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Abstract

Green ammonia is an essential key in the decarbonisation toolkit. For energy systems, it can play a myriad of roles:

it is a zero-carbon fertiliser, shipping fuel, hydrogen vector, and dispatchable, portable energy source. Ammonia is

already the second-most produced industrial chemical in the world, and yet its production may need to increase

five-fold to meet these emerging, green demands.

This thesis provides the first global optimisation of the supply chains that will be needed to deliver green am-

monia at such large scales. It considers first the production of ammonia, advancing our understanding of the tools

needed to design green ammonia plants, and providing for the first time a viable strategy for operating green am-

monia plants without a grid connection. It then explores the constraints on ammonia production, with a focus on

land restrictions, which may create a business case for ammonia production on the ocean. Finally, it integrates

the results for production and land availability into a supply chain model that incorporates the cost of ammonia

transport, and applies the model to two case studies: one focussing on ammonia’s use as a shipping fuel, and one

on its application for back-up energy production.

The most significant contribution of this thesis is the global supply chain model, which is a blueprint for an

emerging sector of the energy system. In the journey to reaching that blueprint, other interesting outcomes emerge.

Of particular interest: (i) connecting to the electricity grid can meaningfully reduce the cost of green ammonia

compared to an ’islanded’ system; (ii) Haber-Bosch flexibility is important for producing affordable green ammonia,

but may not be as significant as portrayed in some literature; (iii) in land-constrained regions, there is good reason

to believe there is a techno-economic case for offshore green ammonia production; (iv) ammonia supply chains

optimised on the basis of cost will involve less energy transport than today’s fossil-fuel derived systems.
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Chapter 1. Introduction

Chapter 1

Introduction

Decarbonising electricity production is (mostly) easy. In the words of the International Renewable Energy Agency,

there has been a "seismic decline" in the cost of renewables in the last decade [1]; electricity from solar photo-

voltaics, in particular, has become almost an order of magnitude cheaper in that time[2].

The challenge of net-zero therefore lies not in electricity production, but in three new hurdles: energy storage,

energy transport, and the decarbonisation of hard-to-abate sectors. Energy storage is needed to balance the inherent

variability of renewable energy sources[3, 4]; long-distance energy transport is a fundamental component of our

existing system, and is likely to continue in some form as we decarbonise [5, 6]; and hard-to-abate sectors (e.g.

steel, shipping, and aviation) will struggle to directly use the electricity produced from renewables [7–9]. Energy

for those sectors will therefore be needed in a different medium.

Ammonia is a simple molecule, but it holds the solution to all three of these challenges. It has a plethora

of applications in energy systems: as a zero-carbon fertiliser[10], as a marine fuel [11], as a hydrogen vector,

or as long-term energy storage[12]. It can be produced from just water, air and renewable power (meaning its

emissions footprint can be very low [13]). Compared to hydrogen, it is liquid under mild conditions and it has a

higher volumetric energy density. Because of these properties, green ammonia is a good candidate for the "spatio-

temporal" arbitrage of renewable electricity: it enables renewable energy to be stored, and moved to the place, time

and end-use where it is needed.

Despite the sizable role it could play in energy systems of the future, our understanding of where and how

green ammonia will be produced and consumed remains limited. The production of green ammonia is complex

- historically, ammonia production has occurred at a constant rate, whereas green production will need to vary

with renewable resources. Once it has been produced, the ammonia needs to be transported to demand centres -

but quantifying the scale of ammonia demand depends on the rate of decarbonisation, and the unknown rate of

technology uptake. The uncertainty on both supply and demand sides hinders the ability for the private sector to

invest in production with certainty, and for governments to make policies which can support nascent industry.
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Fig. 1.1 A high-level representation of the ammonia optimisation model which is the goal of this thesis. The model takes
information relating to ammonia supply, demand, and transport cost (which is itself informed to some-extent by production cost).
Chapters 3 to 5 enable a robust prediction of ammonia supply constraints: chapters 3 and 4 provide and validate a method
for determining production cost, while chapter 5 incorporates the impact of land constraints on production capacity. Chapter 6
integrates this prediction into the supply chain model, explaining the model itself, as well as the estimation of transport costs,
and two demand scenarios.

Trying to predict the specifics of an ’ammonia economy’ therefore requires an optimisation approach which

identifies locations which enable low-cost production without excessive supply-chain costs. In brief, this thesis aims

to describe and solve this optimisation problem. It provides a pathway to a future where the decarbonisation of

energy storage, energy transport, and hard-to-abate sectors is - like electricity production - easy.

1.1 Research goals and chapter outline

The research goal is to use optimisation models to determine the least-cost scenarios for green ammonia supply

chains. Figure 1.1 shows a high level construction of the optimisation problem. The core inputs to the model are

determined in chapters 3 to 5; the model itself is then described and solved in chapter 6.

The optimisation model solves for the minimum levelised cost of delivered ammonia, or the LCOA-D; this is

the cost at which ammonia would need to be sold at the destination port in order for the net present value of the

entire supply chain to be 0 at the nominated discount rate. For the avoidance of confusion, the levelised cost of

ammonia delivery (LCOA-D), which is the focus of chapter 6, includes transport, storage and production costs, and

is therefore different from the levelised cost of ammonia production (LCOA-P) which is the focus of chapters 3 and

4. Energy systems do not always reach least-cost solutions, as identified in the introduction; however, the purpose

of this research is to identify the least-cost solution as a baseline for supply-chain development.

Table 1.1 summarises the research questions posed by the thesis, and identifies which chapters will answer them.

Chapter 2 describes the state of the literature into ammonia, demonstrating the need for the research described

in this thesis.
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Table 1.1 Summary of research questions
.

Research Question Chapter

Main
What are the core features of a global system for the production and distribu-
tion of green ammonia?

All

1
How can green ammonia production plants be designed to minimise produc-
tion costs?

3

2
Are the designs proposed by the model from chapter 3 robust to imperfect
weather forecasting, and to what extent do they rely on plant flexibility?

4

3 To what extent do land limitations impact the supply of green ammonia? 5

4
How should supply and demand locations for green ammonia be paired in
order to minimise delivered costs?

6

Chapter 3 is shown by the blue area on Figure 1.1, and explains the modelling taken to estimate green ammonia

production costs. The most significant and substantial contribution to the academic literature in this chapter is a

demonstration that connecting otherwise islanded green ammonia plants to national electricity grids can reduce

costs by approximately 10%. This finding was reported in Energy and Environmental Science (Impact of grid

connectivity on cost and location of green ammonia production: Australia as a case study); a deeper dive into the

implications of grid connection were presented at the Process Systems Engineering conference in Kyoto (Importance

of interannual renewable energy variation in the design of green ammonia plants and Sector coupling of green ammonia

production to Australia’s electricity grid). These three publications have been adapted to formulate this single chapter.

Chapter 4 introduces a model predictive control (MPC) approach which is used to optimise the operation of a

green ammonia plant subject to imperfect forecasting information. Although this MPC model is not a direct input

into the overarching optimisation model of the thesis, it is included in the blue area on Figure 1.1 because it shows

that the designs calculated using the perfect forecasting approach from Chapter 3 can be operated with imperfect

forecasting (subject to some adjustment). There are two core research outcomes: firstly, this MPC model shows

that the plants sized using the design model can mostly be operated as designed, given appropriate oversizing;

and secondly, the consideration of both models shows that the benefits of improved HB flexibility on the LCOA are

limited. This chapter is strongly based on an article published in RSC Sustainability, Impact of process flexibility and

imperfect forecasting on the operation and design of green ammonia plants.

From the high-level view of the thesis, the purpose of Chapter 5 is to calculate the impact of land availability

as a major supply constraint for green ammonia production. While doing so, it provides a deep analysis of whether

land constraints may drive green ammonia production offshore. The results are reported in the Journal of Cleaner

Production (A global, spatially granular techno-economic analysis of offshore green ammonia production), and the
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discussion of technical factors which may lead to offshore production is described in Nature Synthesis (Offshore

green ammonia synthesis).

Chapter 6 integrates these results together into a single focus on supply chains for green ammonia. It uses

the production cost results reported in Chapter 3, the land constraints described in Chapter 5, and an estimate of

transport costs for green ammonia in different contexts to optimise distribution networks. The broad outline of

the method is reported in iScience (Optimisation of green ammonia distribution systems for intercontinental energy

transport), although it was updated significantly for an article currently under review at Joule (Optimal fuel supply

of green ammonia to decarbonise global shipping ). This chapter considers two demand cases; one for the maritime

industry, and one for long-term grid storage.

Chapter 7 summarises the key findings of the thesis, and proposes further research.

1.2 Scope of Thesis

Green hydrogen is more widely discussed than ammonia by academia, industry and governments. Although green

hydrogen has a high gravimetric energy density, its volumetric energy density is very poor; even in the liquid state

under cryogenic conditions it carries only 2.4 kWh/L [14] (compared to gasoline, whose liquid energy density is 9

kWh/L [15]). ’Upgrading’ hydrogen into a chemical derivative could make it more easily portable; derivatives can

enable transport cost reductions of at least a factor of three [16, 17].

Green ammonia is a particularly promising derivative. Its liquid energy density of 3.5 kWh/L [15] is achieved

under far milder conditions than its parent molecule: –33°C at atmospheric pressure, or room temperature at ∼10

bar [15] (liquid hydrogen boils at –253°C[15]). Global systems for ammonia transport are well established and

understood because of its existing wide-scale use in the fertilizer industry - it is the second most widely produced

chemical in the world [18]. Although the comparison between hydrogen, ammonia, and other derivatives is dis-

cussed in more detail in the Literature Review (Chapter 2), it is these properties that have led ammonia to be the

primary focus of this thesis.

The focus of this thesis is on techno-economic analysis - it does not attempt to improve technologies for green

hydrogen or ammonia production themselves; rather, it aims to demonstrate how existing technologies can be put

to their most effective use.

1.2.1 Ammonia production methods

Hydrogen is often ascribed a label, or colour, which refers to the feedstock used and emissions released in its pro-

duction. When hydrogen is reacted with nitrogen in a Haber-Bosch (HB) loop to produce ammonia, that ammonia

is referred to with the same label as the hydrogen from which it was synthesised. At present, ammonia is produced

mostly from fossil fuels: it is labelled as brown if hydrogen is made using coal gasification, or grey if hydrogen is

made using natural gas reforming. These fossil fuel processes are also referred to as conventional ammonia produc-

tion. Blue ammonia uses the same feedstock as brown and grey ammonia, but includes a carbon capture and storage
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(CCS) unit. To be truly ‘blue’, this CCS unit must capture the CO2 in both flue gas streams: the concentrated stream

leftover from the water-gas-shift reactor after hydrogen is removed, and the comparatively dilute stream released

from the furnace. Green ammonia is not widely produced at present and is made entirely from electricity, water

and air: the hydrogen for its synthesis is generated from the electrolysis of water. The term ‘green’ ammonia implies

that the electricity is renewably sourced, although much of the literature at present includes a grid connection,

and some considers nuclear power; the suitability of this approach is discussed in Chapter 3. Future technologies

which produce ammonia directly from raw feed materials without an interim hydrogen generation step could also

be considered green if they use only renewable electricity for energy input and have no other associated carbon

emissions.

This thesis focusses on green ammonia. Brown and grey ammonia are unsustainable, and while blue ammonia

has comparatively low emissions, its production cost will always be higher than conventional technologies because

it requires additional processing. Since green ammonia has no emissions, and its cost expected to fall below that of

brown and grey ammonia at some point before 2050, it will be the most affordable and merits further investigation

for its use as a sustainable energy vector in the long term[18]. Unless otherwise specified, all "ammonia" referred

to in this thesis is green.

Downstream of hydrogen production, the HB loop used to produce ammonia remains broadly unchanged regard-

less of the ‘colour’ of ammonia produced, but there are three minor differences. Firstly, all currently commercially

available electrolysers operate at low temperature, so cannot recycle heat as useful energy. Conventional and blue

ammonia plants normally recycle heat from the exothermic Haber-Bosch reactor into the endothermic hydrogen re-

former; green ammonia plants remove this heat using cooling air or water. Secondly, removal of oxygen from air to

obtain the nitrogen required for Haber-Bosch synthesis is integrated into the hydrogen production in conventional

ammonia production, usually in an autothermal reformer. Green ammonia plants require a dedicated air separation

unit to produce this nitrogen. Thirdly, green ammonia plants drive compressors using electricity, rather than steam

[19].

This thesis focusses only on ammonia synthesised using a HB loop, although it does (particularly in Chapter

4) describe the conditions that may enable novel technologies to become the most profitable means of ammonia

production in the future. The focus on HB synthesis will therefore provide conservative estimates for ammonia costs

and production constraints; in case of a major technological breakthrough, these costs are expected to fall.
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Chapter 2

Literature review

The purpose of this literature review is (i) to demonstrate that ammonia is a suitable candidate as a green energy

vector and therefore for further research; (ii) to determine the current status of the techno-economic literature

investigating ammonia; (iii) to establish a need for more detailed modelling of green ammonia supply chains that

will be described in this thesis, and (iv) survey the data used in literature in order to identify an informed set of

inputs for the modelling work done in subsequent chapters.

It is divided into three parts that broadly match these goals. The first part briefly explores alternatives to green

ammonia and justifies the need to, at the very least, research ammonia in more detail. The second part explores

methodologies for estimating the levelised cost of ammonia production (LCOA-P). The third part explores supply

chains considering first supply and then demand.

2.1 Energy Carriers

Ammonia is one of many possible green energy carriers. The introduction identified a need for these green energy

carriers during periods of low renewable energy generation. This section of the review compares different carriers

throughout their life cycle, from production to consumption in an energy-importing region. It begins with a descrip-

tion of each of the options, before comparing the cost estimates available for each in the literature. In doing so, it

will identify both the competitors to ammonia as an energy transport vector, and the approximate cost of energy

transport.

2.1.1 Production and Storage

A range of options are available for long-distance energy transport and are surveyed in detail in the literature. These

are summarised in Table 2.1.

Of the five technologies discussed in the literature (summarised in Table 2.2, four are chemical storage tech-

nologies. The exception is HVDC, which is included for completeness. Although HVDC is suitable in a number of

cases for energy transport, it is not efficient across very large distances (i.e. >5,000 km) due to the energy losses
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Table 2.1 Summary of main energy carriers described in the literature

Carrier

Abbrevia-
tion/

Chemical
formula

Volumetric
Energy
Density

(kWh/L)[15]

Hydrogen
wt. %

Synthesis
energy losses

(kWh/kg
H2)(i)

Storage
Condi-

tions[15]

Renewable
production
technolo-
gies (ii)

Ammonia NH3 3.50 17.6 12.2 [15] (iv) –33°C, 1 bar
Electrolysis

+
Haber-Bosch

Liquid
hydrogen

LH2 2.36 100 6-12 (v) –253°C, 1
bar

Electrolysis
+

Liquefaction
Liquid
organic

hydrogen
carriers

LOHC 1.57 [14] 5-6 [20] 0 (vi) Ambient
Electrolysis
+ Hydro-
genation

Synthetic
Hydrocar-
bons (e.g.

MeOH,
syn-LNG)

MeOH (iii) 4.94 12.5 31 (vii) Ambient

Electrolysis
+ CO2

capture +
Methanol
synthesis

(viii)

High Voltage
Direct

Current
Electricity

HVDC N/A N/A
4.9%/1000

km [21]
N/A

Solar PV,
Wind

(i) Synthesis energy losses do not include energy losses during hydrogen production, which are considered equiva-
lent in all cases, except for HVDC.
(ii) Some novel technologies are emerging for hydrogen generation, and for carrier synthesis. These are not consid-
ered here. The scope of this analysis is limited to processes with a high technology readiness level (TRL).
(iii) A range of synthetic hydrocarbons is considered in the literature; data is provided for renewable methanol, the
most frequently considered option.
(iv) Includes 1.5 kWh/kg NH3 energy loss from exothermic reaction, and a production energy demand of 0.642
kWh/kg NH3 [18] for compression and air separation. Energy loss is substantially reduced to 5 kWh/kg H2 if
steam can be raised and used from the heat of reaction.
(v) 6 kWh/kg H2 may be possible in future applications; at present 10-12 kWh/kg H2 is required[22].
(vi) Hydrogenation of LOHCs is exothermic and self-sustaining; the majority of energy consumption (between 8-10
kWh/kg)[22] occurs during the endothermic dehydrogenation process (which is not included in this table).
(vii) Based on analysis in Hank et al.[22]: includes 8 kWh/kg H2 to supply the endothermic heat of reaction, 2.6
kWh/kg H2 for compression, and the balance of energy for direct air capture (DAC) of carbon dioxide.
(viii) CO2 can be obtained using direct air capture (DAC), or from a point emissions source from industry, such as
flue-gas from a coal fired power plant. Biomass as a CO2 source is excluded as the land-use efficiency of DAC is 100
times higher than that of biomass, and production capacity is finite [5].

associated with cable resistance and high capital costs [5]. In addition, it cannot provide all the benefits associated

with chemical fuels, including energy storage or the provision of high-grade heat.

The major economic costs of the remaining four technologies occur at different points of production and use.

Liquid hydrogen requires significant energy input for liquefaction. Because it is a cryogenic liquid, the storage

equipment required has very high CAPEX. Additionally, some daily boil-off is inevitable regardless of the quality of

storage equipment. The rate of boil off is a function of tank design, but is typically reported to be between 0.2-

8 |1–188



Chapter 2. Literature review

0.3%/day [23], meaning storage delays in shipping or receiving ports are costly. Very large costs are also forecast

for the unloading and loading equipment required to transfer LH2 [24]. Salt caverns for gaseous hydrogen are often

discussed as a storage alternative to liquid hydrogen [25]; although these may offer storage cost reductions, they

are not advantageous for energy transport because the hydrogen remains at low density.

Liquid organic hydrogen carriers use molecules that are typically liquid at ambient conditions which can be

loaded with hydrogen by the energy supplier, and unloaded by the importer, processes referred to as hydrogenation

and dehydrogenation respectively. A range of liquid organic carriers have been considered, including toluene,

di-benzyltoluene, methanol and naphthalene [14]. Shipping and storage of LOHCs can be done under ambient

conditions using existing systems for hydrocarbons. However, the volumetric hydrogen density is poor[14], the

most efficient carriers themselves can have very high capital costs [22], and additional shipping costs are accrued

as the unloaded molecule must be returned to the energy supplier for hydrogenation.

Synthetic hydrocarbons are produced by reacting electrolytic hydrogen with a carbon source. The affordability of

this technology depends strongly on the availability of carbon; if a concentrated stream of CO2 is not available, then

the energy costs of obtaining carbon via direct air capture are very high[22]. Decarbonised energy systems will not

have concentrated streams of CO2 available; even if they were available, chemicals produced using CO2 captured

from fossil sources face regulatory barriers to being considered carbon neutral [26]. Once synthetic hydrocarbons

are produced, shipping and transport is straightforward, and can be performed using existing technologies.

The main inefficiency in producing ammonia (compared to other hydrogen carriers) is the exothermic synthesis

reaction. Although some energy is recovered to pre-heat reactants, most of the excess energy is removed as waste

heat from the electrified Haber-Bosch process using cooling water. However, ammonia synthesis is much more en-

ergy efficient than synthetic hydrocarbon synthesis, and, like synthetic hydrocarbons, its transport is straightforward

given its comparatively high energy density and mild storage conditions.

2.1.2 Distribution and Consumption

2.1.2.1 Distribution

On arrival in the importing nation, further domestic transportation or distribution is likely to be required, unless a

specific application is available at the port. Cracking of ammonia, if required, and dehydrogenation of LOHCs could

be more economic if completed in a (semi-)centralised location before distribution [22]. This is particularly true for

LOHCs, for which the return of the unloaded carrier through the distribution network would likely add significant

costs.

Having extracted the hydrogen, pipeline distribution is likely to be the norm (as trucking of compressed gas is

highly inefficient due to hydrogen’s low density). Pipeline distribution of hydrogen is expected to be cheap relative

to hydrogen production for very large systems. Existing natural gas grids can tolerate a small percentage of hydro-

gen (typically 4-6% depending on national regulation[24]), but for large scale hydrogen economies, new pipeline
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Table 2.2 Summary of hydrogen carrier end uses

Carrier
Additional
Processing

Steps

Additional Energy
Consumption
(kWh/kg H2)

Distribution
Method

End-use
End-use

efficiency
(%)

None 0 Trucking/Pipeline Fertilizer N/A

NH3 None 0 Trucking/Pipeline
SOFC/CCGT/
Shipping Fuel

60[27]

Ammonia
cracking

8.52 Trucking/Pipeline
CCGT/

Hydrogen Fuel
Cell

50-60[28]

LH2 Evaporation 0(i)
Trucking (Liquid)

OR Pipeline
(Compressed Gas)

CCGT/
Hydrogen fuel

cell
50-60[28]

LOHC
Dehydrogena-

tion
8.25 [22]

Pipeline (After
Dehydrogenation)

CCGT/
Hydrogen fuel

cell
50-60 [28]

MeOH/
Syn-LNG None 0 Trucking/ Pipeline

CCGT/
Shipping Fuel 60 [27]

(i) In some cases, it may be possible to generate some power from the evaporation of liquid hydrogen, by using the
hydrogen as a cold sink. It is assumed that this is negligible in comparison to the power which can be generated by
using hydrogen in a fuel cell or combustion turbine.

and compressor systems, or significant retrofitting, will be required given the potential for hydrogen embrittlement

of steel in existing pipelines [29]. Ammonia pipelines are forecast to be cheaper than hydrogen pipelines due to

increased carrier density and reduced costs of pumping compared to compression [30].

Trucking may be a useful option for distribution over short distances; this option is better for fuels which can be

used directly (i.e. liquid hydrogen, synthetic hydrocarbons, and ammonia if combustion/SOFCs are available). For

trucking most carriers, existing infrastructure can be used, although liquid hydrogen will require specially designed

trucks. Focussing specifically on distribution of hydrogen, Yang and Ogden[31] identified trucking of liquids as the

best option for moderate distances at small hydrogen distribution rates; for larger distribution rates, pipelines were

preferable at all distances.

2.1.2.2 Consumption

Despite having high costs during the production and transport phases, both liquid hydrogen and synthetic hydro-

carbons are useful molecules once they have been delivered, because they can be used directly without substantial

further processing. High efficiencies are achievable using liquid hydrogen in a fuel cell, which may also be possible

for synthetic hydrocarbons in solid oxide fuel cells (SOFCs).

In some applications, ammonia may also be used directly without further processing. The clearest example is

in the fertiliser industry. While ammonia can be directly used as fertiliser [32], it is typically upgraded into urea,

ammonium nitrate or calcium ammonium nitrate [33]. While this may be helpful to create early supply chains for

green ammonia, its scope of use in other sectors is potentially much larger. Current fertilizer consumption is in the
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order of 180 MMTPA ammonia per year, whereas shipping demands could be double or even triple that amount

[34]; its only substantial competitor in that sector is methanol [35].

Alternatively, ammonia can be used directly in a fuel cell; solid oxide fuel cells (SOFCs) offer the highest efficien-

cies [33, 36]. When ammonia is used in an SOFC, it can be fed directly to the anode, because the high temperature

of these cells effectively cracks the ammonia into its constituent elements before the hydrogen is oxidised into wa-

ter [10]. Recent developments have substantially increased cell durability and efficiency, which is comparable to a

hydrogen fuel cell [37]; further growth of this market is expected [17].

Traditionally, combustion of ammonia has been challenging due to its low burning velocity and high minimum

ignition energy. However, because of renewed interest in the field, ammonia turbines are likely be commercialised

in the medium term and are currently being used at a pilot scale of 50 kWe [38]. To the extent that pure ammonia

combustion is difficult, partial cracking of ammonia and the combustion of a hydrogen/ammonia blend can over-

come the challenges of ammonia combustion with comparatively small energy losses in the endothermic cracking

process; a 70/30 mixture of ammonia and hydrogen by volume has been identified as a viable operating point [27,

39].

If ammonia cannot be directly combusted, then it requires substantial energy input to crack it back into hy-

drogen. Similar requirements also exist for LOHCs (although the size of the energy demand for this technology

varies between carrier molecules). The process for ammonia cracking occurs at high temperatures (>550°C), and

resembles steam methane reforming [27]; the typical dehydrogenation temperature for an LOHC is comparatively

low ( 300°C) [40]. While some estimates assume that the energy for these cracking reactions can be supplied us-

ing waste heat [41], it is unlikely that a large number of applications will have waste heat available at such high

temperatures. In certain applications, therefore, significant energy loss may be observed for ammonia or LOHC

consumption in the energy-importing nation. The approximate cost of ammonia cracking is estimated to add 1

C/kg to the cost of produced hydrogen [42], assuming that no waste heat is available. The cost of cracking is likely

to fall over time as novel membrane technologies allow for the single-step ammonia cracking and its subsequent

purification; this will enable simpler conversion of ammonia to high-purity hydrogen for use in proton exchange

membrane (PEM) fuel cells. [43, 44].

2.1.3 Carbon Neutrality

Each of the carriers described can be carbon neutral if appropriate technologies are used. In general, true carbon

neutrality requires no greenhouse emissions at any point in the supply chain: i.e. hydrogen production, carrier

synthesis, fuel for transporting and distrbuting the carrier, and cracking/dehydrogenation must all emit no carbon.

In the case of synthetic hydrocarbons, the carbon source must be direct air capture; if CCS is used when these

synthetic fuels are combusted, then the fraction of CO2 captured from the combustion gases may be considered

carbon negative.
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Some regulatory schemes are emerging to certify hydrogen as “carbon neutral”. One example is the EU program

CertifyHy [45]. Its 2019 specifications required that CO2 equivalent emissions of hydrogen production be less than

36 g CO2-e/MJ, based on lower heating value (LHV), which amounts to a 60% reduction compared to production by

steam methane reforming. Under this scheme, producers can exclude emissions caused during transport. It would

therefore be possible under this scheme to use some non-green grid electricity in production, and to use transport

technologies which emit CO2; however, in the long term, this scheme is likely to tighten its requirements, and the

true carbon neutrality described above will become the industry standard. The development of more wide-reaching

schemes is a prerequisite for exporting chemicals as energy vectors in order to guarantee their origin[26].

One challenge for ammonia if it is directly combusted or used in a fuel cell is its comparatively high NOx

emissions. Beyond the harms of NOx as a local and regional pollutant, it is also a potent greenhouse gas[17]. Bicer

and Dincer[46], for instance, identified that an ammonia powered car could be responsible for almost twice the

emissions of acid gases as one powered by diesel, mainly due to NOx. Emissions of NOx from ammonia based energy

generation can be controlled by using unburned ammonia for catalytic reduction of exhaust gasses [47, 48], or with

novel burner designs [39]. Similarly, use of the SOFC-H type fuel cell (in which a hydrogen proton is transported

through the electrolyte, rather than an oxygen ion in an SOFC-O fuel cell) will enable efficient electricity generation

without NOx formation [36, 49].

2.1.4 Economic Comparison of Carriers

2.1.4.1 Methodology for compiling energy transport cost estimations

Although having an understanding of how the supply chains for each carrier work, of more significance is the

ultimate cost of delivered energy. This section reviews literature which estimates the cost of that energy.

As an initial step in the search for research which estimates the cost of ammonia energy transport, a keyword

search was performed on Scopus for literature which contained in their title, abstract or keywords one of the trigger

words listed for each of the categories shown in Table 2.3.

Table 2.3 List of keywords used to identify supply chain literature

Category Trigger Words

Ammonia Ammonia, Haber-Bosch
Renewable Renewable, Green
Transport Transport, Shipping, Inter-continental, Export, Import

Cost Cost, Techno-economic, LCOA, Levelised Cost

Further literature was identified in the citations of the papers located using the Scopus search. Papers were

eliminated from this search if they did not provide an estimate of transport costs over a large distance (>300 km).

The results of the literature search are summarised in Table 2.4.

12 |1–188



Chapter 2. Literature review

Despite its high hydrogen density and comparatively straightforward storage requirements, ammonia has re-

ceived limited attention as an energy vector. In the literature surveyed, only 9 authors provided an economic

assessment of the cost of international ammonia transport (compared to at least 17 who analysed liquid hydrogen).

All studies considered were at industrial scale, with either pipeline or shipping as the main mode of transport.

The shipping volume ranged from 30,000 m3 to 160,000 m3. Authors using 160,000 m3 ships are forecasting

significant growth in the industry; at present ammonia is shipped in the same vessels used for LPG, only a small

fraction of which are greater than 90,000 m3[50].

2.1.5 Ammonia transport costs

Seven authors directly compared ammonia to another medium for international transport purposes. In four of these

cases[14, 22, 24, 51], ammonia was identified as the cheapest option for international energy transport. Of the

remaining authors, Ishimoto et al.[52] and Hijikata[23] preferred LH2, and DNV GL [20] preferred LOHCs. Hijikata

observed only very small differences between various energy carriers and used data from 2002 which no longer

provides an accurate measure of production costs. Ishimoto et al. only preferred liquid hydrogen over very short

distances, used ambitious forecasts for hydrogen liquefaction costs, and used transport costs that were inconsistent

with other literature: approximately 6 USD/GJ of ammonia over 10,000 km, compared to 2-3 USD/GJ from most

other sources over comparable distances. DNV GL estimates the cracking energy demand for ammonia to be much

higher than the dehydrogenation energy for an LOHC; they also do not clearly factor the capital costs of the LOHC

itself, which Hank et al.[22] and the Hydrogen Import Coalition [51] report to be very large. The shipping distance

considered by DNV GL is only 1,000 km; over intercontinental distances (∼10,000 km) the lower volumetric and

gravimetric energy density of LOHCs will substantially increase their relative transport costs compared to ammonia.

In both the cases of DNV GL and Ishimoto et al., if the energy associated with cracking were not considered, because

ammonia could be directly combusted or used in a fuel cell, then ammonia would be the preferred option.

Authors tended to consider hydrogen export from one energy exporting nation/region to an energy importing

nation/region. The energy exporters included: Algeria, Argentina, Australia, Chile, Iceland, Morocco, Norway,

Oman, Saudi Arabia and the US. The only specific energy importers considered were Germany, Belgium, and Japan,

although Europe as a general region was considered by Wietschel and Hasenauer [53]. In some cases [24, 52,

53], multiple importer-exporter pairs were considered, and Kawakami et al. [54] performed a simple optimisation

to select shipping size, and to determine which of the Middle East and the US would be more suitable energy

exporters to Japan. The Hydrogen Import Coalition [51] estimate the costs of shipping various hydrogen derivatives

to Belgium from five locations; their results showed it was cheaper to import ammonia from Morocco than Chile,

even though production was cheaper in Chile, because of the impact of transport costs. No paper considered the

general optimisation problem of which nations would be best placed to export, and to which regions they could

most economically ship their product.
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Notes on Table 2.4:

i Transport costs include special storage/load out equipment required at the shipping and receiving ports. They do

not include costs of carrier synthesis, hydrogen liquefaction or LOHC hydrogenation. Fuel energies are reported on

a higher heating value (HHV) basis.

ii The delivered costs are a full life-cycle cost estimate, including renewable electricity, hydrogen production, any

carrier synthesis costs and transport. Dehydrogenation costs are included for LOHCs, since they are a prerequisite

for usage; cracking costs are not included for ammonia, except in the case of DNV GL[20].

iii Values are best estimates from other data reported in the paper.

There is a wide disparity between transport costs themselves. For instance, most authors estimate the cost of am-

monia shipping to be ∼2 USD/GJ; however, Wijayanta et al.[14] estimates almost double that value, although they

do not provide a clear basis for their estimate. Additionally, the data relating the cost of transport to the transport

distance is scattered between different authors. Ishimoto et al.[52] estimate that increasing the transport distance

by a factor of 10 only doubles the transport cost, because in their analysis, the capital costs of port infrastructure

and ships dominate the shipping costs.

The cost of transport will depend on the financial arrangements of exporters and importers. The most likely

export model is comparable to those currently used in the oil and gas industries, where it is rare for energy producers

to own gas carrier ships. Instead they charter ships as required. Figure 2.1 summarises the costs from literature,

including a comparison with the estimates used in this research.

The high-level estimate in Figure 2.1 is not a precise representation of shipping costs, due to the significant

uncertainty surrounding the charter rate and fuel price. Berthing fees could also be substantially higher if an

ammonia plant cannot take advantage of an existing nearby port. At an intercontinental scale, the model estimates

a price of 1.5-3 USD/GJ; as a benchmark, a typical cost for shipping LNG on this scale is 1 USD/GJ [62]. Ammonia’s

energy density is 50% lower than LNG, and it is assumed that the ship itself is powered by green ammonia. These

two factors collectively account for the increased shipping costs of ammonia compared to LNG. If a conventional

fuel were to be used to power the ship, the transport cost would be significantly reduced as per the lower bound on

the estimate in the Figure.

This estimate demonstrates a trend which is not clear in the literature, and contrary to the perspective of

Ishimoto et al.[52]: it appears the price of shipping is a strong function of shipping distance, because of the impact

of daily charter costs, and the significant contribution of shipping fuel to transport costs. Only 4 of the 8 authors

which provided ammonia shipping costs fall within the plausible range identified by this estimate. This is caused

predominantly by oversimplified or vague assumptions [14, 51, 55], or because authors price shipping as a capital

investment, rather than using the cheaper charter model that is the norm in the existing energy transport industry

[26, 52, 54].
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Fig. 2.1 Estimated green ammonia shipping cost (See Chapter 6 for discussion of shipping cost estimation) compared to
literature values. The solid line is estimated assuming ammonia as the shipping fuel, and a cost of 500 USD/t; the shaded
region shows a low (300 USD/t) and high (700 USD/t) case. The data from Ishimoto et al.[52] are not displayed; they estimate
a cost of 11 USD/GJ over 21,000 km.

Beyond the cost of transport, authors also used a range of approaches to estimate the cost of production. As de-

scribed later in this chapter, estimating ammonia production costs is a complex process which requires consideration

of the specific nature of the available renewable resource; simply estimating a number of annual operating hours

is overly simplistic. Failing to make this consideration can underestimate ammonia production cost by ∼40% [18].

Even if ammonia synthesis is substituted with any other carrier synthesis process such as liquefaction, similar com-

plexities are expected to increase the production cost. Some works greatly simplified this complexity [21, 31, 55,

60], either ignoring the variability of the resource altogether, or failing to make specific provision for intermediate

hydrogen storage. Other authors relied on grid electricity [20], or on conditions very specific to certain locations,

such as excellent hydroelectric or geothermal resources [23, 53], or salt caverns [22]. Kawakami et al.[54] and Ishi-

moto et al.[52] assume that hydrogen is produced using natural gas and CCS. No author who considered transport

costs provided as robust an estimate of production costs as is available in other literature (although that literature
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typically excludes consideration of transport [18, 63, 64]).

2.1.6 Future Developments

Fair comparison of hydrogen carriers also requires a consideration of how their relative price may change in re-

sponse to future developments. The only transport carriers whose synthesis or transport costs are likely to reduce

significantly in the future are liquid hydrogen (mainly due to technology improvements in liquefaction, storage,

loading and unloading) and synthetic hydrocarbons (if direct air capture of carbon dioxide becomes more viable).

Most literature that considered these technologies already factored in an improvement in these technologies; for

instance, liquefaction energy demand was typically between 6 and 8 kWh/kg; current technologies can only achieve

12-15 kWh/kg [57]. Similarly, the Hydrogen Import Coalition [51] assumes direct air capture is available at 80C/t

CO2, which they observe is an ambitious estimate.

By contrast, Haber-Bosch synthesis and LOHC hydrogenation are already well understood and their costs are

not expected to fall substantially. It is possible for the green ammonia cost to fall if new synthesis technologies are

designed which are superior to Haber-Bosch synthesis, but these receive little attention in the literature due to their

low technology readiness level [18, 65, 66].

One key development which may significantly reduce the cost of green ammonia, LOHCs and synthetic hydro-

carbons is the technical readiness of solid oxide electrolyser cells (SOECs). Many papers consider SOECs to have a

low technology readiness level and to be unable to handle dynamic load variations; however, Hauch et al.[67] and

Posdziech et al. [68] both report substantial technological growth in the area in the past two years and indicate

that dynamic load flexibility may be possible. These cells have higher efficiencies, to some extent because they able

to use heat as an energy supply to the hydrogen production process (as opposed to low temperature cells, which

can only use electricity). Therefore, useful work can be performed using the heat released from the exothermic

reactions which occur when hydrogen is synthesised into a carrier; in low temperature cells that energy is wasted.

