it was found

that the US prices were on average 61.7% the value of the EU prices over the past 30 years. This

percentage was multiplied by the values given in the study for the various scenarios to get a solely

US natural gas price, which can then be multiplied by the Henry Hub Factor to get close to the

Alberta natural gas price.

The capacity factors for solar and wind were also different, being given as 30% for wind and

19% for solar in Way et. al. These are lower than the solar and wind capacity factors in the

model in this thesis due to the quality of the renewable resource in Australia, which were 38% and

29% for wind and solar respectively. To compensate for this difference, the projected values were

decreased by the ratio of these capacity factor for both solar and wind. For the Canadian pathways,

Equation A.18 would be replaced with the natural gas values used in the table. Every other part

of the model for the Canadian pathways would be unchanged. For the Australian pathways, the

levelized cost of electricity, rather than Equation A.21 and Equation A.24 is used to �nd the total

cost for electricity generation.

From Way et. al., the CAPEX values given (LCOESolar +LCOEW ind) are integrated into this
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model by the following equation:

LCOEElecGen =
(LCOESolar + LCOEW ind) � EffElec � _mNH3 � (1 + contingency)

2 � _mH2 � CFH2

(A.64)

From this, Equation A.1 will need to be modi�ed to:

LCOA =
P
ModelProcesses
CapNH3 � CFH2

+ LCOEElecGen (A.65)

where the CAPEX for the Electricity Generation in the original model will not be included model

processes.

The data used for this sensitivity analysis is given in the table below:

Table A.11: Natural Gas and Solar/Wind Farm Costs from Way et. al. [86]. These values come
from Figure 5 of the reference article.

PercentileScenario Year Technology Unit 2.5 25 Median 75 97.5
Fast Transition 2030 Solar US$/MWhe 7.35 12.6 16.8 22.3 38.3
Fast Transition 2030 Wind US$/MWhe 14.9 20.5 24.2 28.5 39.1
Fast Transition 2050 Solar US$/MWhe 1.41 3.74 6.24 10.4 27.5
Fast Transition 2050 Wind US$/MWhe 6.60 11.7 15.8 21.4 37.9
Slow Transition 2050 Solar US$/MWhe 2.03 5.27 8.67 14.3 37.0
Slow Transition 2050 Wind US$/MWhe 7.36 12.9 17.4 23.3 41.0
No Transition 2050 Solar US$/MWhe 2.62 6.70 11.0 17.9 45.8
No Transition 2050 Wind US$/MWhe 7.98 13.9 18.6 25.0 43.5

All 2030 Natural Gas US$/GJ NG 0.747 1.24 1.61 2.10 3.47
All 2050 Natural Gas US$/GJ NG 0.739 1.22 1.60 2.08 3.45
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Appendix B

Permissions

This appendix includes the permissions required for Figure 2.3 in Chapter 2. Figure comes

from Coutanceau et. al. [58].
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