Integration of the solid oxide electrolyser cell and ammonia synthesis loop also removes the requirement for a ded-

icated air separation unit (in the HaldorTopsoe design concept, some hydrogen is combusted in air inside the unit

to produce steam, the energy from which is recaptured by the SOEC, leaving a stream of nitrogen[67]). This may

reduce capital investment and increasing air separation energy efficiency.

2.1.7 Developments since 2021

There has been relatively little focus on comparing different hydrogen carriers in the literature since 2020; this

reflects a growing consensus of which fuels are best suited to fulfill which duties, reducing the need for specific

comparative literature. Franz et al.[8] considered several different fuels that may be used for decarbonising shipping

(although they considered only changing production costs over time, and not the impacts of supply chains); they

found that ammonia would be dominant for decarbonisation of that industry by 2050.
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Wang et al.[69] also considered a multi-lateral trading system of ammonia specifically to fulfill maritime de-

mand; however, their production model was fairly simple, and their demand modelling was based on a small subset

of publicly available shipping information.

2.1.8 Energy Carriers Summary

There are a range of transport carriers available for energy transport, each with different strengths and weaknesses

that will make them more or less economic based on specific circumstances.

The literature has not achieved a unanimous consensus on a single best chemical energy vector. Although liquid

hydrogen is often discussed, there is limited evidence that it will be the most affordable carrier. It is more likely

that LOHCs, ammonia or methanol will be preferable depending on the intended use case. However, there is clear

evidence that ammonia is the best option if it is being used as fertilizer, or if it can be used directly without cracking,

(i.e. in a fuel cell, as a shipping fuel, or in a direct combustion engine). Even if none of those conditions are met,

many authors still consider it to be the best available hydrogen carrier. For that reason, the focus of this thesis on

ammonia is appropriate: at the very least, it will be an important vector for a significant group of sectors, and at it

is possible that it will become the dominant chemical for intercontinental energy transport in a future decarbonised

economy.

There are clearly gaps in the literature: predictions of production costs neglect important details, transport cost

estimations are vague, and there has been very little consideration of multilateral trade.

2.2 Ammonia Production

As is clear from Table 2.6, it is expected that the most substantial contributor to the cost of delivered green ammonia

in an energy-importing nation will be the cost of production. Because of significant interest in chemical energy

storage, a slew of recent techno-economic analyses (TEAs) have attempted to provide a clear description of the

costs of green ammonia production, yielding a range of cost estimates.

These TEAs tended to consider both current and future production costs, due to the expected fall in renewable

and electrolyser costs in the next decade. For those papers which reported LCOA-Ps using technology currently

available, the minimum reported values of the LCOA-P are 480 USD/t [18, 63]. Other literature, however, reports

far higher prices in the order of 1,000 USD/t [70–72]

Looking to the future, most of the literature is in agreement that the cost of green ammonia will trend down-

wards, but there are inconsistencies between the date at which it is expected to reach parity with conventional

ammonia. More ambitious estimates believe parity will be possible in some locations in 2030 [18]; others do not

expect this point will be reached until 2040 or even 2050 [70].

This section analyses the cause of the difference between LCOA-Ps in order to identify which works have pro-

duced the most reliable assessments of green ammonia cost, and to identify the key factors which impact the LCOA-

P. The wide range of LCOA-Ps reported in the literature can be attributed to variance in (i) technical approach, (ii)
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project financial considerations, (iii) renewable energy resource, and (iv) technological inputs; this section deals

with each in turn.

While parity with the cost of conventional ammonia is a useful benchmark for the cost of green ammonia,

reductions below this cost are expected and necessary to drive uptake of green ammonia as a clean energy vector in

the long term. This is because, as observed in Wijayanta et al. [14], ammonia’s chemical role as a fertiliser increases

its market price well above its value as an energy vector. Prior to the inflationary post-covid environment, the price

of ammonia fluctuated between 350 and 550 USD/t[34, 73]. Even at the minimum value, 350 USD/t, the value

of energy provided by ammonia on a HHV basis is 15.55 USD/GJ, which compares unfavourably to natural gas in

the US, whose price ranged between 3 and 8 USD/GJ in the 2010s, depending on the specific location and market

conditions [33, 74]. For that reason, green ammonia needs to be significantly cheaper than conventional ammonia

to provide very cheap energy (although this direct comparison does not factor in efficiency of usage, which may be

marginally higher for ammonia using SOFCs than for natural gas).

2.2.1 Ammonia Production Routes

Historically, synthetic ammonia has been produced from hydrogen and nitrogen almost exclusively using the Haber-

Bosch (HB) process. This is a high temperature (>500◦C), high pressure (150-400 bar) reaction driven by catalysts.

It was remarkable at the time of its development for being one of the first chemical processes to operate continuously

using a recycle loop [10].

Because of the prospects offered by green ammonia, a wide range of alternative technologies to HB have been

considered. MacFarlane et al. [10] lay these out in a far-reaching review which classifies ammonia production into

three phases: Phase 1 is the current phase, reliant on conventional ammonia; Phase 2 refers to ammonia made

using the Haber-Bosch process but using green hydrogen produced from renewable electricity; Phase 3 refers to

novel ammonia production processes. That study focussed in particular on direct electrochemical nitrogen reduction

(eNRR) as the most likely Phase 3 technology. eNRR reduces the production process to a single electrolysis step

which takes renewable power, water, and either nitrogen or air as inputs. The authors also make reference to

indirect reduction technologies in which lithium is used to reduce the nitrogen into Li3N in an aqueous environment,

after which it is more chemically straightforward to substitute the metal atoms for hydrogen, producing ammonia

and releasing the lithium metal back into solution. There are a wide number of other approaches which are also

discussed as possibilities in the literature - photochemical synthesis [75], which uses light as the energy source

for nitrogen fixation, and bioelectrocatalysis, which may enable enzymes which produce ammonia in nature (e.g.

nitrogenase) to operate at industrial scales [76].

Although there is promise to these alternative technologies, they have not yet been demonstrated beyond the

lab scale. Because of the urgency of introducing green ammonia into supply chains, this thesis focusses on Haber-

Bosch technology since it is available immediately. In that sense, modelling performed in this thesis is conservative;
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if a superior technology came to the fore, its only impact would be reducing the cost of green ammonia below

the predictions made here. Chapter 4 discusses the potential benefits of alternative technologies on ammonia

production cost.

2.2.2 Methodology for analysing ammonia production research

In order to obtain an initial short-list of publications in this field, a keyword search was performed on Scopus for

literature containing the trigger words shown in Table 2.5.

Table 2.5 Trigger words for LCOA-P literature search. Literature needed to include at least one word from each of the categories
listed to be included in the search.

Category Trigger Words

Ammonia Ammonia, Haber-Bosch
Renewable Renewable, Green

Price Price, Techno-economic, LCOA, Levelised

Literature was excluded if it relied upon a technology that was not yet commercially available (e.g. photocat-

alytic ammonia production), if the ammonia production technology was brown, grey or blue, or if the author did

not provide a detailed cost assessment of hydrogen or ammonia production. After reviewing the list generated by

Scopus, 22 of these papers were found to contain a detailed assessment of the LCOA-P. A further 8 papers were

identified in the citations of the shortlisted literature, leading to a total of 30 papers considered. All papers consid-

ered are summarised in Table 2.6. As in Section 2.1.4, the LCOA-P was adjusted to 2020 prices using an inflation

rate of 2.5%.

2.2.3 Technical Approach

Managing flexibility is a prerequisite in the production of green ammonia powered by variable renewable energy

(VRE). Hydrogen electrolysers are highly flexible [77]; proton exchange membrane (PEM) type electrolysers, in par-

ticular, can reduce their operation to 5% of rated capacity [3], increasing efficiency as they do so [78]. However, the

ammonia synthesis plant presents the major complexity to flexible operation, because it operates at high tempera-

tures and pressures[17, 79], which means frequent cycling of production rate may damage catalysts and equipment

[78]. Managing the ammonia plant when renewable energy is not available is therefore a major challenge.

In some literature, it is assumed that the Haber-Bosch loop is entirely inflexible, and can only operate at its

maximum rate of 100% [64, 70]; other research has forecast a theoretical minimum operating rate of 20% [79],

with remaining authors falling between these values [47, 63].
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Lower operating rates may be facilitated by technology developments, such as the use of advanced catalysts and

ammonia separation using absorbents, which enable ammonia synthesis to be conducted at low temperatures and

pressures (∼275°C and 8 bar [98, 99]). Chapter 4 explores how these modifications could be useful in order to

mitigate hydrogen storage costs; however, these modifications alone cannot entirely smooth out the variability of

wind and solar farms.

There are a range of approaches taken in the literature to manage the challenge of operating the Haber-Bosch

loop in periods without enough available renewable energy. However, in much of the literature [55, 72, 84, 88, 93,

94, 96], this challenge is not discussed in enough detail to confirm if the proposed design is operable. In other cases

[77, 89] flexibility is neglected in order to simplify process modelling; because of this simplification, these cases

provide limited insight into specific process design.

Some authors manage variable operation using the grid [42, 70, 71, 83, 84] or dispatchable hydro electricity

[73, 97] to entirely supply the electrolyser and ammonia plant at almost all times, or whenever renewables are not

available. Although this approach enables maximum value to be extracted from the installed capital equipment,

and no costs to be allocated to hydrogen storage, it demands the use of either of hydroelectricity, whose global

potential is far less than global demand [100], or of prohibitively expensive grid electricity, which is not generally

decarbonized. In addition, relying on highly renewable-dependent grids is not likely to be possible for green

ammonia plants when wind or solar farms are not operating, because those times will be correlated with periods

when grid demand exceeds supply. At best, drawing on the grid at these times will be expensive; at worst it will be

prohibited by regulators.

In the remaining papers limited to islanded VREs (i.e. without grid connection), several authors [18, 63, 64,

80, 82] include a hydrogen buffer which can store excess hydrogen produced during periods of high electricity

generation and therefore maintain the required supply of raw material to the ammonia plant. The size of the buffer

required depends on the renewable energy profile, and the expected flexibility of the ammonia plant. An additional

energy source (e.g. non-variable renewables, batteries, or cannibalisation of some hydrogen) may be used to

provide continuous electricity to the ammonia compressor and air separation unit. The authors who included

hydrogen buffers used some form of optimisation model to select the size of the equipment in the ammonia plant,

including the hydrogen storage; these approaches are discussed in more detail in Chapter 3.

Interestingly, although flexibility is a major complicating factor in plant design, plants which fail to give due

consideration to flexibility do not always have the lowest calculated LCOA-P. This is typically because those papers

use more conservative financial estimates and do not optimise plant design for the weather profile.

2.2.4 Discount Rate

The literature proposes a range of financial parameters to amortise the large capital costs of green ammonia plants

caused by the significant investment required in the electrolysis unit. This range of finance options can distort the
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LCOA-P and therefore conceal underlying project strengths or weaknesses.

The simplest financial approach to reducing the LCOA-P within a model is to reduce the discount rate, which can

be achieved with more favourable loan conditions (e.g. high debt/equity ratios, long loan terms, and low interest

rates on debt). In contrast to traditional engineering applications, changing these financial parameters can have a

major impact on LCOA-P because green ammonia production is highly capital intensive [101].

Excluding Nayak-Luke et al. [90], in which the discount rate was set to 0 to specifically exclude it from consid-

eration, then the range of discount rates considered in the literature surveyed spanned from 4% [64] to 12%[71].

Nayak-Luke and Bañares-Alcántara [18] varied the discount rate based on location, sector, and the nature of the

investor (domestic or multinational); that study used a minimum discount rate of 3.3% for a multinational corpo-

ration investing in a renewably powered utility, and a maximum of 18.74% for a Venezuelan domestic company

investing in an ammonia plant. This range of discount rates may be reflective of actual difference in the cost of

capital available to projects in different regions. For instance, Steffen [101] estimated the discount rate considered

for a large number of renewable projects using different techniques, finding values as low as 2.5% in Germany, and

in excess of 10% in India for both solar and wind installations.

With the exception of Nayak-Luke and Bañares-Alcántara [18] and Fúnez Guerra et al. [55], few papers provided

clear detail as to the selection of the discount rate, despite its significant impact on the LCOA-P. This thesis in general

uses a discount rate of 7% (unless otherwise specified), which is comfortably within the range of forecast LCOA-Ps

2.2.5 Technology cost curves

The most substantial contributors to the cost of green ammonia are renewable electricity and electrolyser CAPEX.

These two contributions also represent the components of the cost which are most likely to fall in the future; their

gradual fall in price is generally referred to as the technology’s "cost curve". Although the capital cost of ammonia

synthesis is substantial, it is small compared to electrolyser costs, and is a mature technology that is unlikely to

see significant cost reduction. For that reason, accurate estimates of electricity prices and electrolyser CAPEX are

critical to accurate LCOA-P forecasting, but the selection of suitable cost curves often receives limited attention in

the literature.

Comparison of renewable energy price in the literature is complicated by the varied approaches taken by differ-

ent authors. In some instances, electricity was purchased by a power purchasing agreement (PPA) [64, 93, 96]; in

others, it was supplied by onsite energy farms [18, 63, 95]. In some cases, renewable power was also sold directly

onto the grid, cross-subsidizing its costs [82], or was supplied from an existing windfarm which was being curtailed

[85]. Some authors did not specify a renewable energy cost [78] The total amount of energy available from wind

and solar farms was also not typically reported, making it impossible to convert between the capital and amortized

costs of renewable energy. For those reasons, a comparison of renewable energy inputs to the model used across

the literature was not possible. This speaks to a broader problem in the literature that the consideration of how and
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when renewable energy is available has not been present in most cases.

It is easier to compare the electrolyser capital cost used in the model. Using an excessively low electrolyser

CAPEX will not only underestimate project costs, but will also lead to a non-optimal design, favouring lower load

factor renewable sources if they provide cheaper power. International energy bodies are divided over the expected

costs of electrolysers for both today and in 2030. Bloomberg NEF [102], for instance, predicted a price of just 200

USD/kW for a Chinese electrolyser purchased in 2020, falling to 135 USD/kW by 2030. Both IRENA[3] and the

IEA [24] disagree with this forecast, reporting prices of 840 USD/kW and 900 USD/kW for electrolysers purchased

today. IRENA suggests that a price of 200 USD/kW will not be possible until 2050; the IEA’s forecast ends in 2030

at a minimum price of 450 USD/kW.

The green ammonia literature is similarly divided over the price of electrolysers, with minimum prices of 143

USD/kW [97] compared with maximum prices in excess of 1,000 USD/kW, which tend to be found in papers

published in 2015 or earlier [71, 95]. However, the papers identified as most robust in earlier sections [18, 63, 64,

80], with rigorously optimised designs, tended to use prices between 600 and 1,000 USD/kW, which are plausible

estimates given the data available.

Forecasting of electrolyser price is complicated by variations in the electrolyser scope. For instance, Wang et

al.[83] specifies a very low price of 100 USD/kW for a solid oxide cell (typically the most capital intensive cell

type [67]); however, this only includes the stack and excludes all balance of plant, as well as installation costs,

which they do not specify. Lin et al.[42] and Palys et al.[91] both use a bare module cost (327 USD/kW and

637 USD/kW respectively) alongside published installation factors to estimate a project CAPEX (994 USD/kW and

1,248 USD/kW). IRENA [3] and Nayak-Luke et al. [18] specify that their electrolyser costs include installation and

balance of plant costs. In general, though, authors are not specific as to the scope of what is included within their

electrolyser cost.

Equating the bare material cost of electrolysers to their installed cost is risky and is likely to result in a large

underestimation of total project costs. Electrolyser vendors typically provide the stack and some electrical equip-

ment; they do not provide installation or the entire balance of plant, which may include additional electrical work,

pipework, and civil/structural engineering. Those costs must be borne separately by the project owner. The US

National Renewable Energy Laboratory provides a complete cost breakdown of the installation of electrolysis units,

concluding that the electrolyser stack alone may represent only 1/6th of the total project CAPEX; installation costs

may be as high as 1/3rd of total costs [103]. All electrolyser costs in this thesis include the entire installation scope

(i.e. transformers, membranes, stacks, balance of plant and installation).

2.2.6 Ammonia Production Summary

There are a large number of inputs into ammonia plant design, which have not always been handled consistently or

sensibly in the literature. As a consequence, there remains a significant gap in our understanding of how ammonia
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is produced affordably which merits further investigation.

However, almost all literature is in agreement that the location of a green ammonia plant is central to the LCOA-

P. This drives the opportunity for ‘spatial arbitrage’ in the ammonia market, which is to say that it is possible to

profit by producing energy in one country and exporting it to another. The arbitrage is justified economically if

the costs of energy conversion to ammonia and transport are less than the energy cost difference between the two

locations at which energy is produced and consumed.

2.3 Ammonia supply and demand

The purpose of this section is to summarise literature on production and demand capacities. It first assesses the

limits on ammonia supply at large scales, and then compares those limits to various estimates of ammonia demand,

to identify potential hurdles to very large-scale ammonia economies.

2.3.1 Ammonia supply

Green ammonia supply capacity depends on both the number and size of ammonia facilities. While smaller ammo-

nia systems are often touted as a solution which can decentralise energy grids, for intercontinental energy transport

it is more likely that a comparatively small number of large ammonia facilities will be used given the economies

of scale associated with HB production of ammonia [80] as well as port and shipping infrastructure [104]. Two

projects have been announced whose scale is very large (i.e. more than 10 MMTPA of ammonia, and more than

25 GW of renewable capacity)[105, 106] in Australia (the Australian Renewable Energy Hub) and Oman (the

Green Energy Oman project); both of these are several times larger than the biggest ammonia plants in existence

today[107].

This section therefore aims to identify constraints on both individual project size and domestic production

capacity. Four major factors are identified which may constrain the production of ammonia, both at the level of

individual projects and global markets: material availability, land availability, capital availability, and public support.

2.3.1.1 Material Availability

There are five major components required for green ammonia export facilities: renewable energy supply, hydrogen

electrolysis, water supply, ammonia synthesis, and ammonia storage and transport. This section focusses on the first

three components, as the remainder (ammonia synthesis, storage and transport) are already operated on a global

scale of millions to hundreds of millions of tons per year and are constructed mostly from structural materials (e.g.

concrete and steel) which are expected to be available in adequate quantities.

2.3.1.1.1 Renewable energy supply Renewable energy supply on a very large scale requires either wind or

solar electricity generation. Both wind and solar farms require substantial investment in structural materials and

electrical equipment. Beyond these basic components, both technologies also require more specialised materials.

Wind turbines use rare earth metals – typically neodymium, praseodymium, dysprosium and terbium – in order to
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create the permanent magnet generators in which power is produced. The metals used in solar panels depend on

the type; the most commonly occurring type uses silver and silicon, but other varieties require a range of different

rare earth elements. [108]

An investigation into the availability of these materials in the EU[108] found that in a complete decarbonisa-

tion scenario, significant pressure was expected on the supply chains of dysprosium and terbium for wind, and

germanium, tellurium, indium and selenium for Solar PV. Weng et al.[109] agreed with the assessment that supply

chains of rare earth metals required for renewable energy technology are likely to be strained. They performed an

assessment of all rare earth metals globally, and concluded that supply chain limitations were not caused by a lack

of geological availability, rather by China’s monopoly of the current rare earth metal market. China is historically

responsible for >95% of global production of rare earth metals, which can create distortive effects on global trade.

For instance, in 2006, China placed export limits on three rare earth metals in order to build domestic industry,

causing a spike in prices globally.

In the context of materials shortages, it will not be justifiable to use limited renewable energy for chemical

energy storage; instead, widespread societal change will be required to substantially reduce both average and peak

energy consumption. However, to avoid this constraint, it may be possible to expand access to rare earth metals:

Weng et al.[109] found that a number of large, non-exploited resources exist outside of China, with deposits in

Australia, Russia, Canada and Brazil. The size of the deposits outside of China is likely an underestimate caused

by a lack of geological exploration for these metals. Therefore, it is very likely that there is an adequate amount of

to produce very large-scale wind and solar farms; obtaining those materials will require geopolitical stability, and

diversification of rare earth metal mining efforts in a range of countries.

2.3.1.1.2 Electrolyser Type There are three types of hydrogen electrolyser: alkaline (AEC), proton exchange

membrane (PEM) and solid oxide (SOEC). AECs are already used on an industrial scale in the chlor-alkali process,

producing sodium hydroxide and chlorine gas. The technology circulates potassium hydroxide and uses nickel-

based catalysts[110]. It is unlikely that materials shortages will limit the use of this cell; however, they are unlikely

to be as efficient as other electrolyser cell types in the future [3]. PEM cells are not yet widely used at industrial

scale, and rely more heavily on precious metals, including platinum and iridium. Hauch et al. [67] argue that

shortages of these materials could prevent widespread use of PEM cells. For instance, only 5 t/year of iridium

are produced globally; a 1 GW installation would require 0.5 t of this element, although these quantities may

reduce with technological advancement. Like AECs, SOECs typically use common materials, the scarcest of which

is yttrium; a 1 GW installation would require only about half a day’s global production of this material[111].

Overall, availability of materials may inform technology selection of renewable electricity generators and elec-

trolysis cell types; however, it should not significantly limit the size of large-scale green ammonia plant installations.

It may encourage the production of ammonia in nations which have access to certain materials, or who have stable

relationships with countries that produce those materials.
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2.3.1.1.3 Water availability Once power has been supplied, water is the only raw material required in sig-

nificant amounts for ongoing operation of an electrolysis plant; each kilogram of hydrogen produced requires

approximately 9 kg of deioinised water, the production of which may require in the order of 25 kg of sea water

[112].

The availability of water is often raised as a concern for hydrogen electrolysers which are heavily reliant on

solar energy; these are often in arid regions with limited rainfall and may therefore be challenged by water scarcity.

In these circumstances, desalination is the only viable technology for water production [64]. However, even the

energy demands of desalination are relatively low compared to the power input required by the electrolyser, and

desalination would contribute at most 0.02 USD/kg to the cost of hydrogen [112] In theory, therefore, water

supply should not be a major problem to the establishment of a global ammonia industry; however, it may constrain

production away from areas with significant water stress, or encourage operation near coastal areas to reduce

the costs of desalinated water. Solutions for managing desalination, and its integration into the green ammonia

production process, are discussed in greater detail in Chapter 5.

2.3.1.2 Land availability

In general, land availability should not meaningfully limit total global production of renewable energy. For instance,

Moriarty and Honnery [113] found that the solar insolation on the Sahara desert alone would be adequate to

supply the global population in 2050, even assuming limited energy efficiency innovations. Similarly, Babarit et al.

[58] found the offshore wind potential at shallow and intermediate depths alone could theoretically supply 75%

of global energy demand in 2050, and that the capacity of floating windfarms in deep water could meet energy

demand almost 10-fold.

In practice, land limitations can be substantial; collecting all of the solar irradiation on the Sahara, for instance,

is not practical due to the difficulty of installing panels on sloping dunes. This can be particularly problematic in

specific regions: in Japan and Korea, which have low levels of agricultural self-sufficiency, installation of significant

solar infrastructure would displace land usually used for food production [114, 115]. Moreover, the land-use change

associated with conversion of land from crops to energy generation can impact atmospheric CO2 levels. In Japan

and Korea, the emissions intensity of electricity from solar panels which have displaced agriculture could be as high

as 10% of emissions intensity of electricity from natural gas[114].

By contrast, other countries are not land-limited. The aforementioned Australian Renewable Energy Hub has

a land area of 6,500 km2; factoring a 60% conversion efficiency to ammonia, this facility would generate 3.5% of

Australia’s annual energy consumption on just 0.08% of its land [105]. In other words, renewable energy harvested

at this rate on less than 2.5% of Australia’s land mass could produce its entire energy consumption. In practice, as

panel and end-use energy efficiency improve, this forecast area may be even smaller. Because the land in question

is not agricultural land, and because of the higher solar insolation in Australia compared to Japan and Korea, the
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land-use change effects are not likely to be significant [114]. In other contexts, though, they may have a significant

impact: 6,500 km2 is about four times the area of greater London.

Fasihi et al. [80] considered land consumption in the context of green ammonia specifically, and found that the

global potential for green ammonia production far exceeded all potential estimates of demand; however, they did

not consider any constraints on using land in possible production locations.

In summary, it is possible to produce enough renewable energy to supply global demand in 2050; however,

the distribution of energy production will not enable all nations to be self-sufficient. Countries with low land-

availability (either because of population density, highly sloping terrains, or substantial agricultural demands) will

need to import energy from countries with comparatively high land availability. This is discussed in significantly

more detail in Chapters 5 and 6.

2.3.1.3 Capital Availability

Green ammonia production is highly capital intensive; this is particularly true if a facility includes capital investment

on a wind or solar farm, rather than purchasing electricity through a PPA. The presence of significant capital

investment is therefore a prerequisite for large-scale ammonia production at the global level, and at the level of

individual projects.

The IEA [56] reports that investment in clean energy technology has largely been stable over the past 5 years,

at approximately 600 billion USD/annum (including investment in power, nuclear, energy efficiency and energy

storage technologies). For reference, the AREH has an expected CAPEX of 36 billion USD [105], or 6% of the

current global annual investment in clean energy. Using the same assumptions for its conversion efficiency described

in the previous section, it will produce only ∼1% of Japan’s annual primary energy demand [28]; in other words,

converting energy systems to make substantial use of ammonia will require capital investment on a very large scale

over a sustained period of time.

Although investment in renewables comes predominantly from the private sector, it can be stimulated by gov-

ernment incentives, or sold at a premium to state-owned utilities [56, 116]. For instance, governments can create

supply chains (e.g. by supporting pilot projects, building capacity, and facilitating international trade), and by

provide risk mitigation to projects in difficult sectors (e.g. providing innovative financing instruments, guarantees,

and promoting a green bond market) [116]. Meanwhile, energy importing governments can create demand for

hydrogen that enables offtake agreements with large projects, de-risking major capital investments. In doing so,

they can create virtuous cycles that enable an adequate injection of capital to create these ammonia supply chains

[4]

2.3.1.4 Public Perception

In democratic nations, the public, voting either directly or with their feet, can shape the success or otherwise of

major projects. The capacity of a country to export energy on a very large scale therefore depends on a supportive
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public that is comfortable to allocate large areas of land to produce energy for a different country. Similarly,

importing chemical fuels relies on a public that is willing and able to use those fuels safely.

2.3.1.4.1 Public attitudes towards renewable energy Despite perceptions which may be gleaned from the

media, several comprehensive studies have found the public to be supportive of large scale energy projects in

general; this support is even more significant for renewable energy projects, particularly solar [117]. Most of

the literature and analysis has been performed in the UK and the US, where opposition is perceived to be most

significant; there is limited data from the rest of the world.

Because of perceived opposition, the literature on public resistance to energy projects focusses particularly on

wind, although here too, both local communities and the public at large are broadly supportive[118] The perception

of opposition is created by highly vocal minorities who receive disproportionate media air time [119]. Although

support is generally high, there are some grounds upon which local communities have objected to windfarms, such

as aesthetic and noise complaints. Rand and Hoen[118] find that these concerns are all manageable by taking small

tangible steps in a project which alleviate community angst, by providing the public with detailed information about

projects, and by taking the public’s concerns seriously.

Some objections reported in the literature are unlikely to materialise if a project intends to export chemically

stored energy (e.g. concerns that a project will increase local electricity prices [118], or that renewable energy

is unreliable [120]). On the other hand, other objections may become more severe (e.g. fear that profits from a

project are being delivered to multi-national companies rather than local communities [118]).

2.3.1.4.2 Public attitudes towards hydrogen and ammonia Because the production of hydrogen and ammonia

is currently limited to industrial settings, there is limited project-specific research quantifying the public’s views on

a proposed or existing green hydrogen/ammonia facility.

To the extent that research has been conducted, Ono and Tsunemi [121] identified that 66% of the Japanese

public was supportive of implementing hydrogen fuel stations. Schmidt and Donsbach [122] found that attitudes

towards hydrogen were broadly positive, and could be improved by reframing arguments in favour of hydrogen to

focus on energy independence and decentralisation of energy grids. Lambert and Ashworth [123] specifically asked

Australian respondents about their support for hydrogen export, with 78% in support, although only 38% were

supportive of a hydrogen port if it were located close to their home. The main concern identified in all surveys was

safety.

Even where there is some public opposition to green hydrogen, localised energy projects are rarely a source of

objection from the public; they are more often opposed to transmission and distribution of electrical power, usually

for aesthetic reasons [117]. Therefore, to the extent that the public may object to elements of chemical energy

storage projects, it is a relatively favourable method of energy transport.

It was consistently observed that the public’s knowledge of hydrogen was relatively poor. Ashworth and Lam-

bert[123] asked five simple questions pertaining to hydrogen; only 7% of survey respondents answered all questions
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correctly; these respondents were almost three times as likely to be supportive or very supportive of a hydrogen

industry in Australia. Itoaka et al. [124] asked similar questions; less than 30% correctly answered all of them, and

there was only a marginal improvement in public knowledge observed between 2008 and 2015.

The majority of research focusses on public attitudes to hydrogen, and there may be unique concerns associated

with ammonia that are not yet examined in the literature. Given the public’s lack of understanding of hydrogen as

an energy vector, Guati-Rojo et al. [125] find that it is unlikely that the public has yet formed opinions of hydrogen

derivatives such as ammonia. In their small study in Mexico, focus groups were generally supportive of ammonia as

an energy vector once the concept had been explained to them, although they raised concerns about NOx emissions

and water consumption. In the same way that these challenges can be managed technically, concerns about NOx

emissions and water consumption should be manageable with quality public education and consultation on the

benefits and risks of ammonia. In another focus-group study focussing on expert perspectives, the most substantial

concern for green ammonia use pertained to its toxicity [125].

Ammonia has been used as an industrial chemical since the 1920s; therefore, while safe handling of ammonia is

a critical engineering challenge, it is not a novel one. Although it is toxic to humans above 25 ppm, it has a strong

odour at lower concentrations (5 ppm) which can provide warning of its presence. Several studies have found it to

be as safe or safer than similar hydrocarbons, because it is less flammable [10].

Overall, it appears that there is a reasonable level of public support for the hydrogen industry, and a shortage of

research into support for the ammonia industry. If the public’s concerns are taken seriously, and an effort is made to

educate the public about green fuels, then social acceptance should not be a constraint to a hydrogen or ammonia

export economy. High levels of public support may stimulate the government action described earlier, which in turn

incentivises the capital investment required for ammonia plants.

2.3.1.5 Supply Summary

There are a number of challenges across different sectors of the supply chain that may limit the scope and growth

of a green ammonia plant; however, none of these challenges are insurmountable. This thesis will therefore focus

on the technical challenge of optimising supply chains given land-constraints, as these supply chains are feasible

within reasonable limitations on production.

2.3.2 Ammonia Demand

Forecasting ammonia demand is challenging, because of the range of possible use-cases, and the significant changes

that will occur in energy systems over the next three decades. In chapter 6, this thesis explores two strategies for

estimating ammonia demand in the maritime and grid electricity sectors.

As a basis for demand estimation, it is unlikely that existing uses of ammonia will significantly decline, although

there may be some pressure to reduce nitrogenous fertiliser usage for environmental reasons. Existing demand is

in the order of 200 MMTPA [126].
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Demand estimation in the maritime sector is most straightforward because it is very likely to continue to rely

upon chemical fuels, and because ammonia is the most promising of those fuels. IRENA estimates the maritime

sector consumed 2,472 TWh of bunker fuel in 2017 [127]; if it were a country, it would be the world’s sixth

largest emitter of carbon dioxide [128]. In 2018, the International Maritime Organisation (IMO) set a target of

reducing total shipping emissions by 50% by 2050, which will require an emissions intensity reduction of more than

70%[129] If the entirety of the IMO’s target emissions reduction were achieved by fuel substitution, approximately

500 MMTPA of green ammonia would be required. The IEA, however, argues it will be possible to achieve some

emissions reductions through operational modification (e.g. reducing speed limits), and by electrification (for very

short routes only), meaning a more realistic estimate of may be as low as half that value [129]. However, to

meet even this demand, 27 projects of equivalent size to the Asian Renewable Energy Hub would be required;

constructing them would more than double current global ammonia production [130].

Beyond the maritime sector, ammonia may also play a role in the electricity sector [131], and from use as a

hydrogen vector (to subsequently supply the metallurgy industry [7]) and transport industries[124], for instance).

Estimating consumption in these sectors is complex, but may also be significant; approximately 1,800 MMTPA of

crude steel are produced each year [132], which would demand around 90 MMTPA of hydrogen [7] - if that were

to be supplied with ammonia, it would amount to 500 MMTPA.

Although demand for green ammonia is challenging to estimate, it could be very large, and dwarf existing

consumption of ammonia for fertiliser only. The scale of demand will require an international network of ammonia

trade that is not at present well described. There is a need for (i) more rigorous demand forecasting, and (ii) for a

consideration of how systems will be designed to enable that demand.

2.4 Literature Review Summary

There is a growing body of literature recommending ammonia as an important contributor to global decarbonisa-

tion. It will become more significant over the next three decades as its price falls.

Most authors concur that it outperforms other chemical energy vectors because of its promising hydrogen density

and ease of distribution and storage. The largest constraints on ammonia supply are land availability and finance,

although these will tend to encourage production in certain countries, rather than limiting the overall size of an

ammonia economy. There is growing demand for ammonia specifically, and for ammonia as a carrier of hydrogen.

Despite these promising findings, more rigorous consideration of ammonia as a spatial energy vector is still

merited. There is a lack of detailed consideration of the relationship between ammonia production and ammonia

transport. Typically, the papers which provide a detailed solution to the complexities of production neglect to

consider how they may interact with the complexities of transport, and vice versa. Additionally, research to date

has focussed on the bilateral exchange of energy. This contrasts with the multilateral nature of fossil-fuel transport

and is therefore likely to be an oversimplification of future energy systems.
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This thesis sets out to more comprehensively optimise a system for ammonia delivery, including all aspects of

production, transport, and consumption. These include:

1. Selection of ammonia production location for the purpose of energy export, considering both the quality of

the local resource and the transport costs to the intended destination or destinations

2. Management of process flexibility on a short-term basis to ensure continuous and safe operation of the Haber-

Bosch process

3. Understanding of the constraints on ammonia supply and demand, including physical limits (e.g. land, mate-

rials), project-specific factors (e.g. availability of capital, public support) and maximum consumption rates in

energy-importing nations

4. Consideration of possible synergies between production and transport requirements

Collectively, these gaps in the literature represent a risk to the optimisation of what is likely to be a major energy

supply chain of the future. By optimising this supply chain, this thesis will:

1. Enable efficient allocation of finite capital [133]

2. Enable investors to identify lowest-cost options for large scale ammonia development, which is necessary in

the short term to stimulate demand [3] and demonstrate feasibility

3. Prevent wasteful allocation of large capital subsidies offered by governments (renewable subsidies were

greater than 60 billion USD in 2016 in the EU alone [134])

4. Enable energy importers to identify appropriate export partners, and to facilitate international relationships

5. Enable energy exporters to identify possible future markets, and tailor policy and regulation to encourage

investment and growth of new renewable export industries.
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Chapter 3

Optimisation of green ammonia plant

design

Green ammonia plants could be conceptualised as a machine for converting variable renewable power into a con-

tinuously available energy supply. Green ammonia production therefore differs from conventional ammonia plants,

which could be conceptualised as machines for converting one form of energy (natural gas) into a valuable com-

mercial product (ammonia for fertilisers). This means green ammonia plants will ooperate very differently to

conventional ammonia plants, which have historically operated continuously at a load factor as close to their design

rate as possible in order to maximise the value of the capital investment.

In those conventional plants, each piece of equipment would typically be sized to process approximately the

same total plant flow, with storage buffers or oversized equipment only used in specific instances (e.g. where the

mode of operation is semi-batch, or a unit has unusually large maintenance requirements). In contrast, because

operation in green ammonia plants necessarily occurs at a variable rate, the optimal plant design will use different

sizing for different equipment to avoid the under-utilisation of downstream components. Equipment sizing is further

complicated by two other factors: firstly, selecting the appropriate balance of solar PV and wind-turbines to power

the plant depends specifically on the local renewable profile; and secondly, managing the limited flexibility of the

the Haber-Bosch process, which prevents it from being ramped at the same rate as the renewable power profile

changes.

Therefore, sizing equipment on a green ammonia plant is a much more complex problem than that faced by

conventional ammonia plants, and optimisation models need to be developed in order to estimate suitable plant

size. This chapter describes the development of such a model, and then uses the model for a case-study into green

ammonia plant operation with a grid connection. The selected model needs to provide an optimal solution which

considers the inherent variability of renewable power production; it must also solve rapidly enough that a large
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number of locations can be modelled.

3.1 Methodology

3.1.1 Historical Approaches

Many authors have estimated the cost of green ammonia or hydrogen production, although the optimisation ap-

proach used is not always rigorous. For instance, the Hydrogen Economic Fairways Tool developed by Geoscience

Australia[135, 136] estimates the NPV of producing green hydrogen at all locations in Australia, and considers the

role of other infrastructure in the cost estimation. However, it simplifies the renewable energy profile down to a

simple estimation of load factor, rather than optimising the size of all equipment based on the time-varying profile

of the renewable source.

For authors who had a more robust approach, techniques have included brute-force optimisation[63] and genetic

algorithms[18]. In both of these approaches, the model essentially guesses a plant design, and then determines (i)

if the plant design is feasible, and (ii) the cost associated with the plant design. The genetic algorithm is superior to

the brute-force approach, since it uses a searching technique to gradually improve the quality of its guess, meaning

it does not need to trial every option in the search space in order to locate the optimum. These techniques are

sufficiently sophisticated to factor in the inherent variability in plant operation; however, they are both designed

for non-linear problems, and a fairly small number of variables. As discussed below, this optimisation problem

can be linearised, and exploiting this feature enables far more rapid solution. Additionally, to limit the number of

variables which need to be modelled, both of these authors used a power allocation algorithm, which apportioned

the available electricity at a given time step according to a simple set of rules. This introduces two limitations: firstly,

it may not achieve the ’true’ optimum, and secondly, it reduces the capacity to introduce additional complexity into

plant design.

On the first limitation: consider a location with a highly seasonal renewable energy availability. It will generally

be logical in the months before the low season to ensure the hydrogen storage unit is full in order to prevent

ammonia plant shutdowns during the low season, even if doing so requires operating the ammonia plant at a

slightly lower rate. In the months after the low season, the opposite will be true, and it will generally be preferable

to prioritise ammonia production over filling hydrogen storage. Allocating energy using a simple algorithm that

depends only on the current power produced by the renewable energy supplies does not enable different approaches

to be adopted in different seasons, and therefore the solution reached may not be the optimum. Section 3.2.2

demonstrates this point, showing that allocating power according to the power profile on a ’representative day’ is

not a reliable approach to predicting ammonia costs.

On the second limitation: because of the need for a power allocation algorithm to solve the model in a sensible

period of time, the plant cannot be made more complex without introducing arbitrary power allocation rules. For

instance, the plants modelled in Nayak-Luke and Bañares-Alcántara [18] use hydrogen fuel cells as a source of
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back-up power, cannibalising some of the stored hydrogen. If a second source of energy storage - for instance,

a battery - were introduced, then some allocation decision must be made as to whether excess energy should be

stored in the battery or the hydrogen storage unit. While an allocation hierarchy may be possible, or even necessary,

on a constructed plant that has a fixed design and a well-understood local weather profile, it is non-trivial to design

general rules which optimally allocate power between these two storage units given the slightly different roles

hydrogen and battery storage play onsite. Even if less complicated modifications are made to the model, such as

the inclusion of both fixed and single-axis tracking solar PV, the number of unknowns increases. This in turn vastly

increase the size of the search space and the number of iterations the model will require to identify an optimal

solution using these non-linear approaches.

For these reasons, several other authors have adopted Mixed Integer Linear Programs (MILPs) as an alternative

method, which has been adopted in a number of other publications [64, 80, 137]. The model presented here is

similar to that presented by Fasihi et al.[80], although a large number of modifications are discussed to determine

the impact of specific changes to green ammonia plant design. After the research in this chapter was published,

Campion et al. [137] constructed a similar model that also considered the possibility of a grid connection; however,

their study was more focussed on technology selection, and they therefore considered only three locations in very

different contexts - it is not useful for specifically examining the role of the grid connection itself, and the conditions

that make it useful.

The benefit of the MILP approach is that the allocation of power is achieved using variables that are selected by

the optimisation solver, rather than by a pre-specified algorithm, which resolves the two limitations identified in the

last paragraph. The solver is able to exploit the predictable gradient of linear problems in order to find the solution

very rapidly; further, the large number of MILPs in a range of contexts has led to development of commercial solvers

which can quickly solve problems with many variables.

Green ammonia production is well-suited to analysis using MILPs because each component in the design is

modular, and the modules are much smaller than the typical size of a industrial scale plant. The exception to

this point is the Haber-Bosch synthesis unit, which is a conventional chemical unit, and will tend to benefit from

economies of scale in order to reduce material demands during construction [94, 138, 139]. Because the per-unit

cost is a function of the equipment size, the cost cannot be modelled as a simple linear constraint. In theory, this is

resolvable by linearising the constraint, either by decomposing it into a series of linear inequality constraints, or by

using integer variables which switch on and off in different capacity ranges and select a per-unit cost of ammonia

plant suitable to that capacity range. In practice, this is undesirable since the greater the number of linear inequality

constraints/integer variables, the greater the complexity of the model, and the slower the solution time. However,

at very large scales, the non-linearity in this specific problem breaks down, since the largest single-train Haber-

Bosch plant which exists at present has a capacity of around 1 MMTPA[107]. Plants larger than this use duplicate

trains, at which point economies of scale cease to benefit production cost, and the scale factor tends to a value of
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1. Therefore even the cost of this unit can be modelled as having a linear dependence on its size, meaning that a

MILP approach is valid.

Because of the logic described above, the MILP was selected to model green ammonia production. This section

describes the development of a ’generic’ model implemented in Python using the pyomo module. It then describes

testing done to the model which enables it to solve rapidly, and presents a case-study on grid connection.

3.1.2 Model Framework

Fig. 3.1 Schematic demonstrating operation of ammonia production, as it is interpreted by the MILP model in this section:
power is produced from renewables, and fed to electrolysers, the Haber-Bosch plant and the Air Separation Unit; the Haber-
Bosch plant also receives hydrogen and nitrogen. Back up storage of hydrogen and power are also included to enable operation
from intermittent renewable energy. Boxes in dark blue represent equipment which must be included for the plant to operate
(although only one of wind or solar is strictly required); pink boxes represent equipment whose inclusion is optional, and are
included as required to manage the inflexibility of the Haber-Bosch plant.

The goal of the optimisation model is to minimise the levelised cost of ammonia produced according to the

process shown in Figure 3.1. The plant considered here uses electricity from any of the three power sources to (i)

run a water electrolyser which produces hydrogen, (ii) charge a battery, and/or (iii) operate the Haber-Bosch (HB)

loop and air separation unit (ASU). The HB & ASU together produce nitrogen and then react it with the hydrogen

from the electrolyser to produce ammonia - these units are modelled as a single unit here for simplicity. In order

to maintain stable operation of the Haber-Bosch loop, the model includes hydrogen storage (as a compressed gas)

and back-up power, which can be supplied by discharging the battery, or from a hydrogen fuel cell. The optimised

solution at a given location will sometimes exclude one or more of these components depending on the input data
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[10, 79, 140].

Plant components can be categorised based on if they are sized according to their rated power capacity in MW

(the electrolyser, the HB+ASU, the battery power capacity and the fuel cell), or if they are sized according to their

energy storage capacity in MWh or tons of hydrogen (the battery and the hydrogen storage unit). In the formalism

of the model, the former set is denoted as SC, and the latter is denoted as SSC. Two other sets are also included: a

set of all times, St , and a set of renewable energy generators, SR, which for the example plant shown in Figure 3.1

would include wind and solar PV.

The levelised cost of ammonia is the price at which ammonia must be sold in order to achieve a net present

value of zero for a given plant lifetime and discount rate. It is calculated from:

LCOAP =
CRF ·CAPEX +OPEX

F
(3.1)

where F is the annual production of ammonia in tonnes. This formula is suitable because a constant value is

assumed for the OPEX and the annual production in each year, making equation (3.1) equivalent to taking the ratio

of the project NPV to the (discounted) total flow over the project lifetime. For the general case of this model, F

is set to 1 MMTPA, which as discussed is required for linearisation, and is a plausible scale for industrial ammonia

plants. CRF is the capital recovery factor, calculated from:

CRF =
i(1+ i)PL

(1+ i)PL−1
(3.2)

where i is the discount rate and PL is the plant lifetime. A default value of 7% is used for the discount rate in

this work; this may vary considerably in different contexts, but the purpose of this analysis is to focus on the role of

technical rather than financial factors in determining project costs. A plant lifetime of 30 years is assumed.

The model inputs and operation are summarised in Figure 3.2. Wind and solar data is sourced from the ERA5

database, which estimates a range of parameters relating to historical weather data at hourly frequency on a 30 km

grid,[141] although for analysis in this thesis a general spatial resolution of 1 degree was applied. Using the Python

PVLib and the curve for a Vestas 3 MW wind turbine, these weather data were transformed into hourly energy

production in MWh per installed MW of renewable energy capacity. This method typically returns reasonable

results that are consistent with recorded data [142].

Because hydrogen electrolysers typically use DC power, the DC power output from solar cells was used, which is

more efficient. This is fed into the optimisation model alongside the cost and efficiency of each piece of equipment,

and technical and physical constraints on that equipment. The model can then be solved with any MILP solver;

for this application, Gurobi was used because it is freely available under an academic license, and has superior

performance compared to open source solvers.

The model variables are shown in Table 3.1, and can be divided into two classes: time-variant and time-invariant.
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Fig. 3.2 Schematic demonstrating operation of ammonia production model. Boxes in purple represent input data to the model.
Boxes in dark blue represent processes carried out by the model. Weather data is sourced from ERA5, and processed using
PVLib (solar) and a Vestas turbine curve (wind) to produce the input weather data. Equipment information is also fed to the
model, which then can optimise plant design.

The time variant variables are here represented using Greek letters, and are defined at each time-step in the model.

These represent how power is allocated around the plant (which determines the rate of equipment operation), and

the state of charge of the two storage units (the battery and the hydrogen stores). The time invariant variables are

represented using Latin letters, and indicate the size of equipment; it is these parameters that determine the plant

cost.

The remaining parameters in the model are summarised in Appendix Table A.2. Most are represented using

G, with the exception of (i) the capacity factors (see below); (ii) the hourly energy production from a renewable

source given by Z(R, t), where R is the renewable source; and (iii) the weighting applied to a specific time step,

shown by Tw(t) (see Section 3.2).

Material flows of ammonia and hydrogen are represented in tons, and energy flows are represented in MWh.

Suitable conversion factors CF are used to convert units between flows as appropriate. In the case of power to

material flows, the conversion factor represents the amount of product produced from 1 MWh of electricity (or

vice-versa for material to power flows). For material to material flows, the conversion factor is the stoichiometric

ratio (e.g. 17/3 for H2 to NH3). For power to power flows, the conversion factor represents efficiency losses. In the

case of the battery, a self-discharge factor, GDischarge is also included to represent losses which occur from the battery

over time.

Although solar panels and wind turbines are typically modular, which could in theory constrain the installation

capacity of renewable equipment to integer multiples of standard equipment sizes, we consider the size of renewable

energy production units to be continuous. Since the whole plant capacity (in the order of GW) is much larger than
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Table 3.1 Variables used in the model.
*Note that power can only flow to the (i) electrolyser, (ii) battery and (ii) HB+ASU, and not the fuel cell, so there are only three
variables associated with each of π, β and γ.

Symbol Description Associ-
ated Set

Number
of

variables

PR(R) The installed capacity of the renewable energy source (in MW) SR 2

PC(C) The installed capacity of the plant component (in MW) SC 4

V (SC) The installed capacity of the storage component (battery in MWh; hydrogen in
t)

SSC 2

π(C, t) The energy flow directly from input power to the specified component (in
MWh) at each time

SC 3max(St)

β (C, t) The power flow from the battery to the specified component (in MWh) at each
time

SC 3max(St)

γ(C, t) The power flow from the fuel cell to the specified component (in MWh) at each
time

SC 3max(St)

κ(SC, time) The amount of electrical energy or hydrogen stored in the storage component
(in MWh for batteries, tons for hydrogen) at each time

SSC 2max(St)

a single turbine/panel (in the order of MW), this approximation does not introduce significant error, and prevents

the inclusion of a large number of integer variables that would significantly increase solution time.

3.1.3 Model Formulation

There are ten constraints imposed on the optimisation problem. These fall into two groups: capacity constraints

and balance constraints. Capacity constraints ensure that equipment is sufficiently large to handle the power and

material flows they receive. Balance constraints enforce energy and mass conservation around various units in the

model.

There are six capacity constraints:

π(C, t)+β (C, t)+ γ(C, t)≤ PC(C) ·Tw(t) ∀C ∈ SC, t ∈ St (3.3)

κ(SC, t)≤V (SC) ∀SC ∈ SSC, t ∈ St (3.4)

∑
C∈SC

β (C, t)≤ PC(Battery) ·Tw(t) ∀ t ∈ St (3.5)

∑
C

γ(C, t)≤ PC(FC) ·Tw(t) ∀ t ∈ St (3.6)

π(HB+ASU, t)+β (HB+ASU, t)+ γ(HB+ASU, t)≥ GHBMin ·PC(HB+ASU) ·Tw(t) ∀ t ∈ St (3.7)
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−GHBRamp down ·PC(HB+ASU) ·Tw(t)≤(
π(HB+ASU, t)−π(HB+ASU, t−1)

)
+(

β (HB+ASU, t)−β (HB+ASU, t−1)
)
+(

γ(HB+ASU, t)− γ(HB+ASU, t−1)
)

≤ GHBRamp up ·PC(HB+ASU) ·Tw(t) ∀ t ∈ St (3.8)

Equation (3.3) requires that the installed capacity of each component be larger than the total power provided

to it at all times. Equation (3.4) requires that, for each storage component, the capacity available for storage be

large enough to contain the capacity demanded by the model at that time. Equations (3.5) and (3.6) ensure that

the total power provided by the battery and fuel cell respectively is less than their capacity. Equation (3.5) is rarely

constraining to the model, as due to inefficiencies the power flowing into the battery is typically larger than that

leaving it (already constrained by Equation (3.3)). However, it is possible that at some times the demand on the

battery will exceed what it has the capacity to supply, and the constraint is therefore necessary.

Equations (3.7) and (3.8) account for the limited flexibility of the Haber-Bosch plant. Equation (3.7) ensures

that at least a fraction of the total power is provided at all times; enforcing a minimum power requirement also

imposes a minimum hydrogen supply through the hydrogen balance constraint (Equation (3.12) below). Equation

(3.8) prevents very rapid ramping of the ammonia plant; different maximum rates are imposed on the ramp-down

and the ramp-up, since ammonia plants can typically ramp down more quickly than they ramp up (as per Fasihi et

al.[80]). Note that in Equation (3.8), t−1 is used to indicate the previous time step; if t = 1, then the previous time

step is actually given by t = max(St), which the model will use to define the constraint; this eliminates the need to

provide an arbitrary initial condition.

There are four balance equations; this is one fewer than the total number of elements in the set of flows, as the

power from the fuel cell is incorporated into the hydrogen balance. The balance equations are shown below:

CF(π,NH3)
GHours

24GDays
∑
t∈St

(
π(HB+ASU, t)+β (HB+ASU, t)+ γ(HB+ASU, t)

)
= F (3.9)

∑
R∈SR

(
Z(R, t)PR(R)

)
≥ ∑

C∈SC

π(C, t) ∀ t ∈ St (3.10)

κ(Battery, t) = GDischargeκ(Battery, t−1)+CF(π,β )π(Battery, t)− ∑
C∈SC

β (C, t) ∀ t ∈ St (3.11)
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κ(Hydrogen, t) = κ(Hydrogen, t−1)+CF(π,H2)
[
π(Electrolyser, t)+β (Electrolyser, t)

]
− 1

CF(H2,γ)
∑

C∈SC

γ(C, t)−

CF(π,NH3)

CF(H2,NH3)

[
π(HB+ASU, t)+β (HB+ASU, t)+ γ(HB+ASU, t)

]
∀ t ∈ St (3.12)

Equation (3.9) is a simple sum of all ammonia produced; it must equal the target production. It includes a

factor of GHours
24GDays

; this is equal to the fraction of uptime available to the plant, accounting for some time off due to

maintenance. This is a conservative estimate; actual plants will typically schedule downtime based on poor outlook

for renewable production, whereas this model discounts all production evenly.

Equation (3.10) is the power balancing equation; it requires that the total input energy is greater than the

energy directly consumed by the plant. The difference between the two sides of the inequality is equal to amount

of electricity curtailed. Equations (3.11) and (3.12) are the balances for the battery and the hydrogen storage unit

respectively. In both cases, the current storage at time t is given by the storage in the previous time step, plus any

flows in minus any flows out. As in the case of the Haber-Bosch ramping constraint - Equation (3.8) - the previous

time step is represented by t−1 in these equations, but at t = 1, the model will use the storage level at t = max(St)

to avoid the need to introduce arbitrary initial conditions.

Having sized the plant equipment, the model estimates the CAPEX and OPEX according to:

CAPEX = ∑
R∈SR

(
PRCostR

)
+ ∑

C∈SC

(
PCCostC

)
+ ∑

SC∈SSC

(
PSCCostSC

)
(3.13)

OPEX =
CF(H2O,H2)

CF(H2,NH3)
CostW F +CostOMCAPEX (3.14)

The first term in the OPEX expression relates to the cost of water, which is estimated on a per tonne basis

assuming desalinated water is required for such large productions. The final term is an operating and maintenance

cost that is estimated as a fraction of the CAPEX.

3.2 Increasing model speed

The optimisation strategy described above has a large number of variables, given by 11max(St)+ 8; for a single

year of data using an hourly time step (the maximum granularity available in weather data), this corresponds to

96,368 variables. Some solutions to mediate this problem are available: Gurobi can very rapidly remove some of

these variables using its presolve formulation (for instance, the fuel cell will never sensibly be used to power the

electrolyser, which the algorithm can detect and simplify), and the MultiProcessing module in python was used to

solve the model in multiple locations in parallel, although the impact of this solution is limited by computer RAM.

Despite these simplifications, the number of variables remains in the order of 105, and solution times are non-trivial.

While it is possible to solve MILPs with much higher number of variables, the time taken to do so increases quickly

as the problem becomes more complex.
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Historically, this has forced researchers to either consider a comparatively small number of locations [18], or

to use only one year of weather data for plant design [80]. Doing so either prevents high quality locations from

being identified, or may fail to capture interannual variation that may be significant for plant design. In the UK, for

instance, the energy shortage at the start of autumn 2021 was exacerbated by a long-term wind-drought, the scale

of which had not been observed since the early 1960s [143]. The frequency of such wind droughts is forecast to

increase with climate change [144]. Given the intended use of ammonia to store energy between years, factoring

this interannual variation is important, and larger volumes of weather data need to be processed to develop a robust

ammonia economy.

This section explores three data clustering approaches which can be used to simplify the optimisation model,

demonstrating that it is possible to significantly accelerate calculation without sacrificing accuracy. Several applica-

tions of accelerated calculation are then discussed.

3.2.1 Data clustering methods

Rigorous existing models for ammonia plant design typically use hourly weather data. However, in other energy

optimisation analyses, some data clustering techniques have been attempted.

The Balmorel energy systems model, a popular open-source application, uses time aggregation, whereby larger

time steps are used to reduce the data size [145]. Palys and Daoutidis [82] modelled a grid-based energy system

which included ammonia that used a hierarchical approach, in which the most similar input data points are itera-

tively clustered until the data is reduced in size by a pre-specified factor. Not all time steps are the same size using

this approach, so the model affords them different weights to determine the impact of a time-step on ammonia

production, and the levels in energy and mass storage equipment. Figure 3.3 shows the difference between these

two techniques. The former is simpler for both the coder and the computer to implement; the latter can capture

more dynamic variation in weather with the same number of time steps used.

A third approach in the literature simplifies the data using representative days [146]; one such technique used by

Gabrielli et al.[147] for selecting these representative days is K-means clustering, which uses a principal component

analysis to classify days into groups (clusters), and then represents each day in the group by its centroid. This

approach is complex to implement, but corresponds well to our inherent understanding of weather and energy

systems, which is often based around a ’typical’ day.

The implementation of K-means clustering is more complex than time or hierarchical aggregation. Firstly, the

clusters themselves must be selected. The number of principle components used was determined such that they

explained 99% of the variance in the dataset (this differed between sites), and the number of clusters was changed

depending on the desired degree of data simplification. Figure 3.4 shows an example of the clusters.

Secondly, the model itself needs to be updated. An additional set, of days, SD is introduced, and St is redefined

as a list of integers between 0 and 24 (i.e. the nominated hour of the day). All time dependent variables and
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Fig. 3.3 Comparison of two methods for data clustering for a single representative weather day, for solar (top), wind (middle)
and the combined output (bottom). Black, solid: raw data; Blue, dashed: data averaged across four hours (time aggregation);
Orange, dotted: closest time values iteratively aggregated until the number of data points is equal to the blue data series
(hierarchical clustering).

parameters take both the day and the hour as inputs. The selection of the date determines which cluster is being

considered, and the inputs draw data from the centroid of that cluster, rather than the data specific to that day. The

output variable values also match within clusters (if this were not enforced then the number of variables would

not be reduced); the exception is κ, the state of charge of the storage components. If these values are fixed within

clusters, there will be discontinuities between days, which is unphysical, and therefore the state of charge was

allowed to vary within clusters.

To compare the performance of these clustering approaches, we define the simplification factor (SF), which is

the ratio of the number datapoints in the raw hourly data to the number of datapoints in the clustered data; for

instance, data using a two-hourly time-step would have SF = 2, and Tw = 2 for all values of t. An 8-core desktop

computer with an i7 processor and 16 GB of RAM was used to solve the model for 701 locations in Australia

(spread in a grid pattern across the country). The process was repeated using a range of simplification factors to
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Fig. 3.4 Visual representation of K-means clustered data at one Australian location. For this location, PC1 and PC2 are most
strongly correlated to the wind profile, and PC3 is correlated to the solar profile. The centroids of each cluster are shown in
green, and data points are coloured according to the cluster to which they belong.

measure performance. The equipment CAPEX and efficiencies are the same as described for the case study on grid

connectivity in Section 3.3.

3.2.2 Clustering Results

3.2.2.1 Comparison of performance

Figure 3.5 compares the techniques at different simplification factors to results at a simplification factor of 1 (i.e.

the raw, unclustered data). Each point represents results at one location; if the points form 45◦ lines, this indicates

good agreement between the simplified model and actual results.

Time aggregation and hierarchical clustering perform well at low simplification factors. Performance starts to

degrade around a simplification factor of 12, because the diurnal variation of solar panels begins to be smoothed into

a near constant supply of electricity, which will underestimate the amount of energy storage required. As expected,

the performance of time aggregation degrades more quickly than hierarchical clustering, since the aggregation

captures less dynamic variation. In general, both techniques tend to slightly underestimate the LCOA-P; this is

because the smoothing inherent to reducing the size of the time data provides more reliable electricity and therefore

reduces the need for batteries, hydrogen storage, or back-up grid power.

The performance of K-means clustering is very poor at all simplification factors. While other techniques exist

by which representative days can be selected, it is unlikely that a different selection of centroids would radically

change the poor performance of this approach. To some extent, the poor performance is caused by the long-term

nature of ammonia plant design, and the representative day is too short a time frame over which to base plant
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Fig. 3.5 x-y plots for comparing the LCOA-P estimated from simplified approaches against the LCOA-P estimated using a
rigorous one-hour time-step. Each of the points (blue) represents a single site; the orange line is an x-y line included for
reference. Left to right shows the different methods (Left: Time aggregation; Centre: Hierarchical clustering; Right: K-means
clustering). Top to bottom shows increasing simplification factors (SFs), which are the number of data points in the original
unclustered dataset for each point in the clustered dataset (Top: SF = 4; Middle: SF = 8; Bottom: SF = 12). Greater deviation
of the blue points from the orange x-y line indicates worse performance of the clustering method.

design. For instance, as described in Section 3.1.1, plant operation may need to be different on two days with

identical weather based on the inventories of the hydrogen storage and battery, or the upcoming weather patterns.

K-means clustering using individual days does not enable that time-scale to be incorporated.

3.2.2.2 Comparison of speed

Figure 3.6 shows the relationship between the time taken for the model to converge in all of the 701 locations

considered, and both the average and maximum error observed in the results compared to the result obtained using

a one-hour time step. The speed comparison is more useful than the simple performance comparison from the

previous section, as it allows a more direct trade-off between model speed and precision.

Predictably, because of the results shown in Figure 3.5, the results for K-means clustering generate very high

errors; additionally, they also take a long time to converge. This is because (i) the principal component analysis

and clustering algorithm take a substantial amount of time, and (ii) the dimensionality of the hydrogen and battery

storage variables is not reduced by representative day clustering (since the model still needs to build a continuous

storage profile).

For the other two clustering techniques, higher simplification factors tend to result in shorter solution times and

higher errors. In all cases, the error observed using the hierarchical clustering was lower than that observed using
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Fig. 3.6 Relationship between error and solution time for the three data clustering methods. Each data point represents a
different simplification factor. The highlighted marker is the option selected as optimal for further analysis. Top: Average error
across all locations. Bottom: Maximum error across all locations; the errors from K-means clustering are too large to be visible
on this axis.

time aggregation at the same simplification factor, but the time required for convergence was greater.

At low simplification factors, the majority of time taken for the model to converge is taken by the optimisation

solver. However, as the simplification factor increases, the computational time required to simplify the data itself

begins to increase, and the time required for the optimisation solver decreases. This limits the time taken for

the model to converge to the time taken to perform the data clustering itself. Because the hierarchical clustering

approach is more computationally challenging than time aggregation, this minimum limit on convergence time is

higher; indeed, at the highest simplification used here (24), the model begins to take longer to converge than at

the next-lowest factor (12).

The best option for further analysis will deliver a fast solution with an acceptably small error. In this thesis, a

suitable point is selected for different analysis which balances the needs of accuracy and solution time. The point

selected for the following subsection on historical data analysis is highlighted on Figure 3.6; it combines acceptable

errors (∼3.5% on average, 9.5% at most) with quick solution times (∼3,500 s). Increasing the time required for
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modelling by ∼20% could have yielded more accurate results, but the improvement is not large, particularly given

the error implicit in the model due to input parameter estimation.

Note that since the case considered in the grid data section of this chapter is relatively small (only 700 locations),

no clustering was required. However, Chapters 5 and 6 discuss a granular global heat map for ammonia costs, the

production of which relied on time aggregation as discussed here.

3.2.3 Historical Data Analysis

Green ammonia plants for energy storage need to operate under different conditions over a large time period (∼30

years). Using time aggregation with a simplification factor of 8, the model was converged repeatedly using different

starting years, and considering time periods of 1, 3, 5 and 10 years.

The LCOA-P results for a single representative location are plotted in Figure 3.7. They demonstrate that as more

years of data are considered, the optimum value for the LCOA-P tends to converge around a single value; if only

one year of data is used, there is a wide spread in the LCOA-P estimates.

Fig. 3.7 Optimum LCOA-P for a location in South Australia, calculated using different years of weather data, using temporal
aggregation with a simplification factor of 6 (i.e. 6-hourly time steps). Different data series represent the different number of
years of data included in the cost estimate; variability for using only one year of data is much higher compared to using 10
years of data.

Considering all locations for the cases where only one year of data was analysed, the average range between the
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minimum and maximum LCOA-Ps estimated was 15% (substantially higher than the error introduced by clustering);

in the worst case, it was more than a third of the total ammonia cost. When a larger number of years of data are

considered, the results are much more stable over different time periods. Using ten years of input data, the average

range between the minimum and maximum cases across all locations was only 2%, and the largest error observed

was only 6% (across all sites).

If the long term average LCOA-P is taken from the cases where a single year of data is used, the cheapest location

for ammonia production is located near the Pilbara in Western Australia. However, this site only has the cheapest

production cost in ten of thirty years of individual data; in one poorly performing year, it was the 50th ranked site

of the 701 considered.

There is a weak relationship between the number of years of data used for the optimization and its outcome. In

677 of the 701 cases considered, there was a positive correlation between the number of years of data considered

and the LCOA-P; i.e. considering more years of data slightly increases the LCOA-P. Although this relationship is small

(on average, the LCOA-P estimated increases by 10 USD/t when comparing average results from ten individual years

to the results from one ten-year period), it does suggest that an engineering plant designed over a single year alone

will be underdesigned.

3.2.4 Model speed conclusions

This research has demonstrated that the length of the time step used to design an ammonia plant does not mean-

ingfully affect the outputs until those time steps exceed about 8 hours. This allows for significant acceleration of

solution times, which is an important result for ammonia plants that may be extendable to other components of the

energy system.

Alongside their utility in this thesis, the accelerated solution techniques described here could facilitate significant

further research. Two options would include (a) Monte-Carlo simulation of green ammonia plant design given the

uncertainty in equipment cost and performance, and (b) consideration of climate forecasting (which returns a

large array of possible outcomes) in future-proofing ammonia plant designs against various possible scenarios. The

inability of K-means clustering to provide sensible results in energy systems modelling over long-time scales is also

a relevant conclusion.

3.3 Case study: Grid connectivity

Until this point, the literature and this thesis have focussed on islanded production, which is to say, green ammonia

plants which are isolated from the energy systems of the countries in which they operate.

However, future applications of green hydrogen and ammonia are likely to see significant integration of pro-

duction into electricity networks [131] as ’prosumers’ (producers and consumers) of renewable electricity. In the

’prosumer’ model, green hydrogen and ammonia production can absorb excess grid capacity during periods of

curtailment that are likely in highly renewable electricity networks; conversely, during periods of low renewable
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availability (so-called "dunkelflaute"), they can modulate down production and export energy to the grid to ensure

demand can be met.

Current applications of green ammonia production may also benefit from grid connection, even in energy sys-

tems that are still reliant on fossil fuels. As the next chapter shows, the requirement to keep the ammonia plant

operating above very low rates requires energy storage equipment that increases costs by around 30-40% for plants

designed in 2022. It may be possible to reduce the size of that energy storage if a grid connection can be exploited

to supply back-up power when needed. This ’semi-islanded’ approach therefore has the capacity to reduce both

costs and operating risks posed by relying on batteries or hydrogen fuel cells for back-up supply (although the ma-

jority of power must still be sourced from on-site renewables due to the carbon intensity of the grid). By contrast,

islanded production must rely on only local resources for power supply, which may pose challenges during extended

dunkelflaute.

Several authors have considered the interaction between green ammonia and the grid. Palys and Daoutidis[82]

used an MILP model to optimise the design of energy systems in 15 US cities; however, the model was designed

to use ammonia and other technologies to supply demand for electricity grids, as opposed to understanding how

variable grid electricity prices could minimise the production costs of ammonia. Similarly, Beerbühl et al.[78] used

the electricity grid to power ammonia production, but used only grid electricity, and did not also consider the role of

on-site renewables or power storage. Pan et al.[148] also consider the use of the grid for green hydrogen production

in China; however, their model does not include wind energy, ammonia generation, variance in renewable energy

potential at different locations within the provinces they model, or an option for the plant to both buy and sell grid

electricity.

The contribution of this research is an assessment of how grid connection can directly reduce ammonia produc-

tion costs; this may prove an important stepping-stone to establishing a green energy export industry. It extends on

previous work by including consideration of (i) the capital costs of grid connection at a large number of locations in

Australia; and (ii) the variable retail price of electricity which can be used to supplement onsite power generation.

Australia is used as a case study for this section. It is well positioned to produce green ammonia: it has (i) a

reliable wind and solar resource; (ii) an abundance of available land; and (iii) is strategically located close to Japan

and Korea, who have flagged their intention to import green fuels like ammonia. The nascent Australian industry

faces competition from other global green ammonia producers such as Morocco, which may be able to produce

at a lower cost because of a superior resource[80], and lower project costs [18]. However, by global standards

Australia has a highly reliable electricity network, which may offer it a competitive advantage; it is therefore a

relevant location upon which to focus. Unless otherwise specified, all costs in this analysis are reported in USD;

where data is provided in AUD, a conversion rate of 0.7 AUD/USD is assumed, which is the approximate long-term

average value[149].
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3.3.1 Grid connection methodology

3.3.1.1 Model Updates

In order to model the connection of the grid to the electricity network, four extra variables are required. xGrid is

included as a binary variable that determines whether the grid connection should be included; the term xGridCostGrid

is added to the CAPEX Equation (3.13) (the estimation of CostGrid is discussed in Section 3.3.1.3). ηin(t) and ηout(t)

represent the amount of electricity bought and sold from the grid respectively; the product of these variables with

the electricity price at the relevant time, Y (t), are added to the OPEX estimate (Equation 3.14).

ζ (t) represents the electricity curtailed (which now must be treated as a separate variable as outlined below). To

account for this change, the power balance constraint (Equation (3.10)) is modified to be a strict equality constraint,

with ζ taking the place of the slack variable:

∑
R∈SR

(
Z(R, t)PR(R)

)
+ηin(t)−ζ (t) = ∑

C∈SC

π(C, t)+ηout(t) ∀ t ∈ St (3.15)

Two additional constraints are required to enforce sensible behaviour of the grid connection:

∑
R∈SR

Z(R, t) ·PR(R)≥ ζ (t) ∀ t ∈ St (3.16)

∑
t∈St

(
ηin(t)+ηout(t)

)
24Gdays

(
ηin(UB)+ηout(UB)

) ≤ xGrid (3.17)

Equation (3.16) requires that the maximum electricity curtailed at any given time be less than the total energy

produced from renewable electricity; without this limit, the model will import very large amounts of electricity from

the grid on the rare occasions when the cost of grid electricity is negative. While some electricity import during

this time is likely, it is non-physical to import more than the plant can consume. The model therefore needs to be

constrained so it can only curtail electricity produced onsite.

Equation 3.17 switches on the grid connection variable xGrid if any electricity is imported from or exported to

the grid; the denominator in the fraction is used to scale the total electricity import to between 0 and 1, where

ηin(UB) and ηout(UB) are the upper bounds on the values of those variables, which are common to all time steps.

Since switching xGrid on increases the plant CAPEX, the model will only switch this variable on if the benefits from

electricity purchase or sale outweigh the grid connection costs.

The model is run over a single year of operation at a time. The majority of analysis in this report uses 2019 as a

base consideration, as it represents average grid behaviour; the sensitivity analysis considers other years.
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3.3.1.2 Electricity Data

Australia has six major electricity markets. The East Coast markets - which include South Australia (SA), Victoria

(Vic), Tasmania (Tas), New South Wales (NSW) and Queensland (Qld) - are correlated by virtue of interconnec-

tors between these markets. The West Coast market - which includes only Western Australia (WA) - is entirely

independent. The Australian Energy Market Operator (AEMO) provides historical data describing the demand and

retail price of grid electricity in each of these markets on a half hourly basis[150]; these prices and demands were

averaged in order to convert the data to an hourly frequency, so that it would match the weather data.

In order to select the most suitable grid connection point, the minimum distance between a nominated location

for ammonia production and Australia’s existing transmission network was calculated. GeoPandas data listing all

major Australian electricity transmission lines was obtained from the Australian Government[151, 152]. Transmis-

sion lines that are not part of major electricity grids were excluded (e.g. microgrids which supply power to rural

mines, and the Darwin-Katherine interconnection); it was assumed they would not have the capacity to supply an

adequate amount of energy to green ammonia plants. The minimum distance between the plant and the grid is

always used in the model, even if it causes a location to connect to a grid which is in a different state; if that occurs,

the model uses the electricity price from the state in which there is a connection to the grid, rather than the state in

which the plant is located. While it is possible that the optimum price may sometimes be obtained by connecting to

a more distant electricity grid in a state with a more complementary power profile, it is expected that this will be a

very rare occurrence given the cost and inefficiencies of long-distance electricity transport. Allowing the model the

flexibility to select the optimal electricity grid would have significantly increased solving time, and thus this option

was discarded.

In addition to the retail price, electricity consumers will typically need to pay Transmission Use of System

(TUOS) and Distribution Use of System (DUOS) charges. DUOS charges are neglected in this analysis; because

the proposed designs connect directly to the transmission system they do not rely on power distribution systems.

TUOS charges are set each year by state grid operators based on the costs required to maintain the electricity grid.

Different users are charged in different ways depending on the nature of the grid connection. On an energy basis,

charges are typically in the order of 10 AUD/MWh[153–155]; however, site specific costs can be negotiated with

state grid operators. The cost allocation is driven both by average supply and peak demand. Green ammonia

plants face two advantages in negotating low TUOS costs: firstly, they will typically only draw power from the

system during periods of low demand (when it is affordable to do so), and they do not therefore contribute to peak

demand. Secondly, new green ammonia plants represent an emerging Australian industry and therefore may merit

government support. It is therefore reasonable to expect that lower TUOS prices may be negotiable. A conservative

estimate of 10 AUD/MWh is therefore used in this analysis, but sensitivity testing is performed in which it is as low

as 5 AUD/MWh. It is because of the TUOS charge that electricity bought and sold must be modelled as two separate

variables (ηin(UB) and ηout(UB)) which are constrained to be greater than 0, rather than a single variable which
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can be negative, because the costs associated with imported and exported electricity differ by the TUOS.

Electricity can be transmitted at low or high voltage (LV or HV), and as a DC or an AC current. In general, power

losses in wires are lesser for high voltages and DC currents; however, these also have increased capital costs due

to the additional transformers required. In the context of green ammonia production, there are also advantages to

DC transmission, since electrolysers use DC power. In the model, efficiency losses in the line manifest themselves

as an increase in the price of delivered electricity. That is, if the losses in transmission reduce the power to the site

by a factor of ε, then additional power needs to be purchased to make up for those losses, and the cost of power

increases by a factor of ε−1.

3.3.1.3 CAPEX estimates

For reasonable outputs, sensible and regionally specific CAPEX estimates are required as model inputs. These are

summarised in Appendix A.1. This poses a challenge, since much of the equipment included in green ammonia

plants is relatively new technology. Solar and wind costs, for instance, are falling rapidly as technologies improve

and economies of mass production develop. The exception is the HB loop and ASU, which are comparatively

well established - their cost is estimated at 7.444 million USD/installed MW, taken from Nayak-Luke and Bañares-

Alcántara [18].

A further challenge is that there are different technologies available to perform the same function: the best

example is for hydrogen electrolysis, where alkaline and PEM electrolysers are both considered good options for

systems which require flexible hydrogen generation. Because both have strengths and weaknesses, the model

developed here is ’technology neutral’ - it adopts reasonable parameter values from the literature for efficiency

and cost, but is agnostic as to the precise nature of the technology adopted. This is consistent with the cost curve

forecasting of Way et al. [2], whose research is central to the findings of later chapters.

Solar PV and Wind costs were sourced from the IRENA database[156], which takes historical data from a large

number of projects in order to form estimates. Solar costs are provided explicitly for Australia; wind costs are

provided for the region of Oceania. The sensitivity modifications applied in subsequent sections to solar are larger

than those applied to wind (±30% as opposed to ±10%), because (i) the price of solar panels is falling more rapidly

than the price of wind turbines, and (ii) the removal of the inverter from the solar plant may enable savings that

have not otherwise been considered here.

Previous techno-economic analyses of green ammonia production have used a wide range in costs of electrol-

yser modules, as described in Chapter 2. However, the majority of authors use estimates between 600 and 1,000

USD/kW of installed capacity [13]. Here, we use an estimate of 700 USD/kW [18], and a large sensitivity range

of ±30%. Similar uncertainties surround hydrogen storage and fuel cells; again, a large sensitivity range is used

to understand the impact of these parameters, whose average costs are set at 500 USD/t and 960 USD/kW respec-

tively[18].

Cost estimation for batteries is complicated by the need to estimate both the costs of energy storage in MWh
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and power output in MW. Most authors specify costs independently for both equipment types [80, 157]. In some

applications, the power to energy ratio may constrain design (since very fast discharge is not possible); however,

because this model is on an hourly time scale, the maximum value of the power-energy ratio allowable in the model

is 1 W/Wh (i.e. the fastest a battery can discharge completely is one hour). Smaller power-to-energy ratios tend

to be easier to achieve in battery design (generally < 4W/Wh is considered achievable), so it is not expected that

the batteries in this design will be constrained by their power-to-energy ratio[158], and it is therefore reasonable

to size the power and energy components separately. The cost of the power component (here referred to as the

interface) is estimated from Cesaro et al[27].

The cost of the energy storage component was then back-estimated from the actual cost of a recent very large

battery installation in South Australia [159]. The two phases of this South Australian battery project had very

different costs; the first phase cost only 300 USD/kWh, whereas the second required 700 USD/kWh (at the same

power-to-energy ratio). The first phase was the subject of significant media attention - at the time it was the largest

battery ever built - which may explain its unusually low price. For this model, a cost of 500 USD/kWh is used as the

base cost, but the range observed by the actual installed battery (i.e. 300-700 USD/kWh) is used for sensitivities.

The costs of transformers and wires were provided by CSIRO [160], and their efficiency of transmission is

estimated from EU[161] and IEA[162] resources. In general, the CSIRO estimates that LV AC is the cheapest

form of transmission for short distances, HV AC is cheapest for medium distances, and HV DC is best over longer

ranges. The disadvantage of HV DC is that rectification and inversion are required at the supply and demand sites

respectively, in order to take AC power from the grid and return AC power to users. However, since the demand

site uses mainly DC power, this disadvantage is comparatively small, as inversion is not required at the terminus

of the transmission line, and a rectifier is required at some point in the electricity transmission, regardless of the

technology used (note that, particularly if the plant makes dominant use of solar, a small inverter may be required

to supply AC power to the Haber-Bosch synthesis loop and ASU, regardless of whether the grid connection is used;

however, since these represent around 3% of installed plant power capacity, the associated costs are likely to be

negligible). When the costs of inversion are excluded, there is very little difference in the costs of HV DC compared

to HV AC in the medium distance, as shown in Figure 3.8, which assumes that 7.5% of power used to produce

ammonia comes from the grid at an average price of 50 USD/MWh (this usage and price are averages from the

base case). For that reason, the model will use a LV AC connection for distances of 30 km or less, and a HV DC

connection at long ranges; HV AC lines are not used.

One possible benefit of HV DC which is not utilised in this model is that HV DC lines tend to have higher

capacities than LV AC. The LV AC lines considered here have a maximum capacity of 175 MW, which is fairly small

compared to most HV DC lines [160]. Larger capacities can also be used for LV AC lines, but at increased cost. In

this model, imported power is capped at 175 MW, which could theoretically supply around 12% of a plant’s power if

utilised at all times. Higher capacities are not allowed for two reasons. Firstly, supplying more than 12% of a plant’s
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Fig. 3.8 Schematic showing the increase to the LCOA-P as a function of the electricity transmission distance in high voltage
alternating current (HVAC), high voltage direct current (HVDC) and low voltage alternating current (LVAC) wires, for an electricity
price of 50 USD/MWh. Although LVAC is cheaper over short distances, HVDC is preferable above ∼40 km. HVAC is not
competitive in this context because rectification is always required.

power from the electricity grid, which is not entirely decarbonised, may increase the emissions associated during

production beyond the minimum threshold at which ammonia can be considered green. Secondly, at demands

greater than 175 MW, ammonia plants would begin to become very significant consumers of grid electricity. In

Tasmania, the smallest electricity grid, average demand on the entire grid is only around 1125 MW (this does not

include electricity exported to Victoria). This 175 MW limit on the grid is discussed further in Section 3.3.2.3.

3.3.2 Grid connection results

The model was run in three regimes: without any grid connection (i.e. where ηin = ηout = 0 for all times); with

a grid connection that could only draw from the grid (the consumer-only case, where ηout = 0 for all times); and

with a grid connection that could both buy and sell electricity from the grid (the consumer-supplier case, where the

maximum constraint on ηin and ηout is dictated by constraints on the transmission lines).

3.3.2.1 Consumer-only case

A heat map showing the LCOA-P at each location, as well as the fractions of grid electricity and wind electricity

used in each location, is shown in Figure 3.9. The results are shown for the base case year, which is 2019.

An electricity grid connection is included in slightly more than 40% of cases. Whether a site includes a grid

connection is a strong function of its distance from a major transmission line. At distances less than 150 km, all

sites included a grid connection, while above 400 km, no sites included a grid connection; between 150 and 400

km is a transition region. Compared to the average site, grid-connected locations use more solar PV, because the

majority of Australia’s electricity grid is concentrated on the east coast, which has a solar-dominated renewable

energy profile. However, a considerable number of sites with wind-dominated profiles (in Western Australia, South
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Fig. 3.9 Heatmaps showing LCOA-P at all locations within Australia. Transmission lines are shown in green. (a) - Top left:
LCOA-P in USD/t; although the centre of the country - which largely does not connect to the grid - produces cheap ammonia,
there are also sites near the grid in South Australia, the southern island of Tasmania, and in Western Australia which connect
to the grid and have a favourable renewable profile. (b) - Top right: Fraction of renewable energy provided by wind as a
percentage; the majority of sites rely more on wind than on solar. (c) - Bottom left: Reduction in LCOA-P compared to a
no-grid case. (d) - Bottom right: Fraction of total power provided to the ammonia plant from grid. Note for (c) and (d), sites
shown in grey do not benefit from connecting to the grid, and that only sites close to the grid make a connection.

Australia and Tasmania) also connect to the grid.

The main role of the grid in the ammonia plant is energy supply when not enough wind and solar power are

available. Because of the maximum capacity constraint on the imported electricity discussed in Section 3.3.1.3, the

grid cannot be the main supplier of electricity to the plant. Therefore, the grid predominantly causes a reduction

in the size of energy storage equipment. Figure 3.10 demonstrates this point - comparing the cases with no grid

to the cases with a grid connection, the majority of the equipment in the plant is unchanged, or changes only by a

small proportion; however, the cases with a grid connection eliminate batteries entirely, and require about 25% less

hydrogen storage.

The best site in Australia for ammonia production (both with and without a grid connection) is in Tasmania -

the grid connection enables a 3.3% reduction in its LCOA-P. On average, the sites which included a grid connection

in the consumer-only mode reduced their LCOA-P by 4.7%. There is an inverse relationship between the distance
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Fig. 3.10 Comparison of equipment size in grid and non-grid cases, for a model in which electricity is only consumed by the
ammonia plant and not sold back to the grid. The change in size of the power generation and electrolyser is proportionally
small; however, the proportional change in size of the storage equipment - in particular batteries - is substantial.

of the site from the grid and the size of the cost reduction - for sites which are less than 50 km from the grid, the

cost reduction jumps to more than 8%. A summary of the results by state is included in Table 3.2.

Table 3.2 Summary of results by state for 2019.
* All data is grouped according to the state in which the grid connection is made (or would be made, if the site does not have a
connection), not the state in which the site is actually located.

State

Average
LCOA-P
without

grid
(USD/t)

Average
LCOA-P

with grid
(USD/t)

Average
absolute

reduction in
LCOA-P
(USD/t)i

Average
relative

reduction in
LCOA-P (%)i

Average
grid power

price
(AUD/MWh)

Number of
hours

Y (t)< 40
AUD/MWh

Average
distance to
transmis-
sion line

(km)i

NSW 921 880 50 4.9 85 378 61
QLD 864 845 46 4.6 72 828 97
SA 726 718 27 3.4 99 1098 78
TAS 801 750 51 6.0 94 1047 37
VIC 913 860 53 5.6 109 680 24
WA 712 701 40 5.3 46 3638 98

i Only grid connected sites included.

Somewhat counter-intuitively, the impact of the grid in Western Australia is the second smallest, even though

the power price in Western Australia is around half that of other states. By contrast, Victoria, which has the highest

power price, sees the largest fall in its absolute LCOA-P from connecting to the grid. There are two reasons for

this behaviour. Firstly, Victoria’s electricity grid is much denser than Western Australia’s; while locations in Western

Australia reach around 100 km to connect to the grid, the average distance required by a site in Victoria is around
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one quarter that distance. As per Figure 3.8, increasing the transmission distance from 24 km to 98 km increases

the LCOA-P by around 10 USD/t. Secondly, Victoria is one of the worst performing states without the grid, meaning

that even its comparatively expensive grid may be better than its wind and solar electricity.

This unexpected impact of the grid may also be caused by the relationship between periods of good renewable

energy generation and low grid demand. In general, a grid connection will be more profitable if these two param-

eters are anti-correlated, because the ammonia plant can use the grid cheaply when its on-site production is low.

On the flipside, it does not need to pay for expensive electricity when the grid is congested, as on-site production is

good at those times. Evidence of this behaviour is seen in the difference between Tasmania and South Australia’s

grid connections. Although (i) the ammonia plants in both states are wind-dominated, (ii) they have similar aver-

age electricity prices, and (iii) they have a similar number of hours per year in which the electricity is cheap (see

Table 3.2), the price reduction achievable with the grid in South Australia is much less than that achievable in

Tasmania. Even if only sites within 50 km of the grid are considered (in order to prevent sites far from the grid in

South Australia affecting the result), the cost reduction in Tasmania is about 40% more than the reduction in South

Australia. This indicates that the synergies between the Tasmanian grid and its local renewable energy profile are

better than those in South Australia.

To some extent, those synergies depend on the demand electricity profile, but they also depend on the supply

mix in the electricity grid. Tasmania’s electricity network is predominantly (>80%) supplied by hydropower, which

is dispatchable as required. In contrast, South Australia’s network is transitioning towards a wind-battery mix,

with some solar plants. All coal plants in that state have been retired, and gas is used for dispatchable power

to meet demand[163]. This suggests that (i) as decarbonisation continues, and grids themselves become more

renewable, the benefits of ammonia plants connecting to the grid may reduce, and (ii) the largest benefit from grid

connection will come from sites whose renewable profile is distinct from that which dictates the local electricity

grid. However, if significant grid energy storage is available, and the cost of grid electricity is dictated by demand,

rather than supply, the grid connection may continue to be useful even if the renewable profile onsite is similar to

the renewable profile which drives the local grid.

Figure 3.11 provides a more detailed picture of the relationship between the grid and the ammonia plant. Panel

(b) shows that the role of the grid is different in different states based on their local energy profiles. However,

in general, for each state, higher grid consumption means higher electricity costs, and hence higher LCOA-Ps,

because the marginal costs of operation mean it should be used as little as possible. In Western Australia, if a

grid connection is made, relatively large amounts of grid electricity (10-12%) can be used without significantly

increasing the LCOA-P, because the local electricity cost is so low. Therefore, if a site makes the expensive decision

to construct a transmission line in that large state, it will have high utilisation. Queensland and NSW also have

high grid electricity consumption at their sites; because these states are solar dominated as per Figure 3.11 (a),

they require more back-up power than the wind-dominated states. In Tasmania, even though the grid meaningfully
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reduces the LCOA-P, the fraction of electricity used from the grid is comparatively small. For the sites in those states,

the wind energy is reliable, meaning the utilisation of installed back-up power will be low. Given those conditions,

it is better to use a low-CAPEX, high-OPEX grid solution than a high-CAPEX, low-OPEX battery that will have a low

load factor.

However, even though more grid electricity use tends to indicate that the LCOA-P will be higher, once a connec-

tion has been made, there is almost no relationship between how much grid electricity is used and how much the

LCOA-P falls compared to a non-grid case, as shown by Figure 3.11 (c). If anything, higher grid use correlates to

a bigger reduction in the ammonia cost (this is most obvious in the data for QLD and NSW), most likely because

those sites would otherwise have required very large amounts of energy storage. Panel (d) of that Figure indicates

the relationship depends much more strongly on distance between a site and the grid.

In general, wind-dominated sites have lower LCOA-Ps than solar-dominated sites, which is observable for both

sites which are grid-connected and sites which are not grid connected. Consequently, the majority of locations use

mostly wind turbines rather than solar PV for power generation. This is contrary to the forecast of Fasihi et al. [80],

whose estimation using 2020 data predicted that Australia’s optimal ammonia production sites would be dominated

by solar PV, not wind. There are several points of difference between the analyses. Firstly, that work considered

a global analysis, and did not differentiate costs of equipment in different countries. Their CAPEX/kW for wind

was almost double that used for solar. In contrast, the costs used in this analysis are specific to Australia, based off

information in the IRENA database; they forecast a comparatively small difference per kW in the installed price of

those two technologies. Secondly, that work used a very low price for battery storage - around 280 USD/kWh; as

discussed in Section 3.3.1.3, this is significantly cheaper than has been observed in Australia. Cheap batteries are

an enabler of solar PV dominated ammonia production, since they enable continued operation through the night.

Thirdly, that work used weather data from NASA; it may make different predictions to the ERA5 data considered

in this analysis. Comparison between the results from these data sources would be a useful area of further work.

The significant use of wind in this analysis is not unexpected, for two reasons: not only does wind electricity based

on this input data have a lower LCOE (levelised cost of electricity) in most locations compared to solar, but it

tends to be more evenly distributed (i.e. it is available during the day and night), meaning higher utilisation of the

electrolyser is possible.

3.3.2.2 Consumer-supplier case

Allowing the model to sell electricity back to the grid, as well as importing electricity, enables further cost reduc-

tions since electricity which might otherwise have been curtailed can instead be sold. In general, this makes grid

connection more favourable: an extra 42 sites achieve their minimum LCOA-P by connecting to the grid compared

to a case in which electricity can only be purchased from the grid. At the best site for ammonia production, the

cost of production fell by 11% compared to a no-grid case, or 8% compared to a consumer-only model. In total

this reduces the LCOA-P from around 520 USD/t to 460 USD/t, at which value the ammonia would have been
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Fig. 3.11 Relationship between energy source and LCOA-P for different states in 2019, for sites which choose to connect to
the electricity grid. Top panels show the direct impact on LCOA-P in USD/t; bottom panels show how much the LCOA-P falls
because of connection to the grid (as a percentage). (a) - Top left: LCOA-P against fraction of wind energy installed, by state;
in general, wind-dominated sites outperform solar sites. (b) - Top right: LCOA-P against fraction of grid electricity used, by
state; in general, sites which need to buy less energy from the grid are cheaper. (c) - Bottom left: LCOA-P reduction compared
to a non-grid connection case, as a fraction of grid demand. Perhaps counter-intuitively, there is no visible relationship between
what fraction of electricity is sourced from the grid and how much the LCOA-P improves. (d) - Bottom right: LCOA-P reduction
as a function of distance from the grid; closer sites benefit much more from the grid connection.

competitive on a global spot market for about 3 years in the decade from 2010 to 2020, compared to for about 1

year at the LCOA-P achievable without the grid [80].

This mode of operation changes the sites which are best for ammonia production. 15 of the best 20 sites for

ammonia production use a grid connection; only 6 of these sites are in the top 20 if they do not use a grid connection

at all. The site in northern Tasmania which sees the largest reduction in its LCOA-P becomes the sixth best site in

the country when it can sell electricity; it is 104th with no grid connection. A number of the new best sites are

better suited for ammonia export than their competitors, because their location is close to the coast (where the grid

is concentrated), meaning costs for ammonia pipelines and desalinated water will not accrue. Of the top 20 sites, 8
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are coastal without a grid connection, and 12 are coastal with a grid connection. The average distance to the coast

for sites in the top 20 drops from 300 km to around 150 km.

There are two changes to plant operation and design in the consumer-supplier mode: curtailment reduction and

renewable capacity increase.

Firstly, the curtailment of renewable plants falls by 40%, from an average of 5% (of the total energy produced by

the plant) to an average of 3% at the sites which have a grid connection. Even though the plant can sell electricity

to the grid, there are several occasions on which it may still need to curtail: (i) if the total energy produced from

the renewables exceeds the total capacity of the plant plus the capacity of the electricity wires, which is set here to

175 MW - this is particularly common in hybrid plants with both wind and solar installations; (ii) if the total energy

produced from the renewables exceeds the total capacity of the plant, and the electricity price is negative; or (iii)

if the renewables are exporting to the grid at capacity, but the hydrogen storage is full, and the ammonia plant is

below its operating limit (because of its slow ramp-up rate), meaning limited power can be redirected to the plant.

Secondly, the size of the renewable equipment tends to increase slightly for grid connected sites compared to

the consumer-only model, as shown in Figure 3.12; there is an increase of 23 MW on average for solar, and 68 MW

on average for wind. Noting that the maximum rate at which electricity can be exported is 175 MW, this represents

slightly over 50% of the plant’s total capacity to export.

Fig. 3.12 Comparison of equipment capacities for no grid, consumer-only, and consumer-supplier cases. In the consumer
supplier case, relative to the consumer only case, there is still a much lower storage requirement compared to the no-grid case.
However, renewable energy generating capacity - that is, installed solar and wind - increases in consumer-supplier compared
to consumer-only. Note that consumer-only and consumer-supplier data are provided for the sites at which there is a grid
connection in the consumer-only case - i.e. sites which only connect to the grid in the consumer-supplier case are excluded
from the averaging to avoid skewing the data.

60 |1–188



Chapter 3. Plant design

There is a relationship between how a plant produces the electricity which it sells and the size of the reduction in

the LCOA-P, which is shown in Figure 3.13. In general, sites which install more wind capacity see a larger reduction

in their LCOA-P than sites which simply curtail less electricity (see panels (a) and (c)). This trend is particularly

observable in Tasmania and Victoria, where some sites install significantly more wind in the consumer-supplier case

compared to the consumer-only case - in two cases, more than 200 MW of additional capacity is installed, even

though only 175 MW can be sold along the transmission wires (although wind turbines rarely produce at their

maximum capacity). In those sites, sale of green electricity is a profitable venture, independent of the presence of

an ammonia plant; they could be considered to be two separate sites where the sale of wind electricity subsidises the

green ammonia (although there are still some synergies - the consumer-supplier model allows a smaller electrolyser

that operates with a higher load factor).

At other sites in Tasmania and Victoria, and in other states like Western Australia, the potential for profit from a

wind farm is smaller (either because the times at which the wind farm generates power at those sites do not correlate

with high grid prices, or because the grid is generally low cost). In those cases, there is little benefit to increasing

the size of a wind farm - instead the electricity which is sold is simply electricity which would otherwise have

been curtailed in a consumer-only design. This approach still reduces the LCOA-P compared to the consumer-only

case, but the benefits realised are comparatively small. Most sites will therefore adopt a balance of the curtailment

reduction approach and the increased wind capacity approach, with every site increasing its total capacity to some

extent (as per panel (d) of Figure 3.13).

The relationship between increasing the capacity of a solar farm and the LCOA-P reduction is not clear (see

panel (b) of Figure 3.13). In some sites in Queensland and New South Wales, solar capacity is removed and

replaced by wind power; in others, additional solar capacity is profitable. South Australia’s behaviour is unique -

the consumer-supplier case almost always installs additional solar capacity, which in some locations even replaces

wind. This behaviour is related to the nature of the South Australian grid - as discussed in Section 3.3.2.1, that grid

relies heavily on wind power and has comparatively little solar electricity, causing high daytime prices which can be

exploited by a solar farm.

3.3.2.3 Grid power constraints

The model in this report is strongly constrained by the limit applied to power imported from the grid, which is 175

MW. As described in Section 3.3.2.1, this constraint forces the grid to adopt the role of energy storage, replacing

the battery. However, based on the trend in Figure 3.11 (b), an increasing fraction of grid electricity consumption

will tend to drive up costs, suggesting that few sites in the consumer-only model would change their behaviour if

more electricity import from the grid were available.

For the consumer-supplier model, the impact of this constraint depends on the site. For sites which tend to

reduce curtailment (rather than building extra equipment), the constraint on power export is not as significant,

as these sites are less likely to hit this limit (since they are constrained by the power available at a given time).

1–188 | 61



Chapter 3. Plant design

Fig. 3.13 Relationship between the change in plant design and LCOA-P reduction when the model changes from consumer-
only to consumer-supplier mode. The change from consumer-only to consumer-supplier is always a reduction. (a) - Top left:
Change in wind capacity (only for sites with wind installed in the consumer-only case). In general, there is an increase in the
amount of wind installed, whose size is between 0 and the maximum capacity of the grid export (175 MW). (b) - Top right:
Change in solar capacity (only for sites with solar installed in the consumer-only case). With the exception of South Australia,
there is not significant installation of additional solar; in South Australia, the grid is mostly powered by wind and natural gas, so
additional solar may be able to sell into the grid at a higher price. (c) - Bottom left: Change in curtailment (absolute difference
between the amount of electricity curtailed at all grid-connected sites). In general, curtailment tends to be lower when more
electricity is sold into the grid. (d) - Bottom right: Change in total installed renewable capacity at all grid-connected sites. All
sites install some additional renewable capacity.

On the other hand, for sites which install additional renewable capacity, the constraint on power export is very

limiting; at those sites, the construction of wind and solar farms is independently profitable, and if grid export is

unconstrained then the model will construct very large renewable energy facilities which mostly sell electricity to

the grid (effectively creating a second business which subsidises the green ammonia plant). In practice, there are

many limitations which would prohibit such operation: land may not be available in very large quantities; very
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large upfront capital expenditures would be required; and there are market risks associated with being a very large

contributor to Australia’s electricity grid, which is finite in size.

In general, the ammonia plant in consumer-supplier mode will stabilise the operation of the national grid, by

buying electricity when the price is low, and selling it while the price is high. In 90% of cases, the cost of electricity

sold to the grid is greater than the cost purchased on a per MWh basis; assuming that the price is reflective of the

grid demand, this will have a stabilising effect. Most of the remaining 10% of cases were in Western Australia, whose

grid is already far more stable than the other states. Even in those locations, if the TUOS costs and efficiency losses

are factored in, the levelised cost of electricity sold exceeds the levelised cost of electricity purchased. However,

the ammonia plants do represent a large additional load on electricity grids; only in about 5% of locations did the

system sell more electricity back to the grid than in purchased, meaning the remaining cases represent new loads.

3.3.2.4 Emissions constraints

The suitability of using the grid as a back-up power supply is limited by the Scope 2 emissions associated with the

consumption of grid electricity[164], which may impact the accreditation of ammonia as ’green’. In the very short

term, some consumers may be willing to accept ammonia with a moderate carbon intensity in order to establish

supply chains; however, the demand for green ammonia will soon require low or zero carbon emissions intensity. As

described in Chapter 2, there are few agreed-upon standards for what constitutes ’low-carbon’ ammonia; the best

which is available comes from CertifHy [45], who require that the emissions associated with green hydrogen be less

than 36 g of CO2-eq per MJ of fuel (which is equivalent to approximately one third of the emissions associated with

conventional hydrogen production). The same limit is applied here to ammonia.

Figure 3.14 shows the LCOA-P as a function of the carbon intensity at each site with a grid connection, calculated

for the consumer-supplier case. The carbon intensity calculation neglects emissions associated with plant construc-

tion, and considers solar and wind electricity to be entirely carbon neutral. The carbon intensity from the grid on a

given day is obtained from AEMO [150]; daily data is not available for Western Australia, so an average annual rate

is used instead, although that state is almost entirely reliant on natural gas for electricity, so emissions factors will

not change much during the year. In fact, the only state in which the emissions factor changes significantly during

the year is Tasmania, which relies mostly on hydro power, but which turns to dispatchable hydrocarbons during dry

seasons.

There are clear differences between different states evident in Figure 3.14 (a). Tasmania, South Australia, and,

to a lesser extent, Western Australia, have relatively low grid carbon intensities, meaning the vast majority of sites

in those states fall below the CertifHy limit, independent of grid energy consumption. On the other hand, nearly

every site in Queensland and New South Wales will produce ammonia with a carbon intensity which cannot be

considered green; those sites also tend to be significantly more expensive because of their substantial reliance on

the grid, and were therefore poor candidates for ammonia sites regardless of their emissions.

Panel (b) of Figure 3.14 assumes that sites are able to claim a carbon credit for the green electricity which
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they export to the grid. This carbon accounting may be considered acceptable by potential consumers, particularly

if it can be shown that the green input to the grid has displaced a fossil-fuel electricity producer. In that mode,

75% of sites produce ammonia with an acceptable carbon intensity; in some cases, the avoided emissions may

even exceed the emissions associated with consuming grid electricity. In two sites, the avoided emissions are much

larger than the emissions from the grid; both sell into the Victorian electricity grid, which is carbon intensive, and

anti-correlated in price with the wind resources used at those two sites.

Fig. 3.14 LCOA-P at consumer-supplier sites as a function of fuel carbon intensity. (a) - Top: Carbon intensity considering
only electricity imported. Whether ammonia produced with a grid connection is sufficiently low carbon to be considered ’green’
is determined almost entirely based on state. In general, cheaper sites are less likely to have high carbon emissions. (b) -
Bottom: Carbon intensity assuming carbon credits are available for electricity sold. This reduces emissions intensity at most
sites; some sites could be considered to have strongly negative emissions.

3.3.3 Sensitivities

3.3.3.1 Annual sensitivities

The analysis so far has focussed on data from 2019. In different years, both the renewable power available and

the cost of grid electricity fluctuates significantly. The difference caused by annual variation in electricity market

behaviour is much more substantial than the difference caused by annual variation in renewable power; using
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nationwide average costs for electricity, the difference between the cheapest and most expensive year is around

75% of the median price between 2013 and 2020; even larger fluctuations are observable in individual states.

Because of this significant cost variation, it is important that ammonia plants which are designed to rely on semi-

islanded operation are robust to different grid behaviour. For that reason, a sensitivity analysis was performed by

re-solving the model using data from both 2016 and 2017 to understand the impact of this variation. In general, the

electricity price in 2016 was cheap (averaging 67 AUD/MWh), and 2017 was expensive (averaging 92 AUD/MWh),

compared to 2019 (averaging 84 AUD/MWh); however, because each state has a slightly different trajectory in grid

electricity costs over time, results are reported on the basis of the local average electricity price, rather than the

year for which the analysis was performed.

In order to minimise the impact of interannual variation of in-situ renewable electricity production from this

analysis of the electricity grid’s impact on green ammonia costs, the basis for the reported results is the improvement

enabled by the grid. That is, grid performance is measured by taking the difference at each site between the LCOA-P

with the grid and without the grid, rather than the absolute value of the LCOA-P (assuming that in-situ variation

in renewable production impacts both grid and non-grid cases equally, and therefore cancels out). Results are

displayed in Figure 3.15.

In panel (a), which shows results for the consumer-only case, there is a consistent and unsurprising trend

observable in all states: as the electricity price becomes cheaper, connecting to the grid becomes a better proposition.

However, in panel (b), which shows the consumer-supplier case, this trend is not observable. Instead, in the three

largest states (NSW, QLD and Victoria), as well as in the national average, there is a local minima in the data:

although very cheap electricity is still preferable, ammonia producers which sell electricity back to the grid can

exploit high prices, which in some cases will offset the increased costs of drawing electricity from a more expensive

grid. Although this is not observable in the three smaller states, the trend in WA is much flatter for the consumer-

supplier case than the consumer-only case, and Tasmania and South Australia are decarbonising relatively quickly

compared to the rest of the country, so there may be other factors at play in those states, as their grids change over

time.

While this analysis would be improved by being run over more years of data, there is evidence that across

multiple states, adopting a consumer-supplier model will make green ammonia production more robust to variable

grid behaviour.

3.3.3.2 Parameter sensitivities

A number of additional sensitivities were also considered in order to understand the impact of a number of key

parameters on the conclusions drawn in this analysis: project finance, electricity cost, electrolyser cost, grid con-

nection cost, and the cost of storage. Appendix A.1 summarises which parameters are modified, and the size of the

modification, in each case. Results are summarised in Table 3.3.

Reducing the cost of finance can have a substantial impact on the LCOA-P, because such a significant portion of
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Fig. 3.15 Improvement in LCOA-P as a function of average levelised cost of electricity for each state in that year. Averages
are taken only over sites that connected to the grid in the consumer-only case for 2019. (a) - Left: Consumer-Only results; (b)
- Right: Consumer-Supplier results. Where there is always a negative correlation between power costs and the improvement
in the LCOA-P associated with increasing power prices in the consumer only case, operating in consumer-supplier mode can
improve performance even when costs on the grid are high.

the project costs are CAPEX. However, cheaper project finance will typically make a grid connection less desirable,

because the grid connection is a comparatively low CAPEX, high OPEX investment. This effect is only significant

in the consumer-only mode; in the consumer-supplier mode, since the grid connection often pays for itself through

additional sales, the impact of finance on the number of sites which connect to the grid is relatively small.

Unsurprisingly, cheaper electrical equipment can also have a meaningful impact on the LCOA-P. Like cheap

finance, cheap equipment also makes a grid connection less favourable, as onsite electricity can be generated more

cheaply compared to grid electricity. However, it should be noted that a significant drop in the price of solar or

wind is likely to correlate with a drop in the price of grid electricity which may be powered by those renewables,

meaning the grid may still be competitive as prices fall. Even in the cheap electricity scenario, a substantial number

(>40%) of sites still use a grid connection in the consumer-supplier mode.

Electrolyser and grid sensitivities were included because of the uncertainties associated with those parameters.

Although the electrolyser case had a moderate impact on the LCOA-P, neither case caused a substantial variation
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Table 3.3 Sensitivity results for grid connectivity

Consumer Only Consumer-Supplier
Cheap Expensive Cheap Expensive

LCOA-P
(USD/t)

(Base = 775) (Base = 769)

Finance 634 928 627 922
Electricity 692 846 683 835

Electrolyser 733 822 723 815
Grid 773 780 767 774

Storage 769 781 763 774
Average fraction of

renewable electricity
from wind (%)

(Base = 77) (Base = 77)

Finance 77 77 77 77
Electricity 54 87 56 87

Electrolyser 78 74 80 74
Grid 77 76 77 76

Storage 78 76 78 76
Fraction of sites with grid

connection (%)
(Base = 42) (Base = 48)

Finance 38 45 48 49
Electricity 37 46 44 50

Electrolyser 42 44 46 49
Grid 43 41 49 47

Storage 39 44 45 50

in the fraction of wind used (which is indicative of the optimum plant design), or in the number of sites which

connected to the grid; this suggests that the results of this analysis are robust to the uncertainties in those param-

eters. The impact of energy storage costs on both the LCOA-P and the fraction of wind energy used is fairly small.

However, there remains a moderate impact on the number of sites which connect to the grid (comparable in size to

the impact from cheaper project finance). This is further evidence for the behaviour described in Section 3.3.2.1,

which indicated that the role of the grid is to substitute energy storage equipment; if there is a significant fall in the

price of that energy storage equipment, then the substitution no longer occurs.

3.3.4 Impact of Scale

Without grid connection, the production LCOA-P at industrial scale has limited dependence on production rate;

while downstream infrastructure may benefit from economies of scale, most equipment required for ammonia

production is modular. However, including a grid connection introduces scale dependency. At small scales (<0.1

MMTPA), the fixed cost of grid connection is not worthwhile; at large scales (i.e. 10 MMTPA), a grid connection

will not be sufficient to supply a meaningful amount of electricity to the ammonia plant without impacting the

local network (meaning the grid connection is small relative to overall plant size). Between these extremes lies a

minimum production cost, at which the plant makes maximum use of its investment in the electricity grid.

The precise value of this minimum production cost depends on the distance of the plant from the electricity grid,
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the extent to which the plant makes use of the grid connection, and the size of grid connection available (fixed here

at 175 MW, as discussed in Section 3.3.1.2). To factor this effect into the analysis, the ammonia plant was sized

at increasingly small scales while keeping the grid connection size constant. The per MW cost of the Haber-Bosch

plant was selected by pre-estimating the total cost using a load factor of 80% and a scale factor of 0.7 compared to

the base case 1 MMTPA (for sizes less than the base case only).

Figure 3.16 shows the impact of scale on production in two locations. At the first location (in WA), which uses

more grid electricity than it exports, the minimum production cost corresponds to a high carbon intensity; to reduce

these emissions, a larger plant scale is required at which the grid provides less of the power, slightly increasing costs.

On the other hand, at the second location in Tasmania (the cheapest identified for 2019 data), which sells more

electricity than it purchases, the ammonia is carbon negative at all scales. At this location, it is profitable to sell

electricity from the renewable energy production; that sale effectively subsidises the cost of green ammonia, and

therefore benefits from very small scales – the larger the production rate, the smaller the subsidy from electricity

export per ton.

The different behaviour at the two locations is caused both by different weather patterns, and different electricity

grids. Western Australia has a stable, carbon intensive grid powered dominantly by gas; Tasmania’s grid uses mostly

hydropower and wind, enabling more opportunity for cost arbitrage and low-carbon grid connection.

3.3.5 Operating Considerations

Because the plant is optimised to minimise the LCOA-P, the plant (grid-connected or not) may not operate as effi-

ciently in different weather conditions than in those under which it was designed. To some extent, grid-connected

sites can use back-up power to maintain stable operation, but doing so increases costs, so electricity inputs should

be minimised. Islanded (non-grid connected) sites rely on energy and hydrogen storage when they cannot generate

power; if storage is too small, there is a risk of system failure (shutdown).

The main operating challenge is the requirement of the HB plant to maintain continuous operation. The key

parameter is the minimum operating rate (MOR). If the designed plant cannot maintain its minimum rate for a

given weather profile, regardless of how it is operated, the operating model will fail to converge, which occurs for

many grid-connected and islanded cases.

In order to examine this challenge, the model was solved in "operating mode", in which the time-independent

variables were fixed (i.e. the plant design). The model then takes as inputs a different year of weather data (and

associated grid electricity costs), and selects only the values of the time-dependent variables (i.e. the operating

conditions) which maximise the cash flow. For simplicity, the costs of water and O&M are neglected, and the cash

flow is calculated simply as the ammonia sales minus the net electricity cost. The model is run using data from

2008 to 2018. The sale price of ammonia for estimating the cash flow is estimated as 500 USD/t, which is at the

higher end of spot prices from the last decade.
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Fig. 3.16 Impact of scale on LCOA-P and carbon intensity at two low-cost sites, one in Western Australia (top), and the other
in Tasmania (bottom).

Two sets of islanded sites are compared to grid-connected sites: The Islanded (I) set refers to sites in the same

location as grid-connected sites at which the model was re-run without the grid; the Islanded (II) set refers to

different sites where grid connection is not optimal, whether or not it is allowed. At all islanded sites, costs are

mostly capitalised; at grid-connected sites, electricity costs are operational, and therefore impact cash flow. For fair

comparison between sets, we report the “Cash flow delta”, which is given by the cash flow in the operating year

minus the cash flow that was anticipated in the design year (assuming ammonia is sold at the LCOA-P).

3.3.5.1 Overdesign Approach

Because the MILP design approach minimises the size of the plant, the result is effectively as ’lean’ as possible. Since

the operating approach does not have total foresight, it will not be able to replicate the perfectly lean behaviour of

the optimal design, and therefore will either (i) fail to produce the same amount of ammonia, or (ii) occasionally

be unable to sustain operation of the ammonia plant at or above the target rate. Therefore, we also include

consideration of overdesigned plants, which will have higher upfront costs, but are less likely to fail.
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Conventionally, ’overdesign’ of a plant would involve applying some fixed factor to each piece of equipment,

with larger factors applied to some, potentially less reliable, units. In this context, oversizing all equipment by

the same amount would not improve reliability, since, although power generation grows, so too will the HB plant,

necessitating a higher baseline power. Even scaling up all equipment except the HB plant is not sensible, as some

equipment is not useful for supporting the plant during periods of low production (solar PV, for instance, should

not be scaled up to correct an imbalance that occurs at nighttime or in winter). Instead, the plant is designed using

increasingly tight limitations on HB MOR but is then operated using more a relaxed value for that parameter. This

enables the oversizing to be concentrated on the equipment that enables flexible operation.

3.3.5.2 Operating Mode results

Both grid-connected and islanded sites require overdesign to reduce the plant failure risk, but grid-connected sites

still outperform islanded sites on two fronts. Firstly, the cost to overdesign is higher at both sets of islanded sites than

at grid-connected sites – see Figure 3.17 (a). Secondly, while imposing stricter overdesign requirements reduces

the failure rate at all sites, there are fewer failures at grid connected sites than at either set of islanded sites – see

Figure 3.17 (b). Figure 3.17 (c) also indicates that sites are more likely to connect to the grid during the design

process if the constraints imposed on the HB plant are tighter.

With no overdesign, the average cash flow delta overall is below 0, which indicates that performance is generally

worse during operation than was anticipated during system design, because the plant is not optimised for the new

weather or grid electricity profile. However, grid-connected sites on average had a cash flow delta slightly greater

than 0, even though the operating timeframe included both years in which the grid was cheaper and years in which

it was more expensive than the design year. The operating mode is able to achieve a positive cash-flow delta by

sacrificing some ammonia production in favour of electricity sale, which it cannot do in the design mode where it

is forced to produce a fixed amount of ammonia as cheaply as possible. Perhaps counter-intuitively, the cash-flow

delta worsens for islanded sites as the plant is more overdesigned, while for grid-connected sites it stays relatively

constant: this is an artefact of cases which recorded failures at low overdesign rates.

3.3.6 Summary of grid connection findings

This case-study explored the benefits of sector coupling for green ammonia production. It demonstrates that signif-

icant reductions in the LCOA-P are achievable using a grid connection. The most substantial cost reductions, which

are in the order of 10%, occur when the plant is located near the electricity grid. In Australia, these sites are mostly

coastal, which will locate them close to other supporting industry and to export ports. Further cost reductions are

achievable by optimising the plant scale relative to the maximum allowable size of the grid connection. In some

locations, ammonia production can be significantly subsidised by profitable participation in the grid.

When a site connects to the grid, it is less likely to fail during operation, and will generate more cash flow than

if a grid connection is not used. Regardless of whether a site is grid-connected, it requires some overdesign, which
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Fig. 3.17 Operating performance as a function of plant overdesign at three sets of sites: grid connected, islanded I (i.e. sites
in the same location as grid connected sites, but without a grid connection), and islanded II (sites at which it is not optimal to
connect to the grid). The plant is oversized for most of the runs by designing at a minimum HB operating rate greater than that
allowed during operation. (a) - Top left: Increase in LCOA-P associated with the overdesign - increasing the design margin
at grid connected sites costs less than on islanded sites. (b) - Top right: Failure frequency when the oversized plant was run
with a new weather data profile. The failure rate for grid connected plants is much lower than for non-grid connected plants.
Note that no operating failures were recorded for grid-connected sites with minimum operating rates of 35% or greater, which is
recorded as a rate of 0.5/thousand years so it can be read on a log scale. (c) - Bottom left: Relationship between the number
of grid connected sites and how oversized the plant is; the larger the oversize, the more sites benefit from a grid connection. (d)
- Bottom right: The "cash-flow delta", or the difference between the cash flow predicted in the design case and the cash-flow
attained in the operating case. Grid-connected sites are able to achieve the target cash-flow, or even slightly exceed it; the
islanded sites make less money than forecast during design.

can be achieved by designing with tighter limitations on the minimum rate of the HB plant than are achievable

during operation; the cost of overdesign at grid-connected sites is less than at islanded sites.

The integration of optimised green ammonia production and grid electricity is a first step in understanding

how sector-coupling in the energy system can reduce the costs of decarbonisation. Further research should consider

other industries which may have synergies with electricity grids, and how electricity grids themselves will transform

over time. Additionally, the operating model demonstrated that there is a risk of plant failure caused by a shortage

of back-up power or hydrogen that can occur whether connected to the grid or not; further research is required to
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understand how ammonia plants will be operated with imperfect weather forecasting information.

The majority of the grid connection research was performed in 2021, before the significant spike in global energy

prices of 2022 (which did not leave Australia unaffected). Although the results here indicate that production costs

are reasonably robust to high grid prices (with additional renewable capacity potentially benefiting the grid during

peak periods), further research should be conducted into how ammonia plants may interact with electricity grids

which are under very substantial supply or demand side pressure.

3.4 Green ammonia production summary

This chapter has presented a model that can be used to optimise the cost of green ammonia production using a

robust method that accounts for the variation of renewable energy production throughout the year. It has demon-

strated that model speed improvements can be achieved using larger time steps without sacrificing accuracy. The

model then was applied to a case-study on the Australian grid network, which had a number of significant inclu-

sions: (i) the grid could be responsible for cost reductions in the order of 10% of the LCOA-P, provided a site was

located nearby existing grid infrastructure; (ii) cost reductions were more effective when the ammonia plant oper-

ated as a ’prosumer’; (iii) grid connection introduced a scale dependency that may improve profitability at smaller

sites in the short term; (iv) grid connection improved the response of the green ammonia plant to uncertain weather

forecasts.

This final point related to plant operability merits more attention: clearly, the lean design determined by the

optimisation method described in this chapter may struggle when operated in unfamiliar weather patterns. Un-

derstanding what may cause failure, and the extent to which overdesign is required, are core outcomes of Chapter

4.

72 |1–188



Chapter 4. Plant operation

Chapter 4

Operating green ammonia plants with

imperfect forecasts and partial flexibility

4.1 Rationale

The model described in Chapter 3 provides a useful and rapid method for ammonia plant design. However, as

emerged in the operating analysis at the end of the chapter (see Section 3.3.5), this model will not always design a

plant which can operate robustly in unfamiliar weather conditions.

This has implications for green ammonia plant design models in the literature, which to the best of the author’s

knowledge rely on perfect forecasting i.e. the optimisation model is provided with the entirety of the weather data

to which the plant it designs will be exposed. This simplifies the challenge of managing the storage inventories of

hydrogen and back-up power: if the weather will improve, the model "knows" it can drain the storage without risk-

ing having insufficient hydrogen to operate the ammonia plant; otherwise it sets the HB to the minimum operating

rate (MOR) [83]. With less forecasting information, making this decision is more difficult.

Although this problem arises during plant operation, it must be considered during plant design. Predictable

weather profiles will be easy to operate and thus will perform as designed; others may require redundancy to buffer

against long dunkelflaute that may increase capital costs well-beyond the optimum.

At the same time as managing storage inventories, the operator has another important lever at their disposal:

ramping down the green ammonia plant. However, their ability to ramp the plant using existing HB technology is

not well understood. There is an emerging consensus in the literature than an inability to ramp down the HB plant

is responsible for significant increases in the LCOA-P [63, 165–167].

This chapter considers the impact of both plant flexibility and imperfect forecasting at the same time. It does this

by first determining the impact of plant flexibility in the design phase, independent of imperfect forecasting; this

section is an extended case-study using the model introduced in the previous chapter (referred to in this chapter
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as the linear program, or LP). It then introduces a new model which takes a fixed ammonia plant design as well as

limited weather forecast information as an input and uses an algorithm to determine an operating approach that

balances production and operational stability. This model is based on model predictive control, and is henceforth

referred to as the MPC approach.

The MPC approach is novel in its application to islanded green ammonia plants, and places guard rails around

the results offered by the LP. The purpose of the MPC is not to design control loops which specifically determine the

operating parameters of the ammonia plant (temperatures, pressures, feed ratios, etc.); rather, the MPC’s purpose

is to function as an algorithm which determines the set-point of the equipment within the ammonia plant. In other

words, the MPC presented here is analogous to the primary loop in a cascade-control arrangement, dictating the

power allocation and ammonia production.

The previous chapter introduced a clustering methodology for accelerating solution of the LP. Using this method-

ology would interfere with assessment of the ramp rate; for instance, clustering the data into 4 hour time steps

would enable the plant to ramp from a minimum operating rate (20%) to maximum in a single time step under the

baseline parameters considered here. Therefore all models solved in this chapter use a time step of one hour.

4.2 LP approach

This section uses the model developed in the last chapter to determine the extent to which ramping and flexibility

impact on the ammonia cost in the optimal plant design. The ability of ammonia plants to operate flexibly is not

well understood, but is likely to be constrained.

4.2.1 Technical basis for flexibility limitations

Flexibility constraints originate from the elevated temperature at which the HB process occurs. These temperatures

are sustained by excess heat from the exothermic reaction; if production slows excessively, heat loss will exceed

heat generation and the reaction will be quenched. Thermal expansion on start-up and shut-down has a damaging

impact on equipment and catalysts, and therefore frequent cycling between an operating and quenched state is not

possible. This requires a minimum rate to be sustained at all times [98]

Even above the minimum rate, HB ramping is also constrained, in order to prevent temperature hot spots

inside the adiabatic catalyst bed reactors [166, 168]. Rate limitations are also constrained by the large inventory

of material in the recycle loop of the HB process (necessitated by the reactor’s low single-pass conversion); this

creates some ’inertia’ in the reaction system, meaning there is some dead-time between modification of the reactant

concentration and a corresponding modification of the reaction rate.

While technical solutions are emerging using innovative reactor designs (which, for instance, are less reliant

on large recycle loops[169]), it is not likely that the HB process will be able to match its own operation to that

of a variable renewable energy plant. This chapter does not aim to address the technical basis for these flexibility

constraints; rather, it seeks to understand how they may impact overall plant design, and the extent to which
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removing constraints on flexibility is a justified investment.

4.2.2 LP model input detail

421 onshore sites were selected to analyse ramping and flexibility. The sites have a range of weather profiles and a

range of latitudes (from 5◦, near the equator, to 59◦).

At each location, the model was solved under 13 different conditions: there are four different minimum op-

erating rates (MORs) (20%, 40%, 60% and 80%) and three ramp rate factors (0.1, 1, and 10; these factors are

applied to the base upward and downward rates of 5% and 20% respectively). The thirteenth case is an entirely in-

flexible plant, which operates continuously at 100% (in which instance consideration of ramping rates is obviously

meaningless).

The model was solved using costs for 2022 and for 2050; because of the rapidly falling prices of batteries and

solar PV, future electrolyser plants will be differently designed and therefore may respond differently to flexibility

limitations. Present costs of equipment were taken from IRENA [156] [3] and from Nayak-Luke et al. [90]. Future

costs were estimated using Way et al. [2], who use a stochastic approach to determining cost forecasts, historical

analysis of which has demonstrated to be highly accurate. These inputs are used for the remainder of this thesis,

and are summarised in the appendix (Table D.1).

4.2.3 Cycling constraints

This chapter requires a modification to the LP proposed in the previous chapter by including constraints on the

frequency with which storage units can cycle. These constraints are necessary, as real energy storage units (partic-

ularly batteries) degrade at increased rates if they are cycled at high frequency. Cycling energy storage equipment

in place of ramping the HB plant could mask the potential benefits of a flexible HB plant. Battery degradation can

be categorized as calendar aging (which occurs inevitably over time) and cycling aging. Both forms of aging are

incorporated in this chapter.

4.2.3.1 Calendar aging

Calendar aging, and cycling aging in normal use, is incorporated in two ways: firstly, by accounting for equipment

replacement costs, and secondly, by adjusting equipment efficiencies. Equipment replacement costs are accounted

for by applying higher Operating and Maintenance (O&M) costs to units subject to degradation (i.e. assuming the

replacement is carried out on a rolling basis, rather than en masse when equipment reaches end of life, although

the impacts on NPV are the same). In the previous chapter, the O&M was set at a flat rate of 2% for all equipment;

in this version, increased costs are applied to equipment subject to degradation: the electrolysers, fuel cells and

batteries.

Because their membranes require replacement approximately every 50,000 operating hours, electrolysers and

fuel cells are subject to a 3% O&M fraction, of which 1% would be allocated to annual operating costs (i.e. labour,
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insurance, etc.), and the remaining 2% would be allocated to membrane replacement. This has roughly the same

impact on the NPV as reinvesting one-third of the electrolyser CAPEX every decade into membrane replacement

at the nominated discount rate of 7% (i.e. if a plant were to replace all the membranes at once, rather than on a

rolling basis). One-third is an appropriate cost-estimate for membrane replacement at end of life [103].

Similarly, batteries have comparatively short life spans (maximum 10 years) compared to the project as a whole

(30 years); their O&M fraction is set at 3.5%. To again compare this annual maintenance cost with a decennial

replacement of all the batteries, this is roughly equivalent to reinvesting half the CAPEX every decade (since only

the battery itself needs to be re-installed; other components such as balance of plant electrical equipment do not).

Equipment efficiencies are also adjusted to represent some degree of degradation; electrolyser efficiency for

2022 is set to 53 kWh/kg, which is below the best market performance for a new electrolyser [170] but includes a

3.5 % degradation rate [171]. For 2050, superior performance of 46 kWh/kg is assumed, which incorporates both

overall improvements and a reduction in degradation rate [172]. Battery charging/discharging efficiency is set at

95% for similar reasons[173].

4.2.3.2 Cycling aging

Having accounted for the costs of calendar aging and a standard amount of cycling aging, the model then imposes

constraints which prevent high frequency usage from degrading the batteries faster than anticipated. There are a

number of metrics for battery usage that can impact the rate of degradation, although total accumulated charge

and depth of discharge are considered the most significant [173]. These parameters are related to each other:

batteries which completely discharge on each cycle require replacement after around 6,000 cycles [174]; assuming

a ten-year replacement cycle, this allows slightly less than 2 cycles per day. We assume a worst case scenario in

which each cycle completely discharges, and limit the number of cycles using three constraints:

λ (SC, t)≥ λ (SC, t−1)+(κ(SC, t)−κ(SC, t−1)) ∀ t ∈ St (4.1)

λ (SC, t)≥ λ (SC, t−1) ∀ t ∈ St (4.2)

λ (SC, t f inal)≤ GCL(SC) ·CSC(SC) (4.3)

Equations (4.1) and (4.2) count the total amount of charge which has flowed into the storage component (λ (t))

as a function of time. If the state of charge of the storage component (κ(t)) has increased (i.e. it is charging),

then λ (t) increases by at least that amount. If the equipment is discharging, then the condition in Equation (4.1)

is always met, because λ (t) is prevented from decreasing by Equation (4.2). λ (0) is set to 0. The total number of

cycles is constrained by Equation (4.3), in which the charge accumulation in the final time step (t f inal) must be less
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than the total allowable number of cycles (GCL), scaled according to the capacity of the storage component (CSC).

Although battery cycling is far more widely discussed in the literature, hydrogen stores may also degrade under

cycling. The extent to which degradation occurs will depend on the mode of storage. Pressure vessels should be

robust to cycling within design limits, but the integrity of salt caverns may degrade if they are subject to rapid

and frequent pressure fluctuation [175], and hydrogen storage by adsorption onto alloys is known to degrade with

cycling [176]. We therefore include hydrogen storage cycling limits in order to understand how much they impact

ammonia production costs.

4.2.4 LP model results

4.2.4.1 Impact of minimum operating rate without cycling constraints

The results for the plant design cases are shown in Figure 4.1; note this figure does not include cycling limits, which

are incorporated in the subsequent section.

Fig. 4.1 Plot of relationship between Haber Bosch minimum operating rate (HB MOR) and LCOA-P for 2022 (top) and 2050
(bottom), for the average site (orange) and the top ten performing sites (blue). In general, a lower HB MOR translates into a
lower LCOA-P, although this effect is only pronounced at MORs between 0.6 and 1; the effect is small at MORs less than 0.5.
The effect is also smaller in 2050 than in the present day.

The most important observation in the figure is that there are diminishing marginal returns on increasing plant

flexibility. In both 2022 and 2050, reducing the HB MOR from 60% to 20% achieves only one quarter of the cost

reduction of reducing the HB MOR from 100% to 60% (for the average cases). For the cheapest sites in 2050, the
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results are even more stark, with almost no benefit gained whatsoever from reducing the HB MOR below 60% of

rated capacity.

This is predominantly because the ammonia plant represents a significant capital expense, but its power draw

is comparatively small. That means that the plant, for most of the year, receives relatively little benefit from

turning down the ammonia plant to very low operating rates, since it can sustain operation using the battery and

hydrogen storage units (and it is preferable to exploit the capital expense of that equipment to the greatest load

factor possible). This may cause the state of charge in the batteries and hydrogen storage to cycle more (compared

to a case in which the HB operating rate could be turned down further), but does not significantly increase their

size. Therefore the increase in costs is fairly small, as there is no limit on cycling imposed in this section. The

effect is even more pronounced in 2050, because solar electricity and battery storage are expected to fall in price so

significantly, whereas the CAPEX of the ammonia plant is likely to remain fairly steady.

The overall process can operate the HB plant at high rates for most of the year by cycling the battery and

hydrogen storage; this only becomes challenging during the deepest dunkelflaute. The model sustains the HB MOR

through this period either by: (i) turning down the HB plant, (ii) increasing the size of energy storage equipment,

or (iii) increasing the extent to which the renewable power generation is oversized. The results indicate that the

benefits which accrue from using the lever of ammonia plant capacity tail off below 60% of the rated capacity, and

that the model can adopt other strategies without significantly increasing cost.

Although there is some benefit to increasing plant flexibility, it is not as large as potential other sources of im-

provement to the plant. Firstly, site selection is evidently of great importance; in both 2022 and 2050, a completely

inflexible site in the top 10 locations is roughly equivalent in performance to a highly flexible site in an average

location. Secondly, potential improvements in equipment performance are bigger drivers of cost reduction than

plant flexibility. In 2022, the site with the largest improvement in ammonia cost with plant flexibility is in the order

of 30%, but this falls to around 10% for the high quality sites in 2050. In contrast, equipment improvements unlock

price reductions in the order of 50%. This suggests that, as long as Haber-Bosch production is partially flexible

(down to a level of say, 60%), additional capital investment in more expensive but more flexible technologies (e.g.

electrochemical ammonia synthesis) may not be justified.

A final relevant observation is that the impact of ramping rate on plant costs is small. In the low ramping cases,

the plant ramps down at 2%/hour, and up at just 0.5%/hour; despite this quite significant constraint, the impact on

plant performance is around 15 USD/t on average in 2022, and less in 2050, and only impacts results meaningfully

when the plant has an MOR close to 0.2.

4.2.4.2 Impact of HB minimum operating rate with cycling constraints

Figure 4.2 shows the relationship between the LCOA-P and the plant flexibility when different penalties on cycling

are imposed. As for the previous section, costs are shown at both the average sites and the top 10 sites.

The most important observation in Figure 4.2 is that cycling limitations are not likely to have large impacts
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Fig. 4.2 Plot of relationship between Haber-Bosch minimum operating rate and the LCOA-P, including penalties on cycling,
for 2022 (top) and 2050 (bottom). Different line styles show the impact of different battery cycle limits. The impact of battery
cycling on LCOA-P is very small; impacts are only meaningful in 2050 for very tight (less than 1/2 a cycle per day) limits on
battery utilisation

on the performance of ammonia plants at any degree of flexibility. The constraint has no impact on the LCOA-P

when one or more cycles per day is allowed, which is well within the plausible operation of normal energy storage

equipment. Even when only half a cycle per day is allowed, the impact on the LCOA-P is fairly minor (i.e. < 5%).

The impacts in 2022 are particularly small because back-up power in 2022 is dominated by fuel cells. The LP

model predicts that fuel cells are preferable in the short term because, compared to batteries, fuel cells connected to

hydrogen storage have high power costs but relatively low stored energy costs (i.e. each additional MW of back-up

power from a fuel-cell costs more than each additional MW from a battery, but each additional MWh of hydrogen

storage is cheaper than each additional MWh of battery storage). Note that these results are different from Chapter

3, because the available forecasts for fuel cell costs for Australia in that chapter were very high; most estimates,

including those used in this chapter, are significantly lower. Because the power demand of the HB plant at its MOR

is a small fraction of the total power supplied around the plant, typically it is more costly to meet the energy storage

requirements than the back-up power requirements, so the model opts for a fuel cell. Energy for the cases in 2022

therefore comes from cycling hydrogen storage, rather than batteries; this hydrogen storage typically stores enough

energy for several days worth of production at the HB MOR, so it rarely needs to cycle quickly. In 2050, fuel cells

are used less widely because the cost forecasting indicates that energy storage in batteries will become substantially

cheaper.
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The cycling limitations tend to impact the HB plants which are more flexible, which is somewhat surprising,

since cycling of the ammonia plant should reduce the need to cycle energy storage equipment. There are two

factors which are responsible for this result; they are summarised in Figure 4.3.

Fig. 4.3 Plot of relationship between HB minimum operating rate and back-up system size. (a) and (b) - Left: Rated capacity
of back-up power in MW, scaled by the size of the HB plant. (c) and (d) - Right: Total energy storage capacity of the battery
and hydrogen plant in MWh (the mass of hydrogen stored is converted to energy using its HHV). Data are shown for 2022
(Top) and 2050 (Bottom); in 2022, the back-up power is very similar in size to the minimum power requirement of the HB plant,
whereas in 2050, the back-up power is much larger than the minimum power requirement of the HB plant, indicating it is used
for other purposes (e.g. increasing the load factor of the electrolyser).

The first factor causing increased cycling of the battery in flexible plants in 2050 is a change in operating strategy

over time. In 2022, the energy storage equipment is rated only to sustain operation of the HB plant; in the case of

the top 10 sites, the back-up power capacity is almost the same as the power draw of the HB plant at its minimum

rate (i.e. in panel (a), the top-ten sites sit exactly on the x-y line). At the average sites, the total back-up power
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is slightly larger than the MOR. This is caused by the inability of the HB plant to ramp down sufficiently quickly,

meaning back-up power needs sometimes to be larger than the MOR.

By contrast, the back-up power in 2050 is significantly larger than the whole HB plant. Clearly, the role of

back-up power in these plants is more than solely operating the HB plant during periods of low VRE output (if it

were, the back-up power capacity would never exceed the power demand of the HB plant); it is partially to power

the electrolyser. When the batteries are powering the electrolyser as well as the HB plant, they will tend to charge

and discharge more frequently to maximise the amount of hydrogen produced and are therefore more affected by

cycling constraints. This change in behaviour is driven by the rapid fall in the cost of batteries.

Prices of solar panels will also fall, which will drive ammonia production towards solar PV rather than wind.

In a solar-driven system, the value of powering the electrolyser from the batteries is higher, since it otherwise sits

unused during the night; in high quality wind sites, which will typically have a higher load factor, the electrolyser

will be used more consistently. Again, this will drive increased cycling of batteries.

The second factor causing increased cycling of storage equipment in flexible plants in 2050 is simply that the

storage equipment is smaller (see panel (d)). The total energy passing through the storage equipment is much

higher in inflexible plants, but these plants have installed so much storage that the number of cycles remains

relatively low.

4.3 MPC Approach

The final section of Chapter 3 considered the role of changing the design year of weather data input to the LP

model at a given location [177, 178], describing how operation changed as plant design was adjusted. This section

extends that research by including imperfect forecasting.

There have been relatively few studies into the operation of green ammonia plants with a fixed design and finite

forecasting information. Verleysen et al. [179] considered the role of uncertainty in changing design, although this

work applied an uncertainty to wind inputs to determine a relationship between plant oversizing and robustness.

Kelley et al.[180] examined the role of ammonia plants in providing a demand response service, looking at process

chemistry to determine if a grid-connected plant could ramp down quickly in response to high prices, although this

was not focussed on using weather forecast information. Allman and Daoutidis [181] adopted a rolling optimisation

forecast to determine the operating state of their plant - this is similar to the MPC approach described here. However,

they considered a grid-connected plant, which is simpler to operate since the inventories in the batteries and

hydrogen storage do not need to be so carefully managed to account for dunkelflaute.

Research into imperfect forecasting is better developed in the power-to-hydrogen space, although the control

problem in that context is simpler since the largest complexity in ammonia production is the inflexibility of the

HB process. In power-to-hydrogen applications, Model Predictive Controllers (MPCs) have been widely discussed

as a possible approach to optimising plant operation given limited forecast information, and the same technique
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is adopted here [182]. MPCs have been widely adopted for the operation of chemical processes globally, and are

considered a useful tool for handling problems pertaining to variable operability [183].

4.3.1 MPC Method

MPCs rely on an internal model to predict the behaviour of the plant as determined by plant operating decisions

over a specified time horizon. At each time step, the MPC optimises the operation of the plant according to an

objective function, and subject to constraints on the controlled variables and the state of the plant. The plant

takes the first step along the optimum path it has determined, and then re-evaluates a new optimum path as new

information becomes available. Here, the external disturbance is the varying weather pattern, and the time horizon

in the model is considered to be equivalent to the forecast duration.

Fig. 4.4 A flowchart showing the relationship of the MPC and LP models, and how they import data. Solid lines represent
information that flows before the MPC solution commences. Dotted lines represent information that flows at each time step.
Input weather data is used in the LP model to determine a suitable plant design, subject to a design value of the Haber-Bosch
Minimum operating rate (HB MOR). The MPC controller then operates the plant. It uses a different value for the HB MOR
(which enables more flexible operation); however, it only receives a limited horizon of weather data. MPC tuning parameters
determine the relative weight applied to the model maximising ammonia production or managing the inventory of intermediate
stored energy.

Figure 4.4 explains the operation of the MPC model in this context. A year of weather data is used to determine

an optimum design of the plant at a given location using the LP. The plant design creates the constraints on the
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MPC model, by setting the upper and lower bounds on the amount of power which can be sent to the various plant

components. Again, the most important constraint is the HB MOR, which is not necessarily the same between the

design (LP) and operating (MPC) modes, depending on the extent to which the plant has been overdesigned, for

which the approach here is the same as the end of Chapter 3 (see Section 3.3.5.1). Where the LP model is provided

with a full year of weather data, the MPC is only provided with the next n hours at each time step, where n is the

forecast horizon and takes values of 12, 24 and 48 in this analysis. At each time step, the optimiser determines

the best operating rate of each piece of equipment (as defined by the objective function, see Section 4.3.2) which

in turn determines the ammonia production. The plant state is then sent back to the optimiser, as it interacts with

the constraints and the new weather pattern that emerges in the next time step. In general in this analysis, the

same year of weather data is used for the LP and MPC models so the results can be directly compared; however, in

Section 4.3.3.4 the impacts of using a weather dataset which spans a much greater time period for the MPC model

than was provided to the LP model are considered.

In order to robustly consider the performance of the MPC, three sites were chosen from the >400 considered in

the design cases. The three sites selected were chosen to offer a range of renewable profiles - one site is located in

Algeria, and has excellent solar insolation; another in the United Kingdom is dominated by wind; a third in Morocco

uses a hybrid of both. In general, the results displayed in this section on operation relate to production in 2022,

when back-up energy is largely supplied by fuel cells; the appendix section B includes equivalent figures for 2050,

which demonstrates the applicability of the MPC method to batteries.

4.3.2 MPC implementation

The MPC is implemented using the python module Do-MPC [184], which modularises the process of building an

MPC into a series of simple processes. The first process is constructing a model of plant operation, including state

variables, model inputs and rate equations. Four state variables are considered: (i) the amount of hydrogen stored

(xH); (ii) the amount of power stored in the battery (xB); (iii) the amount of ammonia produced in a given time step

(xA); and (iv) the amount of electricity curtailed in a given time step (xC). These are dictated by the total renewable

energy available to the plant at a given time (α) as well as five decision variables, which are controlled by the MPC:

(i) the power to the electrolyser (πE); (ii) the power to the HB plant (πHB); (iii) the power to the battery (βIn);

(iv) the power from the battery (βOut); and (v) the power generated by the fuel cell (γ). A list of symbols used for

the model is provided in Appendix Section B, and is generally consistent with Chapter 3, although all states of the

system here use x.

The inputs and disturbances are related to the states according to:

xH(t) = xH(t−1)+πE(t) ·ηE − γ ·ηFC−
3

17
πHB(t) ·ηHB (4.4)
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xB(t) = [1− εB] · xB(t−1)+ηB ·βIn(t)−βOut(t) (4.5)

xA(t) = πHB(t) ·ηHB (4.6)

xC(t) = α(t)+ γ(t)+βOut(t)−πE(t)−πHB(t)−βIn(t) (4.7)

Equations (4.4) and (4.5) are simple balance equations over the hydrogen storage and the battery storage re-

spectively (equivalent to Equations (3.12) and (3.11) respectively). ηE and ηB are the efficiencies of the electrolyser

and battery, respectively; the same values are used in the MPC case as were used for the LP design model. In the

case of the hydrogen, the state of the storage unit is given by the storage from the previous time step, plus any

inflows from electrolyser production, minus outflows to the fuel cell or to the HB plant. The outflows to the HB

plant are determined from the power consumption (converted into tons of ammonia using the efficiency, and then

into tons of hydrogen using the reaction stoichiometry). The battery equation is the same in principle, except a

self-discharge factor εB is included to represent the gradual reduction in battery charge over time. For the battery,

the energy losses are imposed on the charging power as it enters the storage unit. Equations (4.6) and (4.7) are

simple instantaneous balances over ammonia production and power respectively.

This model construction provides enough information for the plant to predict future behaviour. The MPC then

needs to be provided with direction under an objective function and constraints to determine the operating process.

The objective function is given by:

P =
n−1

∑
t=1

[
xA(t)− kR · [xA(t)− xA(t−1)]2

]
+ xA(n)+ kH · xH(n)+ kB · xB(n) (4.8)

The goal of the MPC is to maximise P, the objective variable. This broadly corresponds to maximising the total

amount of ammonia produced over the time horizon n, which is given by the first term inside the summation, and

the first term outside the summation.

Three penalties need then to be imposed upon the optimisation model to ensure it acts as intended. The first

is a penalty on ramping the ammonia plant, given by the quadratic term inside the summation, which is scaled by

the tuning parameter kR. Without this term, the HB plant will change its operating rate significantly in each step;

as kR grows, the rate of change of the HB plant is increasingly penalised. Because this penalty is quadratic, the

model will prioritise slow ramping over sudden large steps, which is reflective of the slow ramping needed by the

HB synloop. The second and third penalties are for depleting the storage inventories, which is represented by the

final two terms, scaled by the tuning parameters kH (for hydrogen storage) and kB (for battery storage). In the

absence of these terms, the model will attempt to maximise the ammonia produced at the expense of the storage
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inventories, which it will often plan to drain over the time horizon (since the low production or plant failure in

the subsequent time horizon does not impact the optimisation). The parameters kH and kB are tuned depending

on operator risk tolerance; as they grow, the plant is less likely to fail, because it will prioritise keeping the storage

inventories full; however, doing so comes at the cost of ammonia production. To simplify the sensitivity modelling,

the value of kH and kB are set to be equal for this analysis, but specific tuning should be done on a site-by-site basis.

The MPC is constrained in the same way as the LP model. In general, states and inputs are constrained to be

greater than 0, and less than the capacity of the equipment in the plant, as determined by the LP. The additional

constraint is on the Haber-Bosch plant, which must maintain its MOR as described in Section 4.2. The explicit

constraint on plant ramping from the LP is removed; this is achieved by the ramping parameter kR described in the

previous paragraph.

4.3.3 MPC model results

The MPC was run in several configurations in order to understand how the MPC implementation affects the results,

and the extent to which the MPC is effective for operating the plant. There are four sets of results: (i) an hourly

comparison of the LP to the MPC; (ii) a sensitivity analysis on the impacts of the tuning parameters; (iii) an

assessment of the actual LCOA-P from an operating plant compared to the optimally designed plant; and (iv) a

long-term comparison to determine whether it is possible for the MPC to operate the plant in unfamiliar weather

conditions without sacrificing excessive production.

4.3.3.1 Hourly result comparison

Figure 4.5 compares plant operation under an LP and an MPC scenario. For this configuration, the plant design

was selected by the LP with a HB MOR of 0.4; the MPC model then tested the operation of such a plant using a HB

MOR of 0.2. The horizon is 24 hours, and the tuning and ramping parameters are both set to 0.1. The influence of

these parameters is discussed in the following section; these specific values were selected because at this location

under these design conditions, it causes the LP and MPC models to follow a broadly similar trace (which would be

the target for the tuning of the MPC).

The most important result in this figure is that it demonstrates that a green ammonia plant can be operated

using limited forecast information without exceeding the limits of the HB plant, provided the plant is adequately

overdesigned. It is the first demonstration of this point for a HB plant that is not reliant on electricity grids.

There are a number of key differences between the LP results and the MPC results. Firstly, the MPC controller

tends to store more hydrogen than the LP optimiser. This is partially because the overdesigned plant operated by

the MPC has more hydrogen storage available than the LP plant; however, it is also encouraged to keep the storage

full by the tuning parameter in the MPC optimisation function. The LP is only maximising ammonia production and

is unconcerned by the storage inventory; for that reason, it more frequently allows the storage inventory to drop to

0, since it has enough forecast information to be confident that the hydrogen storage can be refilled.
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Fig. 4.5 Comparison of hourly plant behaviour in the operating mode, run by the MPC controller (blue), and the design mode
optimised by the LP (orange) for a hybrid site containing both wind and solar in 2022. The MPC time horizon is 24 hours, both
tuning parameters are set to a value of 0.1, and the plant has been overdesigned using a Haber-Bosch minimum operating
rate of 0.4 (compared to 0.2 for the MPC). (a) - Top: compressed hydrogen in storage (A failure would be indicated by the
storage level dropping below 0). Typically the tuning parameter which punishes low storage inventories keeps hydrogen stored
by the MPC above hydrogen stored by the LP. (b) - Middle: ammonia produced in a given hour; note that due to the ramping
parameter, the MPC makes fewer adjustments on an hourly basis than the LP. (c) - Bottom: total energy generated from all
available renewable resources. Examples for the other two sites are provided in Appendix Section B.

Secondly, the LP model shows far more short-term variability in HB operation, which is most visible on panel

(b). The LP model is constrained in how quickly it can ramp the operation of the HB plant (up at 5% of rated

capacity/hour, down at 20% of rated capacity/hour). However, there are no limitations on how frequently it adjusts

the HB rate of operation, so it makes changes almost at every time step. On the other hand, the MPC is not directly

constrained to limit how quickly it can ramp the ammonia plant, but there is a general penalty for rapid ramping

imposed upon the objective function. It therefore only changes operating rate if strictly necessary, and this results

in ’smoother’ operation, although it may sometimes surpass the ramping limits imposed on the LP. Less frequent

cycling of the HB plant conditions reduces the risk of catalyst damage and is therefore likely to be advantageous,

although some production may be sacrificed.

4.3.3.2 MPC Sensitivity

The previous section showed the results of the MPC over a short period of time in order to give an indication of how

the MPC operates the plant compared to the LP. This section considers an entire year of data, and investigates the

role of the MPC parameters on the annual ammonia production. Figure 4.6 demonstrates the results of changing
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the forecast horizon, and the tuning and ramping parameters, on the probability of a plant failure. Parameter values

are summarised in Table 4.1.

Fig. 4.6 Sensitivity analysis on MPC tuning parameters for a wind dominated site. Plots of the failure frequency (left) and
ammonia production (right) for a wind-dominated site in 2022. Different plots show the impact of varying different MPC pa-
rameters: forecast horizon (top), tuning parameters (middle) and ramping penalty (bottom). Each plot shows the impact of
changing overdesign - in each case, the plant was operated with a minimum HB rate of 20% of rated capacity, but was designed
with tighter constraints. Where the plant failed during operation, the design was considered untenable, and the associated pro-
duction is excluded from the plots on the right. Examples for the hybrid and solar-only sites are provided in Appendix Section
B

Firstly, the figure demonstrates that, at this location, some plant oversizing is required in order to prevent plant

failures. A ’failure’ occurs when, given the forecast weather conditions, the model cannot keep all the state variables

within their target bounds (i.e. a storage inventory falls below 0, the HB plant operates below its allowable MOR,

or the plant curtails a negative amount of electricity). Given the relatively short time-frame of the input data used
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Table 4.1 Parameters used for sensitivity testing of the MPC.

Parameter Low Base High Units

Horizon 12 24 48 Hours
Tuning 0.1 0.5 1 -
Ramp 0.05 0.1 0.5 -

in this example (one year), even a single failure would represent a plant which is inadequately robust to weather

variation. The need for oversizing differs between sites - at the wind dominated site, with no oversizing, there are

hundreds of failures per year; this number falls to around 2 for the hybrid site (in 2022), and the solar-dominated

site can operate without any oversizing (as can the hybrid site in 2050) - this result is discussed further in Section

4.3.3.3.

The amount of oversizing needed falls as the forecast horizon increases - see panel (a) - although increasing the

length of the horizon would stretch the capacity of weather forecasters to make plausible predictions. With only

12 hours of forecasting, the number of failures is large because the system cannot adequately manage the storage

inventory. Notably, however, if the plant can operate without failures using only 12 hours of forecasting, then the

production rate is significantly higher - see panel (b).

Panels (c) and (d) shed light on why this occurs - when the tuning parameter is wound downwards, the effect

is the same as using a shorter horizon. In other words, because the 12-hour forecast model has less information

than the 24-hour version, it is more ’reckless’, because it has less capacity to predict the consequences of increasing

ammonia production on the storage inventory. This is only a suitable operating mode when the design is sufficiently

oversized to guard against emptying the storage; however, when it is effective, it enables the plant to operate

more like the LP. This emphasises the need for careful plant tuning; ideally, the plant will occupy the mode where

production is maximised (and is essentially operating exactly as designed), but without tipping into a failure.

Interestingly, production tends to decline as oversizing increases. This is an artefact of the tuning parameter and

the overdesign method. As oversizing increases, the most significant changes to the plant design are to the hydrogen

storage and battery capacities. The tuning penalty term is given by the product of the tuning parameter and the

storage inventory; since the maximum value of the storage inventory has increased, the value of the penalty term

also increases, and it therefore has more impact relative to the ammonia production terms. Maximising ammonia

production is therefore weighted less heavily by the objective function. The exception is the site designed to be able

to operate completely inflexibly. When the LP is solved for this mode, it oversizes components of the plant other

than the storage, which means the impact of the tuning penalty rebalances slightly in the other direction.

The role of the ramping parameter is less significant - within the range considered here, it does not affect the

likelihood of plant failures, and it has a relatively small impact on overall production. This parameter therefore

needs to be set such that the ammonia plant ramps at an adequate rate, ideally by introducing a cost function that

depends on the impact of catalyst cycling, so that the optimal balance can be struck between preventing cycling and
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producing an adequate amount of ammonia.

Perhaps counter-intuitively, a higher ramping penalty (i.e. less ramping) increases the production rate. This is

visible on Figure 4.6(f), although the impact is more significant on the solar-dominated site in Algeria (see Figure

B.2(f)). The ramping penalty drives up production by effectively overwhelming the tuning penalty, and therefore

incentivising the HB loop to stay at maximum production, even if it draws down the inventory; provided this does

not lead to plant failure, it increases production.

4.3.3.3 Actual LCOA-P

As is perhaps obvious, and also clear from the right-hand plots of Figure 4.6, the plant operated with imperfect

forecasting will produce less ammonia than was predicted in the design case by the LP, because it cannot manage

its storage inventory as effectively.

The MPC approach enables the true LCOA-P from each plant to be estimated by scaling the design LCOA-P by

a factor of ratio of the actual production to the design production. In other words, for a case in which the design

LCOA is 400 USD/t and production is 1 MMTPA, then if the operating model produces only 0.8 MMTPA then the

’actual’ LCOA-P would be 500 USD/t. For this section, oversizing was enforced by considering a design case whose

MOR was 20% larger than was allowed during operation (i.e. if the LP MOR used for plant design was 60%,

the MPC MOR used for plant operation was 40%). The actual production was then determined by running the

MPC using an array of parameters, and selecting the case with maximum production and no failures. To enable

fair comparison of the LP and MPC controllers, MPC production was downrated by a factor of 8760−2×168
8760−nhorizon

; the

discounting in the numerator relates to the two weeks of maintenance per year that are enforced on the LP, and the

term in the denominator corrects for the hours at the end of the year which need to be excluded from the MPC’s

scope because there is inadequate forecast information. In both the MPC and the LP approaches, the discounting of

production is conservatively applied to production over the whole year (rather than selecting a two week period in

which production was likely to be low).

Only 24 hours of forecast were allowed, over which range renewable forecasts tend to be highly accurate,

because production estimates are required for bidding into day ahead electricity markets.[185]

Figure 4.7 shows the results of this estimation approach. There are two sources of cost increase in the operating

case compared to the design case: oversizing costs (shown using the dotted line, which is simply the design predic-

tion translated to the left by a value of 0.2), and reduced production. The solid red line on the figure shows the

combined impact of plant oversizing and reduced production.

For all locations, where the operating plant had very little HB flexibility (i.e. MOR > 80%), the production in

the design and operating cases was very similar. Under these constraints, there are not many degrees of freedom in

plant operation, so both the design and operating cases will tend to behave in a similar way.

Considering cases with more flexible HB plants and a large quantity of solar (the bottom two panels), actual

production was almost equal to the design production - in other words, the MPC was able to replicate the perfor-
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mance of the LP model which had perfect foresight. This is an unsurprising result for a solar dominated plant in a

high-quality location; because the renewable resource cycles on a 24 hour basis, optimising with a 24-hour forecast

is broadly adequate. By contrast, the wind dominated site shown in the top panel fares far worse; because periods

of low or high wind production may last for significantly longer than 24 hours, the MPC will not track the LP model

as accurately.

The exception to the strong performance of solar sites is the performance of the hybrid site at an HB MOR of

60%, where the MPC production is around 10% less than the LP forecast, creating a significant spike in the actual

LCOA-P on the figure. For the other cases, the optimal MPC production occurred when the tuning parameter took a

value of 0.1; however, when this value for the tuning parameter was used in the case where the HB MOR was 60%,

97 plant failures were observed. This is a location-specific effect, indicating that for this case, the additional 20%

oversizing was inadequate to run the MPC with a loose storage penalty parameter. For that specific case, therefore,

the figure shows the next best production option which used a tighter value for the tuning parameter of 0.5. This

tighter parameter prevented plant failures but at the cost of reduced production. Better design of the MPC would

identify a tuning parameter between 0.1 and 0.5 that may strike a superior balance between these two goals. The

effect is similar to that observed on panel (b) of Figure 4.6 for the 12 hour horizon, which has excellent ammonia

production but requires more oversizing.

Reducing the actual LCOA-P requires (i) the plant oversizing to be reduced as much as possible, and (ii) the

production from the MPC to be equal to the LP. For the solar plants, the latter goal has already been achieved;

doing the same in wind plants will require superior forecasting and improved tuning, which may require machine

learning to tune appropriately on a case-by-case basis. Achieving goal (i) is more complex, and is a useful area for

further research. The approach from this analysis - using a plant designed with reduced flexibility - is fairly crude;

this could be improved at individual sites on a case-by-case basis by iteratively solving the design LP and the MCP

in order to strike a tolerable balance between plant failure risk and meeting production goals. Additionally, less

coarse steps in the HB MOR and in the MPC parameters would enable more precise tuning at a given location.

Figure 4.7 presents a more complex view on plant flexibility than that presented using only the LP results (Figure

4.1). In the case of the solar dominated plants, provided the MPC is well-tuned, the conclusions are broadly the

same: there is some benefit to be gained from plant flexibility, but the majority of this benefit is associated with

reducing the HB MOR to ∼60%, and not beyond it to a very low minimum ∼20%. Improving the estimate of

the required plant oversizing (as discussed in the previous paragraph) would move the orange line on Figure 4.7

towards the solid blue line, weakening the relationship between flexibility and LCOA-P yet further. However, in

the case of predominantly wind-dominated plants, the difficulty of long-term forecasting means HB flexibility is a

more useful lever for the plant to use while it is operating, and the LCOA-P continues to fall linearly as flexibility

increases.
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Fig. 4.7 Comparison of predicted LCOA-P from the design approach (LP) (Blue) and actual LCOA-P from the operating
approach (MPC) (Orange) as a function of the Haber-Bosch Minimum Operating Rate (HB MOR). The lowest cost achievable
is the design approach (solid blue); this has been constrained by oversizing, meaning the best cost achievable by the MPC
is increased (dotted blue). Results are shown for 2022, for a wind-dominated site (top), a hybrid site (middle), and a solar-
dominated site (bottom). The solar site tracks the design target very well; the hybrid site also tracks design performance well,
with an exception at an MOR of 0.6 caused by imprecise tuning. The wind site performs poorly relative to both the design
cases.

4.3.3.4 Long term operation

Until this point, this chapter has considered operation using weather data taken from the same year in which the

plant was designed. To confirm that the parameters selected as optimum in the previous section would enable a

green ammonia plant to operate robustly across longer time periods, the model was operated using 12 years of

historical weather data (from the start of 2010 to the end of 2021; this period includes the design year which is

2019). Note that the historical weather data is used for both the 2022 and 2050 cases. The primary difference

between the cases relates to equipment efficiency and CAPEX.

The MPC horizon is set to 24 hours, the ramping penalty is set to 0.1, and the tuning penalty is tuned based on

the likelihood of failure observed in the sensitivity analysis: a tuning value of 1 for the wind site, 0.5 for the hybrid
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site and 0.1 for the solar site. The plant design was selected by running the LP with an MOR of 40%; again, the

MPC MOR was set to 20%.

No failures were observed across the 12 years of operation under these conditions. The results are shown in

Figure 4.8. Evidently, the tuning of the MPC is best for the hybrid site, and may benefit from review in the other

locations. However, in each 2022 case, production is within 10% of the design target, indicating that the MPC is

robust when operated in unfamiliar weather profiles. For the 2050 cases, production is significantly less, indicating

the tuning parameters are likely to be too conservative.

Fig. 4.8 Average annual production at three sites when operated over a long-time period, using the plant design for 2022 (blue)
and for 2050 (orange). For 2022, production is close to 1 MMTPA (i.e. the design target). For 2050, and for the solar site in
2022, the tuning parameters appear to be too conservative, since production is much lower than in the 2022 cases. There were
no failures at any of the sites in either year.

4.4 Green ammonia operation summary

The general consensus in the literature is that enhanced flexibility is a prerequisite for affordable ammonia pro-

duction. This chapter demonstrates that the true relationship between flexibility and green ammonia cost is more

complex. While some flexibility is important, by 2050, reducing the MOR from 60% to 20% will improve the LCOA-

P at the average site by less than 10%, even when constraints on storage equipment cycling are introduced; the

benefits are even smaller at the best locations. It is therefore not likely that investing in more expensive technologies

which enable more flexible operation (e.g. more robust catalysts or non-HB ammonia production technologies) will

ultimately reduce the LCOA-P. There is significantly more to be achieved from (i) targeting reductions in equipment

costs (particularly of Solar PV, which produces the cheapest ammonia in most production in the 2050 forecast), and

(ii) improving the ability of operating plants to match the performance of optimally designed plants.

A technique for achieving the latter is demonstrated through an MPC model which is the first to consider how

weather forecast limitations impact the operation and design of green ammonia plants: in summary, using plausible

forecast horizons, sufficient plant overdesign, and careful MPC parameter tuning can manage the risk of plant

92 |1–188



Chapter 4. Plant operation

failure without sacrificing production. Production using imperfect forecasting at three locations as measured over a

twelve year period was within 10% of the optimum production achievable using perfect forecasting for 2022; even

better results may be achievable with more precise tuning. Only in circumstances where the VRE supply is less

regular, such as a wind-dominated plant, is plant flexibility a useful lever for reducing ammonia costs. This study

focussed on detailed analysis of three sites; further research should consider whether the results are consistent in

other locations.

There is significant room for further research. Firstly, this approach provided very limited forecast information

to the MPC (only up to a horizon at which the predictions had a high degree of confidence). Performance may

be improved by including longer-term but higher uncertainty weather forecasts; the possibility of doing so should

be investigated. Secondly, different approaches to plant oversizing should be considered, perhaps by iterating the

LP and the MPC models to design optimal, robust plants. This research used quite coarse steps between different

values of the HB minimum operating rate when determining the extent to which the plant should be oversized, and

there may be merit to considering finer steps. Thirdly, the MPC approach should be extended to grid-connected

plants, with a focus on the relationship between predictability of the grid cost and the opportunities posed by

sector coupling. When a grid connection is used, plant flexibility may be more valuable than in the islanded case

considered here, as it will enable the green ammonia plant to provide grid services. Fourthly, some of the 2050

cases produce considerably less ammonia in operating mode than targeted in design; more site-specific tuning

studies should be conducted.
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Chapter 5

Offshore green ammonia synthesis, and

the impact of land constraints on global

production capacity

The model provided in Chapter 3 enables the estimation of green ammonia costs given the weather data available

at a given location; Chapter 4 validated that the model still provides reasonable results with imperfect forecasting.

However, the raw costs of green ammonia are not, on their own, a sufficient input into the global ammonia

supply chain model whose development is the goal of this thesis. There needs to be some constraint on ammonia

production capacity at a given location; otherwise the supply chain model will tend to import implausibly large

volumes from single sites which can deliver very cheap ammonia. The literature review in Chapter 2 considered

various constraints on green ammonia, and identified land as a potential constraint. This chapter estimates the land

area which could be used for hypothetical production sites around the world; doing so allows the development of

a global heat map of ammonia costs with high spatial granularity, including an estimate of the production capacity

associated with each location.

Estimates of land constraints are not only useful in the context of the supply chain models used in later chapters;

they are also applied in this chapter to provide an assessment of the potential value of offshore green ammonia

production. This chapter starts by describing the potential drivers of offshore production (beyond land constraints),

and its technical feasibility; the land constraints are then introduced to perform more rigorous technoeconomic

modelling.

Assessment of offshore floating wind turbine costs is challenging and highly speculative. For that reason, sensible

results cannot be derived from the cost forecasting model used in the previous (or subsequent) chapters for cost

estimation in 2050. Instead, this chapter focusses on results for 2022; the implications of likely changes to the
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relative costs of equipment on the results are considered, but not calculated in detail.

5.1 Rationale for offshore green ammonia production

The gas crisis caused by the war in Ukraine adds a layer of complexity to the challenge of decarbonisation: new

energy systems must be not only cheap and reliable, but also secure in the face of global conflict. This is in stark

contrast to the energy systems of many developed nations in Western Europe, which rely on energy imports from

global hubs in the Middle East and Russia. Even net energy exporters like the US[186] and Australia[187] rely on

imports of liquid fuels to meet demand in specific sectors, such as transport. As described in previous chapters,

ammonia is well-placed to substitute demand for liquid fuels.

However, as described in chapter 2, production of green ammonia requires vast quantities of renewable energy,

and therefore land. In more densely populated countries, green hydrogen and ammonia production must compete

with both existing land use (predominantly for agriculture, but also for industry, urban areas, and protection of

natural environments – see Figure C.3 to understand these constraints in Europe), and with new renewable energy

deployment which will be required for domestic electricity consumption [188]. Beyond these practical constraints,

political limitations on land use are considerable: in the UK, planning limitations for onshore wind were tightened in

2014, which has prevented any further development of onshore wind in the UK. Similar restrictions on construction

near urban areas are less onerous in other countries, but may still seriously limit the total energy output available

in areas with high potential for energy generation by wind [189].

Because of these land limitations, offshore wind development is expanding rapidly, although even offshore,

easily accessible areas are filled quickly, and sites further from the coastline must be considered. In Scotland, this

shortage of near-shore resources has led to the deployment of the first floating wind turbines [190], which can be

used in water with depths greater than 100 m. However, as the distance from the shore increases, so does cost.

For example, cabling of electricity to the shore typically represents between 15-20% of total project capital costs.

Moreover, the longer these cables become, the higher the transmission energy losses [191]. Where energy produced

from ammonia could be dispatched on-demand, energy delivered through electrical transmission is intermittent.

Considering all of these factors, there is a clear solution that has received little research attention: production

of green ammonia on the ocean (Figure 5.1, adapted from Ottinger et al.[192]). Electricity which does not require

storage (for instance to power the domestic grid) should be prioritised in onshore and near-shore renewable energy

generation, where transmission costs are low. In contrast, energy which requires stockpiling (such as fuel for indus-

trial processes which operate continuously, and seasonal energy balancing) should be produced further offshore.

Compared to electricity transmission, transporting green ammonia in ships is cheap owing to its high energy density,

and the energy losses associated with shipping are small.

Although there are inefficiencies inherent to ammonia production both on- and offshore, these cannot be avoided

by an energy system that needs chemical energy storage. Meanwhile, once the sources of renewable power for an
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Fig. 5.1 Concept for an energy system including offshore ammonia production. Onshore land has a range of competing existing
uses, meaning only a portion can be dedicated to renewable energy. The figure shows local renewable energy resources (which
are finite) being used for decarbonisation of the national grid and industry which can be electrified. Meanwhile, ammonia is
produced far offshore for the fertilizer industry, to use as a maritime fuel, and for industry which cannot be easily electrified.

energy system have been determined, the system-wide efficiency is maximized when electricity transport distances

are minimized; by contrast, system-wide efficiencies do not depend strongly on ammonia transport distances.

The end-to-end efficiency of hydrogen or ammonia fuel in comparison to direct electrification is low in applica-

tions where the options are directly substitutable (for instance in light commuter vehicles)[193]. That inefficiency

is compounded when the hydrogen is converted to ammonia, because the reaction is exothermic and it may not be

possible to capture the heat released. Where land is constrained, overall efficiency is an important consideration

in decision making because the total amount of renewable energy which can be produced is limited. However, by

expanding ammonia production into oceans, site area constraints are relaxed considerably and efficiency is signif-

icant only insofar as it relates to project costs (since energy production potential will far exceed demand). The

total global ocean area is almost triple the total land area, and competition from other applications is likely to be

negligible in the deep ocean[58].

This chapter assesses the system-wide implications of green ammonia production on the ocean. Although this

includes a technoeconomic analysis, it is not solely technoeconomics which can drive offshore production: in a

context in which the possibility of generating renewable energy is constrained by land availability, large-scale am-

monia production will be required for a range of applications, and energy security considerations encourage local

production of renewable fuels, then the most sensible allocation of resources may require production of ammonia

on the ocean.

For instance, in a context in which (for energy system security) a decision has been made to invest in an
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offshore wind farm, using the energy from that farm to make ammonia rather than transmitting electricity will be

profitable at large distances from population centres. Cost estimates described in the next chapter indicate that the

transport cost of ammonia (which is largely the cost of fuel and the chartering of the ship) is in the order of 5 x

10−7 USD/kWh/km. Meanwhile, adapting the results for electrical transmission line costs reported by Crozier and

Baker[194], and conservatively assuming full load operation for 25 years at a discount rate of 7%, the transport

cost for high voltage direct current electricity is in the order of 8 x 10−6 USD/kWh/km; i.e. more than an order

of magnitude higher than ammonia transport costs (there will also be costs which are independent of distance

such as ports and mooring for ammonia transport ships, and substations, inverters and transformers for electricity

transmission, but these are comparable in both instances). In other words, where chemical fuels are needed for

energy security, it is best to pair production with the resources furthest from population centres, avoiding the need

for expensive interconnection.

To that end, several projects are emerging which will produce green hydrogen and ammonia using an offshore

resource: Yara and Ørsted will produce ammonia onshore in Norway using offshore wind [195]; Siemens is de-

veloping a wind turbine which integrates a floating water electrolyser [196]; the PosHyDon project will install a

small water electrolyser on an existing oil and gas platform powered by offshore wind [197]. In the longer term,

consortia in the Netherlands and Germany have both announced intentions to produce green hydrogen in the GW

scale using offshore wind by 2030; some of the P2G infrastructure will be on land, but the German group has

explicitly stated an intention to produce 290 MW of hydrogen on an offshore platform by 2028 [198]. The Thang

Long offshore wind farm in Vietnam is investigating the construction of an offshore mounted structure from which

electricity, hydrogen, ammonia could be exported [199].

5.2 Technical requirements for offshore synthesis

The concept of hydrogen and ammonia production from renewables on the ocean is not new. As far back as the

1970s[200], the use of thermal ocean gradients as a source of power was considered. More recent approaches have

shown that the cost of using floating offshore wind is gradually becoming competitive with fossil-fuel alternatives

[201]. Since the only production inputs are air, power, and water, the number of raw materials required is small.

This section describes the technical differences between onshore and offshore production, and how they will best

be met.

5.2.1 Offshore energy and hydrogen storage

Where Chapter 3 considered the role of grid-connected green ammonia production, this is clearly not possible

offshore. As discussed in detail in earlier chapters, energy storage with associated back-up power is required in the

absence of a grid connection. Offshore, the impacts of storage go beyond increased equipment costs; additional

storage increases total plant weight and footprint, which will be significant factors for offshore operation. Therefore,

where the importance of plant flexibility was called into question for onshore production in the previous chapter,
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it may have more significance offshore. This will in turn increase the benefits of technologies that can improve

flexibility, like novel catalyst designs [202] and alternative synthesis processes [19].

Assuming that perfect flexibility in the plant is not possible, around 70 tons of hydrogen storage are typically

required for 1,000 tons per day of ammonia production - based on the average for results presented later in this

chapter (although at very good sites on the ocean, this may be significantly lower owing to the reliable sources

of renewable energy offshore). The literature normally predicts that hydrogen storage will be most economically

achieved using buried pipelines (assuming that geological features that are currently used for natural gas storage

like salt caverns are not available, which they will not be offshore) [80]. For a 1.5 m diameter pipeline with a

working pressure range of around 80 bar, around 7 km of pipeline is required for 70 tons of hydrogen storage (based

on NIST data[15]), which may be cost prohibitive to construct in deep-sea marine environments. As a baseline, the

cost for hydrogen storage in pipes typically ranges between 500 and 1,000 USD/kg for onshore plants[80, 177],

and contributes between 0.5 and 10% of the project cost, although the proportion of cost at offshore wind sites is

likely to be lower because they tend to be highly reliable. There are two possible alternatives to pipeline hydrogen

storage – either storage in spherical tanks on the surface, or metal hydride storage.

If hydrogen were to be stored in spherical tanks on the surface, eight tanks of around 15 m in diameter would

be required. These could also be used to assist in floating the plant, although doing so may pose complications as

the storage levels (and thus the buoyancy) in the tanks fluctuate during operation. Cost estimation for tank-based

storage is very difficult because they are not widely used at present. On a much smaller scale, estimates for high

pressure hydrogen storage in the Toyota Mirai are around $550 USD/kg of hydrogen[203]. Although there may

be cost increases associated with increases in scale, much lower pressures can be used here since the abundance of

space in the ocean means larger tanks can be used.

Alternatively, complex metal or intermetallic hydrides such as sodium alanate (NaAlH4) can be used to store

hydrogen. Hydrogen can be adsorbed and desorbed as required, improving volumetric density at the cost of gravi-

metric density (hydrogen composition by weight is ∼2% in metal hydrides[204], and would therefore increase the

weight of the plant by around 3,000 tons. This increase is significant, but not infeasible; for comparison, the dead-

weight tonnage of a Panamax-sized container ship is ∼80,000 tons[104]. In some cases, desorption can occur at

relatively low temperatures (∼100◦C)[204] and could therefore be achieved using waste heat from the ammonia

plant. Cost estimation is challenging because of the wide range of hydride prices reported, from 200 USD/kg of

hydrogen [204] up to 2,000 USD/kg of hydrogen[203].

Although hydrogen tanks and metal hydrides are not simple options for hydrogen storage or particularly low

cost, they are unlikely to be substantially more expensive than the buried pipeline option typically considered for

onshore production. Therefore, they are not likely to contribute to a wide cost differential associated with moving

offshore.
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5.2.2 Incorporation of desalination

Although some onshore green ammonia production may have adequate access to fresh water, desalination is likely

to be the primary source of water for most plants given the high water demands of the process. Here, four concepts

for operation using sea water are described (Figure 5.2): reverse osmosis (RO) in panel (a); multi-effect distillation

(MED) in panel (b); direct sea water electrolysis in panel (c), and direct evaporation in panel (d).

Fig. 5.2 Four synthesis concepts for offshore ammonia production. Dark blue blocks are equipment strictly required for
standard operation of ammonia plants, whereas only some (but not necessarily all), of the orange blocks are required for
optimum operation by providing back-up power and interim product material storage. (a) - Top left: A conventional concept
which is also likely to be adopted onshore. It uses reverse osmosis (RO) powered by the renewables to produce fresh water
from sea water. (b) - Top right: Process heat is used to drive a multi-effect distillation unit. This is less efficient than RO, but
exploits waste heat from the Haber-Bosch process. (c) - Bottom left: This option dispenses with a separate desalination unit
altogether, in favour of an electrolysis unit which is able to accept sea water as an input. (d) - Bottom right: Desalination in
this option is achieved by direct evaporation of sea water. This evaporation is highly energy intensive, but the energy can be
recovered using a solid oxide electrolyser cell, which operates at high temperatures and can accept steam as an input.

For onshore plants, the RO process for water desalination is the most likely to be adopted. This can be easily

translated into offshore operation, in which case the only significant difference caused by moving offshore would

be the presence of floating rather than fixed base renewables (Figure 5.2 a). As for onshore production, electricity

is generated either from these in-situ renewables, or from back-up power supply, and is used for three purposes:

hydrogen generation, powering the Haber-Bosch plant, and operating the RO plant.

As described in Chapter 2, the power demands of the RO plant are a very small fraction of the total plant demand.

However, RO plants typically have high maintenance requirements – predominantly membrane replacement – and
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rely upon skilled operating personnel [205], which is not suitable for far offshore operation where staffing costs are

high and bringing parts for maintenance is challenging.

For that reason, there may be advantages to adopting a thermal approach to desalination offshore(Figure 5.2

b). In terms of global deployment of desalination, these are far less common than RO [206], partially because

energy demands are much higher – in the order of 100 kWh of thermal energy per m3[207] However, they rely

on evaporation rather than membrane separation, so waste heat from the ammonia plant can be used in place of

electrical energy from the renewables. Using this heat as a process input, rather than rejecting it to the environment,

may also prevent localised increases in sea water temperature that contribute to thermal pollution and affect aquatic

life[208]. The most suitable mode of thermal desalination is MED, which uses a series of evaporation stages

(effects) at below atmospheric pressure with counter-current flow of desalinated water as steam to minimise heat

input. MED is comparatively more flexible in operation than the more common multi-stage flash (MSF)[207], and

therefore pairs better with variable ammonia production. The maximum heat available from Haber-Bosch ammonia

synthesis is 2.7 GJ/ton[169], which would approximately enable the desalination of 7.5 tons of water via thermal

methods (the stoichiometric water requirement is around 1.6 tons of water per ton of ammonia). Therefore,

there is theoretically sufficient waste heat to desalinate all water needed by the process, although if the plant is

operating at minimum rates or the plant is reliant on metal hydrides for hydrogen storage, then the overall plant

heat balance may have less slack. This could be resolved by onboard storage of desalinated water. The maintenance

requirements of MED are comparatively low compared to RO – they have few moving parts, can be operated with

minimal operator intervention, and consume fewer chemicals, biocides and anti-scalants than other desalination

technologies [209] Their footprint is sufficiently small that consuming space offshore is unlikely to pose a civil

engineering challenge [210].

The third option is the adoption of direct sea water electrolysis (Figure 5.2 c). Compared to the desalination

routes, direct sea water electrolysis has a low technology readiness level (TRL) because of the technical challenge

of avoiding the chlorine evolution reaction (CER) when using sea water as a feed. The CER would both parasit-

ically consume energy and require downstream separation equipment. However, Dresp et al.[211] were able to

demonstrate that by using a NiFe-layered double hydroxide at the anode and platinum nano-particles at the cath-

ode enabled sea water electrolysis without chlorine production. However, slightly higher overpotentials than would

typically be used in Alkaline or PEM electrolysis were required[212], which compromises equipment efficiency.

Given the very low real energy demands of desalinating water, sacrificing electrolyser energy efficiency solely to

eliminate desalination energy consumption is not justifiable, unless significant capital cost savings can be realised.

To some extent, these capital savings may originate from a streamlined plant design that does not require additional

desalination equipment, although there is a risk that the more complex catalysts required by the direct sea-water

electrolysers to prevent the CER would offset the savings from streamlining.

Finally, solid oxide electrolyser cells (SOECs) can be used for hydrogen production (Figure 5.2 d). SOECs operate
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at high temperatures (∼700◦C) and can, therefore, accept steam as an input, rather than liquid water [213]. At

these high temperatures, the energy required for water splitting is reduced, enabling very high electrical efficiencies.

In other words, SOECs enable thermal energy to be used to reduce the burden on renewable power generation.

Boiling sea water using waste heat from the ammonia plant to separate out the dissolved salts and then using the

product steam as the electrolyser feed could achieve high efficiencies and reduced costs. However, the exothermicity

of the Haber-Bosch process alone is not enough; even if the water were pure, the 2.7 GJ/ton of heat produced could

only evaporate around 1.05 tons of water at atmospheric pressure (i.e. less than the stoichiometric requirement

of 1.6 tons). In the context of a marine environment, the additional energy demand of boiling sea water would

reduce this number further. Therefore, additional desalinated water would need to be produced to supply the SOEC,

most efficiently by RO. This route would increase plant complexity but may be justified given the improvements in

efficiency. The stability of SOECs under thermochemical cycling is less-well understood than alkaline and PEM

electrolysis [116]. SOECs may therefore require larger back-up power supplies in order to maintain temperature

and therefore operating rates. However, the manufacturer Topsoe reports that a turndown to 10% is possible using

SOECs, which may enable competition on cost with other types of electrolysers[213]. Operating SOECs reversibly

is also technically possible, which may further reduce the cost of plants which use them by removing the need for a

fuel cell [137].

5.2.3 Other technical challenges

This section considers a number of other technical challenges which may arise and would need to be addressed:

civil infrastructure developments, operation and maintenance, and biodiversity impacts.

Civil infrastructure developments will be needed to enable both renewable energy and ammonia production

equipment to float. Most significant of these is the substructure beneath turbines to enable their installed costs

per MW to approach onshore costs (discussed in more detail in Section 5.4.1.1). However, floating platforms or

production ships will also be required for the electrolysis and Haber-Bosch synthesis. Based on experience from

floating natural gas plants, these platforms are technically feasible but their costs may be considerable. Whether

ocean production is viable depends on whether the cost saving achieved by transporting ammonia rather than

electricity to shore outweighs the cost of such platforms. In the short term, existing oil and gas platforms are likely

to be convertible into green production facilities; in the longer term, new platforms are likely to be required[201]

Operation and maintenance studies will be needed to verify that ammonia plants can be operated in a chal-

lenging marine environment. These will involve consideration of wave action, local weather conditions and site

vibration, and should be conducted on a case-by-case basis. Although these are significant technical challenges,

they are surmountable. Firstly, operation of green ammonia plants is likely to be relatively simple; apart from gas

compression, there are few moving parts which could be damaged by offshore weather, and although synthesis

temperatures and pressures are high, they are not extreme. Secondly, offshore plants can learn from maintenance
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strategies used in the oil and gas industry, which demonstrates that offshore operation is possible in marine envi-

ronments. Remote monitoring developments will enable plants to be operated from shore with minimal personnel

onsite, which will reduce costs and improve plant safety. The operation of hydrogen electrolysis plants is relatively

simple, meaning remote control rooms will be able to operate provided adequate information is gathered from

sophisticated onsite monitoring and drone surveillance (which is already used to reduce operating costs of some

solar plants).

Biodiversity impacts of offshore production must also be considered because of the fragility of ocean ecosys-

tems. Little research has been conducted in the field, and more will be required on a project-by-project basis to

demonstrate that the impact on marine life will be limited. However, there is some evidence that there are positive

impacts of offshore production. Although more research is required, offshore wind and solar installations may act

as protection for some sea life, as a foundation for bivalves, and as a resting place for migrating sea birds [214,

215] At the same time, offshore production may avoid onshore environmental effects, which can be significant if

suitable land is not available; as described in Chapter 2, these can be significant.

5.3 Technoeconomic considerations

The previous sections laid out the rationale for offshore production, and outlined the technical developments that

would be required to enable such production. This section applies the model described in Chapter 3 to determine

the extent to which offshore production would be economic. It does so in several stages: it firstly considers the

production cost in isolation; it then estimates the impact of land availability; it finally incorporates the costs of

offshore platforms and of ammonia transport to shore.

5.3.1 Technoeconomic literature

While a number of authors have conceptually considered production of hydrogen or one of its derivatives offshore

[216], this rarely includes conversion to green ammonia (although this may significantly reduce project costs).

Babarit et al [58] estimated the cost of offshore hydrogen production with transport to shore on ships; however, in

this initial stage analysis, they assumed a fixed cost of electricity delivered with a fixed load factor, and estimate

quite high costs because of the difficulties of hydrogen transport. Loisel et al. [217] and Singlitico et al. [218] also

consider hydrogen production from offshore wind at a location near France; however, they only produce hydrogen

using curtailed electricity, meaning one key benefit of offshore production (namely, the absence of an expensive

transmission line) is not achieved.

Some authors did consider ammonia in more depth: Morgan [219] considered the onshore production of ammo-

nia from offshore wind, and Parmar et al. [220] extended that analysis to offshore production, attaining flexibility

through modularised reactors. However, because they did not consider the use of batteries or any improvements in

flexible operation of ammonia plants, they estimate very high costs of production. Panchal et al. [221] considered

hydrogen production using thermal gradients in the ocean; however, because this technology has yet to be used on
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Fig. 5.3 Data flow through optimisation model at global scale, showing how land data is incorporated. Input data is shown in
pale blue (and broadly clustered into dark blue themes); model processes are shown in yellow (and are broadly clustered into
pale yellow themes)

very large scales, it is not considered further here.

Wang et al. [201] provide the most robust optimisation of ammonia costs considering offshore wind that is

known to the author. This analysis used a synthetic wind profile to estimate project costs, which used a ’represen-

tative day’ of electricity production from each month in a nominated year. However, as described in Section 3.2.2

of Chapter 3, using representative days can oversimplify production costs and underestimate the true energy stor-

age requirements, and indeed, that paper found very small energy and hydrogen storage equipment was required.

Moreover, the synthetic profiles they considered used two average wind speeds - 7 m/s and 11 m/s; however, much

higher wind speeds are observed in the actual historical weather data used in this analysis - the best site has an

average wind speed of 19 m/s, and the average speed is greater than 11 m/s at about 16% of sites - indicating that

the synthetic profiles neglect locations in which very cheap production may be possible.

5.4 Methodology

The technoeconomic methodology is shown in Figure 5.3, which is an updated version of Figure 3.2, showing how

land data is incorporated into the optimisation both pre- and post-processing.

The optimisation model is the same as that described in Chapter 3 (the LP model in Chapter 4), although it is

here extended to a much larger number of locations; where Chapter 3 considered 700 locations for the analysis of

Australia, this chapter considers over 60,000 locations.

As for chapter 3, weather data were sourced from the ERA5 reanalysis dataset; these were clustered into 4-hour

time steps[141]. However, for bathymetry data, the ETOPO Global Relief Model was used instead, since it provides

more granular data to larger water depths [222]; that data set was also used to estimate land slope for assessing

the suitability of renewable energy production. Locations which were very close to the poles (i.e. latitude < -85◦
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or latitude > 85◦) were excluded, since environmental considerations likely exclude these sites; similarly, sites in

Antarctica were excluded, even if they fell within the acceptable latitude range, for the same reason.

5.4.1 Offshore cost estimation

The most significant adjustment to the model for this chapter was an updated cost estimation to reflect the increased

costs of offshore operation. While the costs of offshore installation as a function of distance to shore and depth are

considered, we do not consider here regional differences in cost (i.e. we use the same installed cost of solar panels

in India and Europe, even though installed costs are much lower in India). This is because (i) it is not possible to

obtain meaningful estimates of the installed costs for each country considered individually, and (ii) the purpose of

this analysis is to meaningfully compare ocean and land based sites based on the quality of their resource, rather

than by the local financial conditions. For that reason, costs for land based applications were taken directly from the

IRENA Renewable Cost estimation report [223], which considers a wide range of renewable projects, and reports

the average and range of total project costs in 2020. Since their estimates refer to the total project cost, they include

an average cost of purchasing land, which is highly variable globally, but is estimated to be around 3% of CAPEX in

the US, based on the 0.03 USD/W published by NREL [224] (although it may be less if the site leases, rather than

purchases, the land in question).

5.4.1.1 Offshore wind cost estimation

Offshore wind turbines fall into two categories: fixed bottom and floating. Many fixed-bottom turbines have already

been installed, and are used for shallow water applications (<50 m). Because they are in common usage, their costs

are widely reported; for this analysis, an installed cost of 2,644 USD/MW was used[223]; this is reflective of the

global average installed cost minus the cost of high voltage power transmission to shore (which is about 17% of the

total installed cost).

For water depths of greater than 50 m, it is not practical to install a fixed-bottom wind turbine, and the wind

turbines will need to float [225]. While the literature is in general consensus that floating turbines will cost consid-

erably more than ground mounted turbines[58], only a comparatively small number of authors provide meaningful

cost estimates for this technology. The difficulty of estimating costs is further complicated by (i) the rapid reduction

in the cost of renewable energy, meaning estimates are quickly outdated, and (ii) the relationship between the wind

turbine cost and both the water depth and the distance to shore. Table 5.1 summarises all known data from the

literature which reports a meaningful breakdown of floating wind turbine CAPEX.

The table demonstrates there is a wide range in reported costs of floating offshore wind, from between 3.5

million USD/MW to almost 6 million USD/MW. However, the transmission line to the shoreline often represents a

substantial cost; if this were not required because of co-locating a green ammonia plant, then prices could fall to

around 3 million USD/MW. Instead, the user must pay ammonia transport costs, but these are comparatively small

because of ammonia’s high density; these are discussed in Section 5.5.3.
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Table 5.1 List of cost estimates for floating wind turbines. All costs listed are in millions of USD; where currency conversion was
required to EUR, a factor of 1.12 C/USD was used, which is the approximate long term average. Where an author reported
the costs of multiple technologies for floating turbines, the cheapest technology was selected for this work. Where available,
present day costs are reported in preference to prospective future costs.

Author Region Year
Size
(MW)

Turbine
+ Plat-
form

Instal-
lation

Anchors Mooring
Bal-
ance

Trans-
mission

Cost/MW
with

trans-
mission

Cost/MW
without
trans-

mission

Ghigo et
al. [226]

Italy 2020 10 28 16.8 0.1 0.5 - 13.4 5.9 4.5

Myhr et
al. [227]

Generic 2014 1 1.8 0.34
In

platform
0.6 0.28 1.1 4.1 3

Carbon
Trust ∗

[228]

Scot-
land

2015 1 2.1 0.43 0.07 0.2 0.13 0.4 3.3 2.9

NREL
[191]

US 2019 1 2.7 0.48
In

platform
In

platform
1.1 0.98 5.3 4.3

NREL
[229]

Califor-
nia

2020 1 2.5 0.2
In

platform
In

platform
1 0.8 4.5 3.7

Katsouris
& Marina

[190]

Nether-
lands

2016 4 10.5 0.39 0.30 0.30 1.35 2.24 3.7 3.2

Heidari
[230]

Generic 2016 1 1.82 0.58
In

mooring
0.06 0.53 0.48 3.5 3

Martinez
&

Iglesias
[225] †

Europe 2021 1 3.7 0.27 0.11 0.06 0.48 0.81 5.4 4.6

∗ This publication used forecast pricing for 2030, rather than present day costs.
† Costs in this publication are a function of distance to shore and water depth. Values of 1,000 km to shore and 500 m depth
were used for the calculations in this table only.

In general, the approach of Martinez and Iglesias [225] was adopted to estimate the cost of wind turbines,

since (i) their work is the most recent, (ii) their work most clearly estimates costs as a function of water depth and

distance to shore, and (iii) their work provides reasonable estimates compared to those offered by other works.

However, three modifications are made to their estimate. Firstly, and most importantly, the costs of the transmis-

sion line and onshore substation are not included, since they are not required. Secondly, the turbine costs indicated

in their work are considerably higher than those considered by other authors, and may not adequately factor the

falling cost of wind energy. For that reason, only the cost of the turbine component is taken from the IRENA average

cost of a turbine from 2020. Thirdly, the time allowed for turbine transport in that work does not appear to take into

account the low operational windows that may be present for ships in offshore wind farms, which Myhr et al. [227]

argue can increase costs, because hired equipment for installation must wait in port until the weather conditions

are safe. For that reason, the time taken for turbine transport was considered to be three times the one-way journey

time (i.e. a return journey with an operational window of ∼67 %), and the costs are adjusted accordingly.

Table 5.2 shows the turbine cost estimates used in this work for three different turbine sizes. Clearly, the
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total cost is a strong function of the wind turbine size; predominantly, this is caused by the considerable cost of the

moorings, which has a relatively weak dependence on turbine size (although is also the largest source of uncertainty,

since these moorings are not widely deployed). While turbines 10 MW in size are beginning to be deployed, we

conservatively assume in the model that the largest turbines available are 7.5 MW, although clearly increasing

turbine size is an avenue for future cost reduction.

Although Table 5.2 uses a distance to shore of 1,000 km and a water depth of 500 m, the completed plant model

uses the actual distance and depth to determine installed costs per MW, although the relationship between these

variables and the total cost is small, because of the large contribution made by the turbine and platform.

Table 5.2 Installed floating offshore wind costs for different turbine sizes; a depth of 500 m and a distance to shore of 1,000 km
are used for demonstration purposes. Note costs are in USD unless otherwise specified.

Component Description 5 MW 7.5 MW 10 MW

Turbine 1.28M USD/installed MW 6.40 9.60 12.80

Platform 8 MC /turbine 8.96 8.96 8.96

Interarray cable 191.6 km for 100 turbines @ 0.3035 MC/km 0.65 0.65 0.65

Turbine Transport 0.0195 MC/day; 2 day install plus journey time @ 20
km/h

0.18 0.18 0.18

Turbine installation 0.24 MC/turbine (includes mooring installation) 0.27 0.27 0.27

Cable installation 0.213 MC/km (Interarrary cable only considered
here)

0.46 0.46 0.46

Anchors 0.123 MC/anchor, 4 anchors/turbine 0.55 0.55 0.55

Mooring Catenary wire (50 C/m wire) + chain (270 C/m) for
50 m

0.31 0.31 0.31

Site selection 0.21 MC/MW 1.18 1.76 2.35

Offshore substation 0.117 MC/MW 0.66 0.98 1.31

Decommissioning 70% of turbine transport, 10% of cable installation,
90% of balance of installation costs

0.41 0.41 0.41

Total cost per installed MW (USD) 4.00 3.22 2.83

5.4.1.2 Offshore solar cost estimation

Offshore solar PV technology is an increasingly attractive option for land-restricted locations. To date, the majority

of applications have occurred on inland water-bodies (which are technically simpler than marine applications); in

these instances, the panel can reduce evaporation rates from the pond, while operating with increased efficiency

because of the cooling effect from the water [231] (although obviously these effects partially cancel each other

out). There are a host of other benefits: land preparation costs are not accrued; there is unlikely to be shading from

nearby buildings, trees or mountains; and O&M costs may reduce because ocean areas are considerably less dusty

[232]. Although more research is required, preliminary estimates indicate that the local environmental impacts
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(e.g. biodiversity loss) may be lesser from floating panels than from land-mounted ones[231]. Additionally, for the

application of ammonia which requires steady operation, solar may have a different seasonal profile to wind, and

thus there may be synergies from including a second source of power.

Although the majority of floating PV has been installed on inland lakes and reservoirs, pilot projects have been

constructed in marine environments in the North Sea [233] and the Strait of Johor [234]. These projects are more

technically complex because (i) the salt water is corrosive and will degrade the panels over time, and (ii) wave

action may damage the panels and support structures over time. This wave action may also reduce the efficiency

of the panel, although Golroodbari et. al [235] estimate that the effects of panel cooling outweigh those of wave

action. For this analysis, it is conservatively assumed that the effects cancel each other out, and that the efficiency

of a floating panel is comparable to that of a land-mounted panel.

As was the case for floating wind turbines, it is difficult to estimate the costs of marine PV applications, al-

though the challenge here is further complicated by the lack of consensus among operators as to the best panel

superstructure to adopt (for instance, gable structures, solar trees and structures floating on tires have all been

considered). Further, the majority of authors considering floating applications typically perform their analysis on

inland reservoirs, and do not consider the additional costs for offshore application, although costs reported are

typically between 1,000 and 2,000 USD/kW [235, 236]. For this analysis, the installed cost of floating solar panels

are estimated at twice the cost of a land-based solar panel (i.e. 2 × 825 USD/kW = 1,650 USD/kW). While this

nascent technology may well be more expensive in the short term, it is unlikely that it will be widely deployed until

it falls below this cost.

5.4.2 Land restrictions

The approach of the previous section enables the minimum cost of ammonia production to be determined in all

locations globally. This section determines how much ammonia can be made in each of those sites. The method is

summarised in Figure 5.4.

This section breaks down land constraints into two categories: land availability, and land competition. Land

availability here refers to restrictions on land that prevent the installation of renewable energy, because of (i)

requirements for other land uses (predominantly agriculture, but also forests, as well as urban and built up land

[237]), (ii) land protection legislation in areas of environmental/cultural significance (e.g. National Parks), or (iii)

land with a steep gradient. Land competition here refers to an inability to use land specifically for green ammonia

production because it is needed by other emerging renewable energy applications.

Land availability is determined using the Land Cover Type 1 layer from the MODIS6 dataset, which was ob-

tained for each grid square considered in the optimisation [238]. This dataset classifies land into one of seventeen

categories. Different approaches have been considered in the literature for determining whether solar and wind

installation is possible on different land categories. For instance, van de Ven et al.[239] allow ’free’ construction in
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Fig. 5.4 Method for estimating ammonia production capacity. Land availability (i.e. fraction of land which can be used for
renewable energy generation) is calculated using land cover data and factors for installation capacity based on land cover
type; areas designated as protected by the UN and steeply sloping areas are excluded. Actual land which can be used for
green ammonia specifically is a fraction of the total available land, dependent on land competition - which refers to the need
to build other renewable sources. Method I for estimating land competition is shown in this figure; Method II incorporates an
additional land cost. Based on the suitable land area for green ammonia, the optimal plant design, and the land-use efficiency
of renewables, the actual production capacity is estimated.

unused areas (e.g. desserts, shrublands, some urban rooftops), and use a competition based model which allows

some construction of solar panels in locations with existing uses (e.g. cropland, savanna), but prevents installation

in areas that are likely to be environmentally protected such as forests. Deng et al. [188] also prevents construction

of solar PV in forests, but allows wind turbines with ∼20% of the land efficiency that they have in other locations.

In general, they predict far less land use than other analyses, because of the assumption of an ’availability factor’.

This factor varies across countries and land uses, and significantly constrains their estimate of land availability.

Here, we use a hybrid of these approaches, which allows unlimited construction on barren land, and a fraction

of construction on other land, depending on its current usage. The fractions adopted are reported in Table C.1 in

Appendix C. A base, low and high land availability are modelled in order to estimate the possible range of produc-

tions. In all cases, construction is not allowed in protected areas, as listed in the UN database [240]. Construction

is also excluded if a site has a slope of greater than 15◦ (to a granularity of 0.016 degrees). For offshore sites, it is

assumed that all ocean area which is not designated as protected is available.

The MODIS dataset, protected land areas, and slope data, is more granular than the weather data that was

used for estimation of ammonia LCOA. For each of these measures, land availability was estimated at the finest

1–188 | 109



Chapter 5. Land Constraints

granularity; the cumulative available area within each of the larger grid squares used for ammonia LCOA estimation

was then used to calculate maximum available ammonia production.

Land competition factors the role of competing renewable applications. At present, there is little competition

for available land, as renewable energy represents a small fraction of total energy consumption; however, in a fully

decarbonised economy, this competition is likely to be considerable. Prediction of land competition in this context

is challenging, as the composition of carbon neutral energy systems remains uncertain. Therefore, two different

approaches are used to estimate land competition, which are designated Method I and Method II.

In Method I, it is assumed that the land competition faced by ammonia is proportional to its fraction of global

energy demand to ensure there is sufficient land for other sectors to be decarbonised. At present, ammonia pro-

duction for fertilisers represents 2% of global energy demand [90], which is taken as a base case; a minimum

availability of 1.5% and a maximum availability of 3% are considered as sensitivities. Note that this competition

factor is not equivalent to the availability factor proposed by Deng et al.[188]; the estimate is therefore conservative

in assessing the performance of ocean based ammonia by allowing generous use of land. The competition factor is

applied evenly to on− and offshore sites. In theory, as ammonia production expands to alternative end-uses, de-

mand would increase, and the competition factor would increase to match it (i.e. if shipping were to be completely

decarbonised by green ammonia, demand would be some multiple of present demand, but so too would the fraction

of global energy associated with ammonia as an end use, and therefore the amount of land which could be used to

produce the ammonia by the factor used in this method).

In Method II, it is assumed that land competition manifests as increased costs for onshore sites only. This

method calculates how large those costs would need to be in order to drive different percentages of production

offshore. Costs are expressed in USD/MWh, to provide easy comparison to other renewable energy production

projects. Equation (5.1) links the increased costs of electricity to an increase in the LCOA-P.

The equation is essentially a unit conversion - the product of the annual operating hours, load factor and

renewable installation gives the MWh per MMTPA of ammonia produced; when this is multiplied by the increased

costs per MWh of electricity, it is translated into the increased costs per ton of ammonia produced each year. Results

for Method II are shown in Appendix C (Figure C.2).

Increase in LCOA-P = Increased costs in USD/MWh×Annual Operating Hours× MMT PA
106tonsNH3

×

×

[
∑

Renewables
Renewable load factor×Renewable installation in MW required for 1 MMTPA of capacity

]
(5.1)
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5.4.2.1 Renewable energy land requirements

Estimates for wind turbine land use requirements vary from 100 to 200 km2/GW of installed capacity. In order to

minimise wake effects, we assume a space efficiency of 200 km2/GW[104].

Estimates for solar land use requirements also vary from different authors - we adopt the method from van de

Ven et al. [239], which varies the packing of solar panels on the basis of latitude to maximise efficiency (since at

higher latitudes panels must be further apart to prevent shading). The method is modified to report the land usage

in km2/GW by using the space efficiency of a standard solar panel [241].

To convert renewable energy land requirements into ammonia production capacity, we assume that complete

overlap is allowed between wind and solar farms. In reality, access roads required by wind turbines, and the shading

effect of these turbines, will prevent this idealised overlap; however, it provides the largest possible estimate of land

production capacity and is therefore conservative for the assessment of ocean performance. For similar reasons, the

area of the hydrogen and ammonia production itself is considered to be negligible in comparison to the area of the

renewable energy farm.

5.5 Offshore wind results

This section of results is divided into three subsections. In the first subsection, the costs of production are presented

without land limitations; these are factored into the second subsection as limitations on ammonia production at each

of the sites, which enables an assessment of the relationship between cumulative global production and LCOA-P.

The final subsection includes the costs of additional infrastructure requirements associated with offshore production

(floating platforms and ships to ports) and onshore production (pipelines to ports).

5.5.1 Production costs

Two cases were considered for the production costs: a hypothetical case in which costs were equal on- and offshore,

whose purpose is to show the quality of the ocean resource; and a more realistic case in which solar installation is

allowed on land, and the additional costs of offshore renewable installation are included in the estimate. The reason

these ’hypothetical’ results are included is to demonstrate that, although the main driver explored in this chapter for

moving offshore is land availability, the offshore resource quality is also a substantial driver. Cost reductions which

enable floating wind turbine costs to be bought towards fixed-bottom turbine costs would make offshore production

highly competitive. The results of the two cases are shown in Figure 5.5.

There are two points which are noteworthy for the hypothetical wind only cases. Firstly, the model cannot

converge at many land-based sites; this occurs because there is a maximum cap on the wind turbine installation of

20 GW in order for the model to converge more quickly - although it sometimes causes the model to fail to return

results, this will only occur in locations where the ammonia cost would have been extremely high, meaning they are

unlikely to be used to produce ammonia in the future. Secondly, in this raw comparison of wind resources which
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neglects the realistic costs of a floating plant, the ocean sites far outperform land based sites. In particular, the wind

band at very southerly latitudes (from about -65◦ to -45◦) has extremely cheap ammonia. This demonstrates that

the wind resource quality in the oceans is superior for ammonia production to that available on land.

(a) - Wind only, onshore and offshore costs equal

(b) - Wind and solar, true onshore and offshore costs

Fig. 5.5 Heat maps for global green ammonia cost estimates. (a) - Top: Wind only, with equal costs on and offshore, purely
for demonstration of offshore wind potential; (b) - Bottom: True costs for on and offshore wind and solar. In order to maintain a
readable colour gradient, locations with an LCOA-P > 1,200 USD/t were shown using the same colour as those with LCOA-P =
1,200 USD/t. In locations that are uncoloured, the model could not solve, indicating green ammonia produced there would be
very expensive.

However, this performance is not replicated when the true costs of offshore wind installations are also con-

sidered, as is evident in Panel (b) of Figure 5.5. Figure 5.6 shows the comparison more clearly, by showing the

cumulative production at a given price point for the two cases shown in the heat maps. One additional hypothetical

case is included, in which cheap solar and electrolysers are available on- and offshore. This latter case represents

a likely future in which the costs of solar PV and electrolysers fall more rapidly than the cost of wind turbines. As

described in Chapter 4, cheap electrolysis will typically benefit solar dominated sites more than wind dominated
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sites. Since, in general, the solar resource is superior onshore, this reduced cost of solar panels will typically benefit

onshore locations more than offshore locations. (Note that for this section, it was assumed that the entire area

demarcated by a location could be covered in renewables unaffected by land constraints) [104]

Fig. 5.6 Comparison of cases by cumulative production. Three cases are presented: two sets are hypothetical cases, in
which onshore (green) and offshore (blue) equipment CAPEX is equal. In the first hypothetical case (dashed), only wind is
allowed, and in the second (dotted), both wind and cheap solar/electrolysers are also allowed. The third case is the realistic
case (solid), using the estimated actual costs of on- and offshore installation.(a) - Top: Comparison of marginal LCOA-P at a
nominated global production, without land restrictions. Note that the inclusion of cheap solar benefits land production (dotted
green), but not so much that it outperforms the corresponding ocean case (dotted blue). (b) - Bottom: Comparison of wind
usage at top sites. Even when cheap solar installation is allowed, the best sites are still wind-dominated.

Figure 5.6(a) demonstrates that the superior ocean resource means that it produces considerably more very

cheap ammonia than land based-sites, all equipment CAPEX costs being equal (as shown by the dashed blue line

crossing the global demand line about 40 USD/t cheaper than the dashed green line). However, factoring in the

increased costs of floating wind farms significantly increases the LCOA of the associated ammonia; it cannot compete

with land-based ammonia in this regime (for the solid lines, the green land line crosses global demand almost 200
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USD/t cheaper than the blue ocean line) - for it to be competitive, the global ammonia demand would need to

be in the order of 104 MMTPA, or around 100 times larger than demand today (which is marked on the figure as

approximately 200 MMTPA).

The cost increase across offshore sites between the hypothetical and realistic cases is fairly uniform, in the order

of 40%. A 40% cost increase is consistent with expectations; although the turbines themselves have increased in cost

by more than a factor of 2, there are many other components in the ammonia production process (i.e. electrolysers,

Haber-Bosch) with significant costs that are largely unchanged in this mode (although the infrastructure required

for this downstream equipment to float may also be expensive - see Section 5.5.3 for cost estimates).

5.5.1.1 Changing solar costs

As described in the introduction to this chapter, the analysis for floating offshore wind has been conducted using

2022 data to avoid the compounded uncertainty of floating turbine costs and cost forecasting. This is constraining

to the analysis, as it is likely that the costs of solar PV will fall more quickly than the costs of on- or offshore wind.

Aided by cost reductions in batteries and electrolysers, this will lead to the cheapest forms of ammonia production

relying on solar, rather than wind (see Figure 6.4 in Chapter 6).

If the cost reductions in solar relative to wind are very large, then offshore wind will not be competitive from

an economic perspective. High-land efficiency solar will generate adequate energy and offshore ammonia will not

be needed. However, the change in the relative costs would need to be very large. Figure 5.6 gives an indication of

how this cost balance may shift in response to a 30% reduction electrolyser costs, batteries, and the relative cost of

wind and solar compared to the base case (rather than almost 50%, as is used in the other chapters based on Oxford

INET forecasts[2]). In this case, the cheapest ocean and land sites become even cheaper than in the previous wind

and solar case, but this difference is attributable to the reduction in the cost of electrolysis units, since the cheapest

sites are still the ones with an excellent wind resource. Consequently, the cheapest land and ocean sites do not

substantially change in cost relative to each other. Panel (b) indicates that most of the influence of the reduction in

price of solar panels is felt at sites with an LCOA greater than 400 USD/t (in the hypothetical cases); this is where

the most deviation is observed between the lines for the land cases comparing real and hypothetically low solar

prices. The relationship between LCOA and wind usage is approximately the same at both land and ocean sites.

Evidently, the switch to solar based sites which is observed in the next chapter requires a cost reduction of greater

than 30%.

At the cheapest sites in the ocean, floating solar is not installed, even though it is allowed, because the wind

resource is so superior to the solar resource (many of the best locations are at absolute latitudes greater than 40◦).

Land sites make greater use of solar, but it is still only enables a fairly small reduction in cost at the best sites - in

the order of 5 USD/t.

There are some interesting results at comparatively poorly performing sites (i.e. LCOA > 600 USD/t for the

hypothetical cases); in these locations, because the capacity of solar panels to generate far more electricity per area
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of land, the total production capacity increases markedly; in fact, it becomes almost as high on land as in the ocean,

even though the total area of the ocean is almost triple that of land.

5.5.1.2 Impact of ocean depth

Figure 5.7 shows the relationship between the cost of ammonia and how far a site is from the shore for the realistic

case.

Fig. 5.7 Impact of ocean depth and distance to shore on average and minimum ammonia cost. (a) - Top: Impact of depth,
which is not strongly correlated to cost. (b) - Bottom: Impact of distance, for which there is a surprising inverse correlation with
the LCOA-P for the average site; even though sites further offshore are typically more expensive (because they are more likely
to be in deep water, preventing fixed-bottom turbine installation) the associated LCOA is on average lower. This is driven by
better wind resource quality further offshore

As outlined in Section 5.4.1.1, the total cost of the wind turbine is a function of water depth and distance

to shore; however, the plot demonstrates that these variables have little dependence on either the minimum or

the average LCOA-Ps observed at a nominated ocean depth or distance to shore. This is because the fraction of

floating wind turbine costs associated with mooring and installation (which vary as a function of depth) is small
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compared to the turbine and floating substructure (which do not depend on depth). The small increase in cost of

the turbine does not translate to a meaningful increase in the cost of ammonia, as the quality of the wind resource

is of greater significance. For locations comparatively close to shore (< 500 km), there is an inverse relationship

between distance and LCOA, indicating that in general, better resources are available further from the shore; this

is likely also the reason that the LCOA at depths < 50m (where cheaper fixed bottom turbines can be used) is not

significantly less than the LCOA-Ps at greater depths.

The upper limit on ocean depth for floating wind turbine installation is not well-understood. As the ocean depth

becomes larger, the strength of the mooring cables will need to increase, which will impose a maximum limit on

water depth. The World Bank reports a maximum depth of around 1 km [242], which would cover around 80%

of the world’s ocean. Because of the high degree of uncertainty associated with the maximum depth, no sites are

excluded here on the basis of a technical limit that may be beaten; because Figure 5.7 indicates the LCOA-P does

not depend strongly on depth, this is not likely to have a major impact on results.

5.5.2 Land Constraint Results

The previous subsection compared the quality of the resources, and demonstrated that the costs of floating re-

newable energy generation are too large to enable ammonia to be produced on the ocean that is cheaper than

that produced on land, despite the superior wind resource in the ocean. Even a potential increase in demand by

a factor of 5 to 103 MMTPA (which would provide enough extra ammonia to supply the maritime industry and

some energy/hydrogen trade via ammonia) would not justify the use of ocean sites, since the ammonia cost at that

production rate still exceeds the cost on land by ∼160 USD/t.

However, the results in Figure 5.6 (a) assume all land can be used ammonia production, which is not realistic.

For instance, it appears on Figure 5.5 (b) that Greenland would be a suitable location for production, but given

environmental concerns with production in protected areas, it is not likely that it would be suitable for large scale

chemical production; this land would not be available for renewables based on the description provided in Section

5.4.2.

As described in Section 5.4.2, there are two methods for calculating the impact of land competition (i.e. con-

straints on renewable installation for ammonia production because of other electricity usage); Figure 5.8 uses

Method I, and Method II is shown in Appendix C. Three cases were considered for land use restrictions - a base

case, as well as a low and a high land use case. This figure assumes construction of both wind and solar, identical

to the "realistic" case shown on Figure 5.6.

Considering land constraints, the economic case for ocean-based ammonia production becomes considerably

more attractive, and begins to become competitive with land based production around the current global ammonia

production rate. In the base case (Figure 5.8b), around 15% of ammonia is made most profitably in the ocean

(measured by the vertical distance between the orange and green lines where the orange line crosses the global
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Fig. 5.8 Impact of land availability and competition on ammonia production costs. Competition is calculated using Method I, in
which a factor is applied to available land in order to determine the impact of competition from other renewables. (a) - Top left:
No land constraints; (b) - Top right: Base case; (c) - Bottom left: Low land use (i.e. low availability and high competition);
(d) - Bottom right: High land use (i.e. high availability and low competition). Note the scaling on the y-axis of panel (a) differs
from the other three plots. Where there are no land-constraints, onshore sites clearly outperform offshore sites. Including land
constraints, offshore production goes some way to meeting global demand.

demand); in the low land availability case (Figure 5.8c), this rises to as high as 33%. Even in the high land

availability case (Figure 5.8d), a small amount of ammonia (around 1 MMTPA) would also be profitably produced

offshore.

The results in Figure 5.8 are calculated for the whole globe; in specific regions, the incentive for ammonia

production on the ocean may be greater. For instance, the UK has both high population density and a sizable

agricultural industry, meaning it has little available land but large fertilizer demand (compared to its fraction of

the global population). The UK specific results are shown in Appendix C (Figure C.1), and demonstrate that even

in the base case, as much as 50% of its ammonia may be produced offshore. Because of the very restrictive

land restrictions for onshore wind farms in the UK[189], the low availability case is more likely, in which case

almost 100% of ammonia will be produced offshore. While importation is also an option for the UK and other

similar regions, near offshore production may be preferable to maintain energy security, and to avoid long distance

shipping costs for fuel.

Using Method II for land competition estimation, we estimate that if land costs accrue which increase the

levelised cost of electricity production by 10 USD/MWh, then about 15% of production will move offshore (the

same as in the base case for the first approach). This is approximately equal to the costs of moving a wind farm
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from a site with a load factor of 40% to one with a load factor of 30%, or to the cost of moving a solar farm from

a site with a load factor of 25% to one with a load factor of 18%. In other words, it is similar in magnitude to

relocating renewable energy production from an excellent site to an above average site, and is therefore a plausible

estimate for the cost of land competition.

5.5.3 Infrastructure Requirements

An important consideration which has yet to be factored into the above analysis relates to the broader infrastructure

requirements to enable ammonia to be produced on a floating plant: these include the platform on which the

ammonia is produced and the cost of transport to shore (the costs of floating the wind turbines themselves have

already been factored into the cost of equipment). Production on platforms should be technically achievable using

similar technologies to those already employed by the offshore oil and gas industry. Having been produced, the

ammonia could be delivered to the nearest point on the shore, but it would be more practical to deliver ammonia

to a nearby demand centre. In that more realistic case, transport costs also accrue for ammonia produced onshore,

in pipelines to ports, and shipping to demand centres. The purpose of this section is to understand how offshore

production impacts the costs of delivery, on top of the cost of production. In order to do so, it considers delivery

to two demand centres: Hamburg in Germany and Yokohama in Japan. Both countries have announced intention

to import ammonia as fuel in the future, and these ports are also useful proxies for significant future demand for

ammonia in Europe and East Asia respectively.

Costs for constructing offshore equipment may be significant, but are usually confidential. In a small number of

cases they may be avoided if (a) there is shallow water or an island nearby on which to base an ammonia plant, or

(b) there is an oil and gas rig which can be repurposed for hydrogen production. However, in the majority of cases,

a new floating structure will be required. There are a range of possibilities available for a floating plant: it could be

either a platform or a production ship. Wang et al. estimate a cost of 100 million USD per platform [201], which

is considerably less than the ∼500 million USD estimated by Kaiser et al.[243] (for a semi-submersible platform,

averaged between 2008 and 2013), although this figure is for an entire drilling rig, inclusive of equipment, and

therefore represents an upper bound on the true cost. The cost of an offshore platform is therefore conservatively

taken to be 200 million USD.

The impact of this additional cost on the LCOA naturally depends on production capacity; based on the weights

of electrolysers specified by NREL [244], and the weight tolerances specified in Kaiser et al.[243], the approximate

capacity of these platforms would be 1 MMTPA, meaning the increase to LCOA from platform operation would be

approximately 15 USD/t. For comparison, a 600 km ammonia pipeline (the average distance from the coastline

for land locations with an LCOA < 600 USD/t and which are therefore competitive according to Figure 5.8) at

that capacity would have a cost of around 12 USD/t[104]; that cost may be doubled if desalinated water must be

pumped from the coast line, although that cost is not included here (i.e. it is assumed land based sites have access

118 |1–188



Chapter 5. Land Constraints

Fig. 5.9 Impact of infrastructure constraints and land availability on delivered costs of ammonia. Left plots show delivered
costs to Yokohama; right plots show delivered costs to Hamburg. All three sensitivities on land availability are also shown,
using Method I. Including transport costs may reduce the competitiveness of offshore sites; regardless of land constraints in
Hamburg, offshore production is not the cheapest option at or below the level of global demand. In Yokohama, they are only
competitive where land restrictions are very tight.

to water). The land and ocean based infrastructure requirements are therefore of a similar order of magnitude,

although a significant uncertainty remains.

Shipping cost advantages should also be considered. These will differ for different countries; however, in some

cases, ocean locations may hold considerable opportunity to reduce shipping costs. For instance, the majority of

very cheap land locations are in the Western hemisphere (i.e. Northern Africa and South America); these will have

very large shipping distances to Japan, which is forecast to be a major demand centre. The shipping distances from

the very good marine locations in the Southern Ocean are about half that distance, which would amount to savings

of∼20 USD/t (see Chapter 6 for the methodology used to estimate shipping costs); on the other hand, those savings

would be reversed for Germany (which has also stated its intention to import hydrogen in the form of ammonia),

which would be better off importing from Morocco than the Southern Ocean.

To factor in these infrastructure costs, a delivered cost of ammonia to both Hamburg and Yokohama was esti-

mated for each potential production location. Land transport costs were factored using a cost of 2.56 USD/t/100

km of pipeline (see Chapter 6), and land transport distances were calculated to the nearest port (with an overdesign
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factor of 20%). Maritime distances between pairs of ports were estimated using shipping routes available in the

AIS database. Maritime distances between offshore production sites and ports were estimated using the PortWorld

online calculator. Shipping cost estimation is described in Chapter 6. It is assumed that the ships are powered using

the onboard ammonia. The results are reported in Figure 5.9.

The infrastructure costs reduce the economic case for offshore production, although it may still be viable for

shipping to east Asia in the base case, representing around 7% of production (and more than 25% of production in

the low land availability case). However, for shipping to Europe, because of the proximity of cheap land production

sites in West Africa, it is always preferable to used land based production. For the East Asia case, all ammonia is

produced in deep water far from the shore; the average distance for the cheapest 200 MTPA of ammonia is 180

km from shore (compared to a global average of 30 km for offshore wind today), and the average water depth is

approximately 400 m (well more than the typical depth of < 50 m for most offshore wind farms today).

5.6 Land availability and offshore production summary

This chapter has assessed the viability of ammonia synthesis on the ocean. It explained the rationale behind ex-

ploiting this resource, and considered various technologies which may enable offshore production. Although the

renewable resource quality on the ocean is superior to that onshore, the vastly increased cost of exploiting that

resource in general make land-based production more competitive. However, given the limitations on onshore

production imposed by land-constraints, offshore production may be competitive at very high-production rates.

A major limitation of this research is the difficulty of forecasting the cost of floating offshore wind into the

future. Offshore production is likely to become less competitive in the future: although floating wind turbines

will fall in price, so too will solar panels, which are significantly more efficient users of land than wind turbines

on an area/GW basis. This will enable increased onshore production. However, in specific regions like the UK,

land limitations are more significant, and floating production may be required for energy security. Therefore, while

the techno-economic analysis does not definitively show that offshore production will be the cheapest option for

green ammonia production in the future, it does demonstrate that consideration of land limitations is important in

determination of the composition of an energy system which uses chemical energy vectors. These land limitations

are an important input to the model described in Chapter 6.

The final section of this chapter explored the role of transport costs in determining the delivered levelised cost

of ammonia (LCOA-D), as opposed to only the levelised production cost (LCOA-P). The upcoming chapter explores

the interplay between transport and production costs in more detail, and how they interact with various forecasts

for ammonia demand.
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Chapter 6

Optimising supply chains for ammonia

transport

The previous chapters have provided a comprehensive assessment of how much it costs - and will cost in the future

- to produce green ammonia, as well as providing a method to assess the amount of green ammonia which can be

sustainably produced given land constraints.

This chapter integrates this supply information with two measures of ammonia demand, in order to estimate

the ’globally optimal’ distribution of production and supply (as determined by the minimum cost).

On a basic level, considering the supply chain costs is an important component of the optimisation: as this

chapter will show, transport costs of ammonia are not negligible, and considering only the cheapest production

location without regard to the costs of transport will not result in the cheapest ammonia. On a more sophisticated

level, the integrated supply chain model provides a blueprint for ammonia production and distribution networks in

the future. It enables identification of the core drivers of cost, and prediction of likely bottlenecks.

This chapter is divided into three parts: the first part explains how the model which integrates production and

supply functions. There are then two case studies: the first focusses on global demand for ammonia as a maritime

fuel, and the second focusses on using ammonia to supply back-up energy to electricity grids.

6.1 Methodology

There are two parts to this supply-chain methodology: the first explains how supply chain costs for ammonia

are estimated, and the second explains the optimisation approach used to minimise the overall delivered cost of

ammonia.
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6.1.1 Transport and storage costs

In order to deliver ammonia from production locations to consumption locations, it must be transported over land,

and, in many cases, by sea. Where it travels by sea, it must go via a port; this thesis considers only existing ports.

Buffer storage is required at each production stage: at the supply site, the demand site, and any ports at which the

ammonia stops at on the way. A summary of the input values is shown in the Appendix in Table D.2; this section

describes how those values were reached.

6.1.1.1 Land transport

Pipelines are used to transport ammonia from production sites to local ports. Although trucking ammonia is also

possible, pipelines are far more cost effective for all distances at large scales [31], and are already in wide use - there

are over 4,500 km of pipeline installed in the US [245]. Both ’warm’ and ’cold’ pumping are possible (depending

on whether the ammonia is in the liquid state due to pressure or temperature, respectively); which option is chosen

will depend on local conditions.

Determining the cost of this pipeline is an important component of estimating the supply chain cost. These will

naturally vary significantly based on local conditions; however, the purpose of the calculation in this chapter is not

to determine the exact pipeline cost, but instead an order of magnitude estimate which is suitable for inclusion in

the optimisation model. For inclusion of pipeline costs into the model, costs are expressed in USD/levelised ton of

ammonia/km; these depend on the pipeline CAPEX, OPEX and discount rate.

The size of the pipe is determined iteratively based on the flow and the associated pipeline NPV. The calculation

guesses a pipeline size and calculates the associated NPV; it then checks similar nearby sizes to check if its guess was

optimal; if not it guesses again and re-iterates. The OPEX is determined by the power demand, which is dependent

on the head loss using that pipeline size. The CAPEX is estimated based on the pipeline material demand, using a

steel cost of 700 USD/t; the Lang factor was then calibrated to match the tariff (5 USD/levelised t ammonia/100

km at a flowrate of 1.5 MMTPA) reported in Nayak-Luke et al. [140]. The optimum speeds determined using this

method are typically between 1.5 and 3 m/s, which is standard for pumped liquids [246].

One significant hurdle raised by the calculation is that the costs of ammonia transport by pipeline are not

linear with production capacity; they tend to fall from around 5 USD/t/100 km for production scale in the order

of 1 MMTPA to less than 2.5 USD/t/100 km at production rates of around 10 MMTPA (see Figure 6.1). This is

unsurprising, since there are major costs associated with pipeline easements, and the pipeline material used per

ton falls with increasing scale. This non-linearity will pose issues for optimisation using linear programming, which

requires a fixed pipeline cost per unit mass of ammonia. This could be resolved by using integer variables within

the MILP framework to approximate the impact of the non-linearity; however, doing so will significantly reduce the

speed of the calculation. Instead, a linear regression (with intercept equal to 0) was used to estimate the best fit

relating the flow to total pipeline cost across the value range; the gradient of the regression is used as the input to
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the MILP model. This will tend to underestimate costs at small production and overestimate at high production;

however, given the large scale of regional variation between pipeline costs, this option provides a reasonable order-

of-magnitude estimate.

Fig. 6.1 Impact of ammonia production on ammonia pipeline cost; because the cost is not constant, small errors are introduced
in the MILP optimisation

6.1.1.2 Ocean transport

The main costs of ocean transport of ammonia are the chartering of the ship (which includes labour costs) and

shipping fuel, although there are other smaller costs such as port berthing and insurance. These components

convert linearly into a shipping cost for ammonia based on the total number of trips required each year. In this

section, it is assumed that ships carrying ammonia must pay for a return journey.

The ships used for transporting ammonia are expected to be comparable to those used for liquid propane gas

(LPG), which has a similar boiling point to ammonia of −42◦C [15], although LNG ships can also be used for am-

monia transport. Data extracted from the global Automatic Identification System (AIS) indicate there are presently

over 2,500 ships capable of transporting LPG or LNG, the precise characteristics and nomenclature of which vary

between ship builders. The largest of these ships (Panamax) is typically used only for LNG (not LPG) at present,

but it is reasonable to assume that a global ammonia economy would make use of this size to minimise costs. These

larger ships will be fully refrigerated [247]. There may be benefits associated with using smaller ships in some

settings (see Section 6.2), but for simplicity this modelling only considers very large ships. This may pose technical

issues for loading and unloading in small or shallow ports; however, loading and unloading ammonia is relatively

simple, and, in extreme cases, can be achieved without the ship itself berthing at the port using a ’jettyless’ terminal

[248].
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Chartering of ships is the most common method for international transport of liquid fuels. It is not common for

energy exporters to own their own ships; doing so carries substantial capital risk and requires maritime expertise

which energy producers may not possess. Chartering also enables more flexibility of production schedules. The

chartering rates of maritime vessels are highly volatile; in 2020, for instance, LNG charters for 160,000 m3 ships

ranged from between 20,000-120,000 USD/day [249]. To some extent this volatility was caused by the COVID-19

pandemic, but it is also typical for the industry, in which changing ship availability and seasonal energy needs cause

significant price fluctuations. Charter costs are estimated using the method described in Rogers [250] and capital

costs reported by the ERIA [251], which also provides estimates of berthing costs. An additional 2% was added to

the chartering costs for brokerage fees, and a further 2,600 USD/day were added for insurance.

It is assumed that the ships burn ammonia for fuel in a two stroke engine. The cost of that fuel on a per ton

basis is taken as the global average of the top 1,000 production sites. The fuel use of these ships is estimated by

Ash and Scarbrough [11] whose estimates are based on slow steaming (around 18 nautical miles/h); this slow rate

tends to be more economical when fuel costs are high, which they are expected to be using renewable fuels. This is

not the same as the basis for the fuel consumption estimate used for the shipping sector in general; that is described

in more detail in the Maritime Case Study (Section 6.2). The total ammonia transported by a ship is given by the

usable capacity of the ship minus the fuel used in transport. The usable capacity of the ship is 94% of its total

capacity; this accounts for a filling limit of 98% at the supply port to prevent overpressure of the vessel, and a heel

remaining in the vessel at the demand port of 4%. Shipping distances were provided by the Oxford Department of

Geography which calculated the values using the AIS database.

6.1.1.3 Ammonia storage

Ammonia storage is required at the supplier, the demand site, and interim ports. At large scales, it is most cost-

effective to store ammonia in insulated tanks at −33◦C and atmospheric pressure; storage at atmospheric temper-

ature under pressure requires far more steel to withstand the static pressure of the fluid, and is thus more costly

(even though no refrigeration unit is required to recondense any boil off). The CAPEX of these tanks is reported in

Leighty and Holbrook [30], and confirmed by Bartels [16]. The cost of recondensing boiled-off ammonia is esti-

mated assuming a boil-off rate of 0.05%/day [252], a COP for the refrigeration unit of 2, an average tank level of

50%, and an electricity price of 80 USD/MWh at the port (all relatively conservative assumptions). Storage volumes

forecast by the model are comparable to existing very large ammonia tanks (∼ 60,000 t) [30]; around this scale,

increasing storage requires the production of additional tanks. Consequently price reductions per tonne will not be

observable as production rates increase, and linearising storage costs will not introduce error.

6.1.1.4 Integrated costs

Considering the transport costs outlined here and production costs outlined in previous chapters, it is now possible

to estimate the delivered cost of ammonia.
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Fig. 6.2 Role of transport costs in determining delivered costs. Five example production sites are considered (blue crosses),
along with the associated cost of delivery to the port of Hamburg (red cross). Some nearby sites in Germany and Norway
can deliver via pipeline only (green lines), but more distant sites (in Chile, Morocco and Australia) need to deliver via pipelines
and the ocean (blue lines). Although costs are dominated by production, and not transport, both need to be considered to
obtain the cheapest ammonia, which comes not from the closest production sites in Germany or Norway, nor from the cheapest
production site in Chile; rather it comes from Morocco, which offers a balance of cheap production and proximacy to the demand
site considered.

Figure 6.2 demonstrates that considering both costs is necessary, comparing five production sites and the associ-

ated cost of transport to Germany. Local production in Germany is not affordable, with costs even higher than when

ammonia is imported a very large distance from Australia. However, it is equally inappropriate to simply select the

cheapest production site (Chile), because the transport costs are excessive. Regional production in either Norway

or Morocco with short distance transport has a total cost that is around 10% cheaper than imports from Chile.

Although this system demonstrates the need to consider transport costs, real systems will contain far more

demand sites which will compete for access to the cheapest ammonia. An optimisation approach is therefore

required to determine the cheapest allocation of producer to supplier.

6.1.2 Optimisation approach

The optimal allocation of producers to suppliers is a classic example of a ’transport’ problem, for which an MILP

is the conventional mode for solution [253] - the same optimisation approach used for estimating ammonia costs

in Chapter 3. The objective of the transport function is to minimise the NPV of the entire system while satisfying

demand constraints.

In the transport problem, there are a number of supply nodes (in this case, the ammonia production locations)

with an associated cost (the LCOA-P) and production capacity (as determined based on land constraints in Chapter
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5). These need to be paired with demand nodes; in the maritime case study, these are ports which provide bunkering

services to ships, and in the grid supply case study these are countries. In the classic version of the transport

problem, there are simple costs associated with moving from each supplier to each consumer; in this version, while

it is possible to take this direct route via pipeline transport, in most cases the ammonia must travel via pipeline to a

transit port, after which it travels by sea. This version of the transport problem is further complicated by the need

to incorporate buffer storage between nodes.

For each of the supply nodes, there are three constraints: a capacity constraint which sets the upper bound of

production equal to the production capacity at that site; a mass-balance constraint, which requires that the total

flow via pipeline from each production site to each port is equal to the production of ammonia at that site; and an

’activation’ constraint, which is triggered if the site produces any ammonia at all, which will require the production

of ammonia storage tanks on site; these must be able to buffer a week’s worth of ammonia production.

In the maritime case study, the transit port nodes and the demand nodes are the same. This is managed using

a mass-balance constraint: the difference between the total inflows to the port (both by pipeline and by ship) and

the outflows (only by ship) must be equal to the demand at that port. In the maritime case study, the port demand

is a parameter associated with that port.

In the grid case study, the demand nodes can be either ports or the geographical centroid of the country (this is

required in order to satisfy demand in land-locked countries). The mass balance constraint at the centroid nodes

is simply that the flow to the centroid must be greater than or equal to the centroid demand. The demand at the

port and at the centroid in this case study is a decision variable (not a parameter). The relevant parameter is the

country wide demand, and it must be equal to the sum of demands at (i) each of the ports in the country and (ii)

the demand at the centroid. In other words, the model will allocate a country’s demand to either the geographical

centre of the country and/or to one or more of its ports, and will fulfill that demand at the location which minimises

the delivered cost.

If there is any flow to a port node, then the port is ’activated’ and storage requirements are triggered. There are

two storage requirements. The first requirement is the same as storage at suppliers: the port must hold at least one

week’s worth of storage of the total inflows into the plant. The second requirement is that the tank must be able to

hold more than 150% of the capacity of a single Panamax ship to ensure the tanks can load/unload a berthed ship

as required.

The final additional constraint imposed in the optimisation model limits pipeline construction. In general,

pipeline flow can occur between each supply node and each port node (in the maritime case study model). However,

not all of these pipelines are realistic (there will not, for instance, be a pipeline between Australia and Germany).

These unrealistic pipelines need to be prohibited not only to ensure sensible results but also to facilitate suitable

solution times. For that reason, pipelines are banned if they (i) cross a country border and (ii) are more than 1,000

km long. Mathematically, this is incorporated after an instance of the model has been created but before it is solved;
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flow between nodes which violates these rules is forced to be 0. This could also be achieved using constraints;

however, this approach would increase the problem’s complexity and therefore increase solution times. By contrast,

the approach taken in which flow is forced to 0 before solution reduces the number of variables the model needs to

solve and therefore accelerates solution. The pipeline constraint approach taken in the grid-optimisation case study

is the same as that taken in the maritime decarbonisation study; the only difference is that there are now three sets

of flows which can occur by pipeline (supplier to port, supplier to country centroid, and port to country centroid),

but the logic behind the constraints is the same.

Having set up the optimisation model, it can now be applied to different demand cases. The following two

sections explore two of these demand cases: they describe how demand was estimated, and then report the results

of the associated optimisation.

6.2 Case study: Maritime decarbonisation

Maritime transport handles around 80% of global trade by volume[254], making it imperative for the global econ-

omy. However, maritime vessels currently run predominantly on cheap, energy-dense heavy fuel oils (HFO), which

are responsible for around 2.9% of global anthropogenic greenhouse gas (GHG) emissions [255]. In 2018, the

International Maritime Organization (IMO) committed to decarbonize the sector, aiming to reduce GHG emissions

by 50% in 2050 compared to the 2008 baseline, alongside a set of other regulatory actions [255].

The shipping industry faces considerable hurdles to achieve the decarbonisation targets set, given long asset

lifetimes, the price gap between HFO and green fuel options, and the large number of independent stakeholders

which will need to coordinate (e.g. engine manufactures, ports, carriers, production facilities, investors) [128].

As such, there is considerable uncertainty in the cheapest path for decarbonising the maritime sector. This section

considers whether ammonia would make a suitable target fuel for the sector, focussing on demand in 2050 when

the sector should be deeply decarbonised.

To do so, the optimisation model introduced in the previous section is run using 1,360 ports, and 15,000 poten-

tial production locations. Two future decarbonisation scenarios are considered for 2050, a moderately ambitious

(MOD-AMB) future scenario and highly ambitious (HIGH-AMB) future scenario, which are based on assumptions

regarding future shipping trade (including overall growth in trade, and reduction in the quantity of fossil fuels that

will be shipped in 2050), the levelised cost of ammonia production, and fleet adoption rate of ammonia-compatible

maritime vessels (see Table 6.1 for a brief summary, and Table D.1 in the appendix for more detail on inputs to the

ammonia cost estimation model). The overarching model is schematised in Figure 6.2.

Although 15,000 supply sites were considered (based on a 1 x 1 latitude-longitude grid, and including only

onshore sites), allowing each of these to be used in the optimisation would have unduly slowed down the solution.

Therefore sites were excluded if production capacity was less than 1 MMTPA (since these sites would not benefit

from economies of scale, and would struggle to access suitable land). A heuristic of considering only the top 4,000
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sites was then applied; this does not affect the model outcome, since the production cost at the 4,000th site is greater

than the most expensive delivered ammonia in the model (meaning no more expensive production sites would ever

be selected by the optimisation) but enables more rapid solving times. This is represented by the Site Selection

Heuristics box on Figure 6.3.

Table 6.1 Scenarios considered for maritime decarbonisation case study

Description MOD-AMB HIGH-AMB

Socio-economic growth (SSP scenario)
Shared Socioeconomic Pathway

‘Middle of the Road’ (SSP2)
Shared Socioeconomic Pathway

‘Sustainability’ (SSP1)

Decarbonisation rate (RCP Pathway)
Representative Concentration

Pathway 4.5 (RCP 4.5)
Representative Concentration

Pathway 2.6 (RCP 2.6)
Fleet ammonia adoption rate 70% 90%

Levelized energy cost from solar PV
with capacity factor = 20%

14.4 USD/MWh 10.7 USD/MWh

Levelized energy cost from onshore
wind with capacity factor = 45%

21.9 USD/MWh 20.0 USD/MWh

Average Levelized ammonia
production costs

260 USD/tonne 237 USD/tonne

Fig. 6.3 Summary of information flow into maritime decarbonisation case study. Purple inputs come from Chapter 3, green
inputs come from Chapter 5, pink transport costs are described earlier in the chapter (and depend on ammonia production
costs because of shipping fuel consumption), dark blue boxes describe the optimisation model, and yellow boxes describe the
demand information.

A small adjustment is made to the production model described in earlier chapters: a regional future cost of

capital is incorporated, to take the risk associated with financing energy projects into consideration. To capture the

differences in discount rate between potential production regions, data from was taken Ameli et al.[256]’s “Reduced

scenario". It implies a high degree of trade between all countries and relatively small differences in discount rate

compared to business-as-usual by 2050. Using that scenario is consistent with the SSP1 and SSP2 frameworks
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which underpin the cases considered here.

Note also that in Chapter 5, the land competition factor in the calculation of ammonia production capacity was

set to 2% to match the consumption of energy by the fertiliser sector. The consumption of energy by the maritime

sector is roughly the same, based on the fuel demands calculated in the following subsection (223 MMTPA of HFO)

and a total global energy consumption of around 420 EJ [257]. For land availability, the base case data from

Chapter 5 is used.

Wang et al. [69] developed a similar optimisation strategy; however, their system was significantly lacking

in detail: they considered far fewer potential ammonia production sites, they did not differentiate between land

and ocean based transport, they did not sensibly measure ocean transport distances, their shipping dataset was far

smaller, and they did not project costs out to 2050.

6.2.1 Demand estimation

Demand estimates for each port in the model were determined via a collaboration with the Oxford University

Department of Geography. The Oxford Program for Sustainable Infrastructure Systems has a global model for

shipping based on predicted patterns of trade and the AIS database. This enables a prediction of the number and

size of ships which will travel between each of the ports in the model, based on the prevailing economic conditions.

For instance, in the HIGH-AMB scenario, (i.e. SSP 1 and RCP 2.6), global models predict relatively little fossil-fuel

usage and transport, so the model will not include significant allocation of shipping fuel to transporting coal, oil

and natural gas.

This model was updated to estimate the fuel demand associated with each of these journeys. The fuel con-

sumption was estimated based on a linear regression which depended on ship type, ship deadweight tonnage, ship

installed power capacity, and the cube of the ship speed. The parameters were calibrated based on a dataset of

97,000 journeys. This enabled the calculation of the fuel consumption for each journey in the original model,

which could then be allocated to the port at which the journey began. The model calibration data used heavy fuel

oil (HFO) as the shipping fuel; this was converted to an ammonia demand assuming that the energy efficiency

would be unchanged.

The model predicts that fuel demand expected to increase to 446 million tonnes million metric tons per annum

(MMTPA) of HFO under the MOD-AMB scenario and 434 million tonnes MMTPA of HFO under the HIGH-AMB

scenario in 2050. Assuming that only routes of more than 1,000 km (∼94% of fuel demand) will be decarbonised

by ammonia) this translates into a total demand of 595 million tonnes under the MOD-AMB scenario and 691

MMTPA under the HIGH-AMB scenario in 2050.
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Fig. 6.4 Optimal spatial fuel supply to meet global port fuel demand. (a) - Top: Cost-optimal fuel supply-chain under the
MOD-AMB scenario, with green markers indicating production locations, blue markers fuel exporting ports, red markers fuel
demand ports, and the lines the fuel shipments from exporting to demand ports. (b) - Bottom: Same as (a) but under the
HIGH-AMB scenario. Larger dots and thicker lines indicate larger ammonia flows.

6.2.2 Results

A representation of the ammonia distribution in both scenarios is shown in Figure 6.4. On average, the delivered

ammonia cost is 237 USD/t for the HIGH-AMB case, and 260 USD/t for the MOD-AMB case. Because a greater

fraction of ships are fuelled by ammonia in the HIGH-AMB scenario, its total investment requirements are higher,

but only by 6% relative to the MOD-AMB scenario, despite 16% more ammonia being consumed.

A breakdown of the ammonia cost in each region is shown for both scenarios in Figure 6.5. The cost for

each region is relatively similar – the largest difference is between East Asia and Northern Africa, but is only

about 15% of the value of the fuel. Costs per levelised ton increase across the entire value chain in the MOD-

AMB scenario compared to the HIGH-AMB – the model slightly compensates for increased production costs by
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using supply locations which are further away, increasing transport costs. The exception is port storage costs,

which depend on both demand and the size of the gas transporter used to export/import the ammonia. The latter

constraint dominates at most ports, and therefore the total storage cost is equivalent across both scenarios and is

therefore about 16% higher in the HIGH-AMB scenario.

Fig. 6.5 Regional variations in levelised cost of ammonia and cost breakdown. (a) - Top: The total LCOA across geographic
demand regions under the MOD-AMB scenario, including the cost breakdown in six cost components (production, electricity,
pipelines, supply storage, demand storage and ocean transport). (b) - Bottom Same as (a) but under the HIGH-AMB scenario.
The black markers indicate the total ammonia demand per region.

In both the MOD-AMB and HIGH-AMB scenarios, considering production alone, the cheapest production lo-

cations in 2050 predominantly rely on solar electricity. Although the capacity factor of solar (which is between

20 and 30% for most locations at latitudes < 40◦) is lower than the best wind sites, its CAPEX is very low: 184

USD/installed kW and 240 USD/installed kW for the HIGH-AMB and MOD-AMB scenarios respectively. The av-
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erage production costs, weighted by production capacity at the top 4,000 sites, are 193 USD/t and 214 USD/t

in the HIGH-AMB and MOD-AMB scenarios respectively. The cumulative production capacity across these sites is

around 17,000 MMTPA in both instances; i.e., almost 25 times the predicted ammonia demand, despite the signifi-

cant constraints imposed on land usage in determining production capacity. Evidently, using land-efficient solar for

ammonia production will have much greater production capacity than forecast.

For both scenarios, shipping distances are generally quite short: for ammonia that is transported by ocean, the

average maritime distance travelled is around 4,800 km, and only 0.03% of ammonia travels 10,000 km or more

(which, for reference, is the approximate maritime distance from the Middle East to Western Europe). This is driven

by (i) the relatively high cost of shipping ammonia compared to conventional fuels, and (ii) the abundance of high

quality solar resources in all regions globally, which reduces the need for long distance transport.

The optimum export market predicted here is somewhat concentrated: 180 countries have ports which need

to be supplied by fuel, but only 30 ports in 11 countries export fuel in the MOD-AMB scenario (which rises to 32

ports in 14 countries in the HIGH-AMB scenario). These exporting ports supply around 75% of the total ammonia

demand in both scenarios, with the balance being provided by land transport, which is predominantly domestic (42

countries in the MOD-AMB scenario produce at least some of their ammonia themselves).

Australia is dominant in the international export market, contributing almost 50% of the total exported ammonia

in both scenarios, and almost four times as much as the second largest exporter, Chile. Considering the costs of

production only, it is not the best candidate. It has neither the cheapest production site selected by the model: of the

300 active production sites, its best is 48th (52nd) in the HIGH-AMB (MOD-AMB) scenario. Nor is its production

remarkably cheap on aggregate: in both scenarios, it is only 19th on a ranking of all ammonia-producing nations

by production cost, beating just two other exporting countries, and costing almost 10% more than the cheapest

exporting country (Argentina).

This demonstrates the importance of robust consideration of both supply chains and land availability. Comparing

north-western Australia and cheaper locations in South America and north-western Africa, the production cost

difference is overcome by the relatively short shipping distance from Australia to the large hubs in Asia, which

represent almost 50% of fuel demand in both scenarios. Land availability is also a significant consideration: in

the MOD-AMB scenario, Singapore receives ammonia from both Australia and Bangladesh. Although the ammonia

which originates in Bangladesh is slightly cheaper, it cannot meet Singapore’s very large 33 MMTPA fuel demand

alone, which means marginally more expensive ammonia must be sourced from Australia, which has much greater

land availability.

The dominance of solar as an energy source is even more pronounced in the supply-chain model than in the

production model. For instance, there are some very low-cost production locations in southern Chile and Argentina

which are based entirely on wind, whose production cost is less than 210 USD/t, and are therefore competitive.

However, because those sites fall mostly within the National Parks of Patagonia, they are excluded from producing
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in this model. Similarly, the best potential sites in the UK are off the coast of Scotland, and would use mostly wind

to produce ammonia for around 250 USD/t (HIGH-AMB). Ammonia storage, and a pipeline from northern Scotland

to southern England, where port demand is concentrated, would add about 20 USD/t to the delivered cost. There

is very little land available in the best wind regions in Scotland, so most of the wind would need to be sourced

offshore, further pushing up the price – even if this could be done at a cost competitive with onshore wind, it would

struggle to outcompete cheaper imports from north-western Africa, which are delivered to the UK at an average

price of 235 USD/t in that scenario. In both scenarios, fewer than 20% of production nodes use any wind at all, and

even at those sites, wind is not dominant: less than 1% of the installed energy capacity of the ammonia production

infrastructure globally comes from wind.

Because of the low cost of solar, production tends to be clustered relatively close to the equator. The HIGH-AMB

scenario has more production at locations with larger absolute latitudes; because a greater fraction of shipping fuels

are decarbonised in that scenario, sites with less favourable weather profiles need to be used. However, the effect is

fairly small: in both scenarios, less than 10% of ammonia is made at an absolute latitude of greater than 30◦, and

less than 2% is made at an absolute latitude of greater than 40◦. As a consequence of this preference for solar, some

regions produce very little ammonia themselves – Europe, for instance, consumes about 9% of ammonia demand

in both scenarios, but produces less than 0.05% of the global supply.

Figure 6.6 shows the investment required to develop the ammonia supply chains. The vast majority of global

investment is supply-side (i.e. ammonia production and land transport to transit ports - panels (a) and (b)) – only

8% is invested in ocean transport and storage at demand ports - panels (c) and (d). The total value of investment

required is estimated to be in the order of 2 trillion USD.

6.2.3 Maritime decarbonisation summary

This section has provided a blueprint for the decarbonisation of the shipping industry. Such blueprints are vital for

reducing the uncertainty which hinders the very large investments required.

The implications are striking. Current dependence upon oil-producing nations, with crude oil being shipped very

long distances and being separated into HFO nearer to demand hubs, is likely to be replaced by a more regionalised

industry; green ammonia will be produced near the equator in countries with high solar potential and abundant

land, and shipped to regional centres of shipping fuel demand.

At present, the model optimizes for the least-supply cost in 2050. There are two factors which are likely to

prevent the least-cost solution from being realised. Firstly, energy security requirements may lead to countries to

adopt a non-optimal approach to sourcing ammonia: they may source it only from allies, require their ammonia to

come from a variety of countries, or pay a premium for domestic production (as described in the previous chapter,

this may drive production offshore). Secondly, this model presents a snapshot for 2050, and does not consider prior

optimal solutions. For instance, it is likely that green ammonia will be produced using wind energy in Europe;
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Fig. 6.6 Global supply and demand-side investment needs. (a-b) - Top: Total supply-side (production, electricity, pipelines and
supply storage costs) investment need across countries under the MOD-AMB (a) and HIGH-AMB (b) scenario. (c-d) - Middle:
Total demand-side (demand storage and ocean transport costs) investment need across countries under the MOD-AMB (c)
and HIGH-AMB (d) scenario. (e-f) - Bottom: Total investment need (supply and demand-side) across countries under the
MOD-AMB (e) and HIGH-AMB (f) scenario.

that production may be among the cheapest globally in the 2030s due to favourable project finance, government

support, and high-quality wind resources. Although wind-based production will eventually be surpassed by solar

production, those plants will still exist and will contribute to meeting global demand.

Future research should consider both of these factors, estimate how much deviation they may cause from the

optimum, to determine the extent to which those deviations are justified.

At the same time, research outside the engineering space needs to consider how socio-economic structures

can enable the optimal ammonia distribution to be achieved. In particular, this will require a clear regulatory

environment, and strong financial support for ammonia production around the world, including lower- and middle-

income countries, which require approximately 50% of the total global investment.

6.3 Case study: Dispatchable grid supply

Although the maritime sector will likely be responsible for the vast majority of ammonia consumption by 2050,

the range of applications of ammonia will likely also see significant consumption in other sectors. This section

demonstrates that the transport MILP developed in this chapter is also suitable for considering these other sectors,
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and focusses in particular on back-up energy for the grid. As identified in earlier chapters, ammonia is well-suited

for this duty where seasonal energy storage is required because it is liquid under mild conditions and relatively

dense. This case study assumes that wind and solar are the primary source of energy for the grid, and that they

can be easily stored for short periods using batteries; it identifies countries where these sources of energy will be

inadequate to meet demand, and how much it would cost to fill the gap by using green ammonia.

There are, of course, many other options for energy production to meet electricity demand where wind and solar

fall short: (i) alternative renewables (e.g. hydro, biomass, geothermal); (ii) nuclear energy; (iii) long-distance

HVDC electricity cables; and (iv) efficiency improvements, and (v) demand-response policies are all likely to be

used to some extent. This case-study provides a benchmark ammonia cost against which these other technologies

and policies can be measured.

Developing robust electricity systems which can always meet demand is a complex problem which has already

been, and will continue, to be the subject of a significant amount of research [82]. Therefore, while the purpose

of the previous case-study on maritime usage was to provide a very detailed picture, the purpose of this case-study

is instead to (i) demonstrate the applicability of the method, and (ii) form preliminary, high-level conclusions that

can inform future work.

Like the previous case study, this section uses costs for 2050. This introduces a challenge of forecasting how both

total electricity consumption and the profile of electricity consumption will change over time, since the electricity

profiles considered relate to 2019. As a basic assumption, this section assumes that the electricity profiles themselves

will not change between now and 2050; the implications of the changing profiles are discussed in Section 6.3.4.

The information flow through the model for this case study is slightly different to that used in the Maritime

section - see Figure 6.7.

6.3.1 Demand Estimation

Hourly grid electricity consumption for 2019 was sourced for 52 countries [194]. The data contain some irregular-

ities – Japan’s demand, for instance, is incongruously low; the hourly grid consumption of all countries is therefore

scaled so the total consumption matched that calculated by the IEA for 2019[133]; Japan is the only country whose

cumulative energy demand was mismatched from the total by more than 10%. Where hourly data was not available

for a country, the total annual electricity demand was taken from the IEA (adding 92 countries to the dataset), al-

though in general, where only the total electricity demand was available, it did not translate into a positive ammonia

demand.

Using the ERA5 and MODIS6 datasets described in Chapter 5, the maximum potential renewable energy pro-

duction for each country was also calculated on an hourly basis. A country could also exploit offshore resources

within 100 km of their border (where a potential production site was within 100 km of the shoreline of multiple

countries, it was allocated to the most nearby country). At each location, the country can either install wind or
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Fig. 6.7 Summary of information flow into the grid dispatch case study. As for Figure 6.3, purple boxes come from Chapter 3,
green boxes come from chapter 5, yellow boxes are demand calculated in this chapter, and dark blue boxes are the optimisation
model. In this case, renewable energy availability and land availability estimates, alongside grid energy consumption, inform the
demand estimate. Grid electricity usage also constrains ammonia supply; it is assumed that ammonia production only occurs
with any electricity available in excess once grid demand has been satisfied.

solar; considering both land availability and the capacity factor of the renewable in that location, it will select the

technology which produces a greater total amount of energy each year.

Ammonia demand is particularly sensitive to the land competition factor outlined in Chapter 5. At present,

electricity represents around 20% of total global energy consumption [257]. Obviously, that fraction will increase in

the future as a range of sectors are electrified. This increase will cause new electricity demands that are not featured

in the available grid data. 20% is therefore taken as the base-case land competition (in order to determine both

ammonia demand based on renewable electricity availability, and to determine ammonia production capacity). 20%

would not be an appropriate value for the land competition faced by all electricity by 2050, but it is an appropriate

value for the land competition faced by the specific grid electricity usage represented by the data. Wide sensitivity

ranges are considered, with a high-land competition case of (only 10% of land available for powering the grid) and

a low land competition case (30% of land available for powering the grid).

Because highly efficient batteries will be widely available by 2050, the total renewable energy production will

not need to exceed the grid consumption in every hour. However, since energy storage in batteries is expensive

compared to ammonia, batteries will not be suitable for seasonal storage. It is therefore assumed that if there is a

net energy deficit whose duration is greater than 24 hours (low battery scenario) or 72 hours (high battery scenario),

then ammonia is required to fill the gap; it is assumed it can be converted into electricity with an efficiency of 60%

[27]. The ammonia demand estimate is not as sensitive to battery storage duration as to land competition - the

difference between the low and the high battery storage case is between 8% (high land competition) and 20% (low

land competition).

136 |1–188



Chapter 6. Supply chains

The ammonia demands estimated between the cases span from 26 MMTPA (high battery, low land competition)

to 202 MMTPA (low battery, high land competition); Figure 6.8 shows the breakdown of ammonia demand in the

latter case. Consumption will therefore not be as high as the maritime sector, but could be very significant, and

even exceed existing fertiliser demand. Demand is concentrated in Europe, although there are also major hubs in

Singapore and Japan.

Fig. 6.8 Demand for ammonia as a back-up energy source, assuming a high land competition of 10% and low battery avail-
ability. Countries shown in grey have no ammonia demand; the vast majority of countries fall into this category because of the
abundance of renewable energy. Only a small number of countries, predominantly in Europe, will struggle because of their high
population densities (which lead to high grid demands and limited land availability) and relatively poor solar insolation.

6.3.2 Model adjustments

The most significant adjustment to the model for this case study was described in Section 6.1.2; this enables a

country’s ammonia demand to be satisfied either be delivery to any port in the country or to the geographical

centroid of that country.

Additional constraints were also imposed on ammonia production capacity. If a country is unable to meet its

domestic electricity needs, it is not likely to export more energy in the form of ammonia. Each country’s total

production capacity is therefore capped so as to not use more energy for ammonia production than the difference

between the total renewable potential and the grid electricity demand (summed over the course of a year). It

is therefore possible in the model for a country to produce its own ammonia domestically; this could occur in a

location where there were a number of days on which renewable energy generation was particularly poor (creating

demand for ammonia), but in which there was generally more renewable energy capacity than there was demand.

In practice, though, where a country has an ammonia demand, no country produces that ammonia domestically in

any of the cases considered; all countries with an ammonia demand opt to import.
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6.3.3 Dispatchable grid supply results

Figure 6.9 shows the distribution of ammonia under this demand scenario.

Fig. 6.9 Cost-optimal distribution of ammonia to operate as back-up power supply. As for Figure 6.4, green markers indicate
production locations, blue markers indicate fuel exporting ports, and the lines are ammonia transport. Here, red markers
indicate fuel demand locations which could be either a port inside the country which has an ammonia demand, or a country
centroid. Larger dots and thicker lines indicate larger ammonia flows. (a) - Top: Low battery availability, high land competition;
(b) - Bottom: High battery availability, low land competition.

In comparison to Figure 6.4 (the equivalent figure for the maritime demand case study), Figure 6.9 is relatively

’sparse’, which is to say that demand is concentrated in a relatively small number of locations (alongside there being

only around 30% of the absolute demand even in panel (a), the high demand scenario). The largest ammonia con-

sumer in the maritime model is the port of Singapore, which represents around 5% of the total demand; by contrast,

Japan, the largest consumer in this grid-dispatch model, consumes 30% of the total demand, followed closely by

Germany which consumes 28%. However, even though the number of flows, as well as the total demand is relatively

reduced in this grid case study, the locations in which ammonia is produced are broadly similar: Asia is supplied by

north-western Australia, northern Europe is supplied by Morocco, and southern and central Europe by the Middle

East. Again, solar dominates ammonia production. Even though the total flows are substantially reduced in the low

demand scenario (panel (b)) compared to the high demand scenario, the ammonia production locations are the

same. Where Australia was the primary source of ammonia production in the maritime model, the largest supplier

in this grid model is Morocco; this is because the largest demand hub has moved from Asia (maritime model) to
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Europe (grid-dispatch model). These results add weight to the core conclusions of the previous case-study: (i) the

location of ammonia production must balance both low production costs and proximity to demand sites; and (ii)

accurate estimates of land availability and competition are critical to form sensible predictions of future energy

systems reliant on chemical fuels. To add more detail to point (ii): where land availability constrained ammonia

production at the best supply sites in the maritime model, it played a different role in this case study, instead having

a powerful influence over ammonia demand, rather than supply. In either case, the modelling indicates that, based

on reasonable estimates for the demand of maritime fuel/back-up grid power, renewable energy generation in some

locations will approach the maximum which would reasonably allowed while respecting existing and future land-

uses, and managing those land constraints will be both a significant challenge for government policy and industry

strategy.

There was very little variance in the LCOA-D across the cases - ranging from between 230 USD/t and 235

USD/t regardless of the size of the demand (using the HIGH-AMB inputs from the maritime case study section

for ammonia cost estimation), which equates to an operating cost of approximately 60 USD/MWh. The extent to

which this could be competitive with other technologies depends on the capacity factor and CAPEX of the ammonia

turbine, but would likely be competitive with new build nuclear technology, which the IEA estimates will cost more

than 100 USD/MWh in most developed economies in 2040 [258]. At these prices, using imported ammonia for

back-up energy would be likely to be competitive in a number of countries.

6.3.4 Dispatchable grid supply conclusions

Although estimation of ammonia demand for the electricity sector is more complex than for the maritime sector,

this section has demonstrated the significant sensitivity of back-up grid demand to land competition, and shown

that electricity generated from imported green ammonia in 2050 can be competitive with other options for back-up

power. It has added further evidence to the most significant findings of this chapter: the need to consider whole of

supply chain costs, and the importance of land availability in designing energy systems reliant on ammonia.

This model would benefit from the same improvements described for the maritime case study. There are also

three additional areas in this specific model which need further work. Firstly, energy sources other than wind and

solar (nuclear, hydro, biomass, interconnection to other countries etc.) should be included. However, the model is

still somewhat useful even where it has neglected those sources; it provides a baseline cost for dispatchable energy

from ammonia which is useful for comparison to any other means of supplying back-up power.

The model’s second major limitation is that it does not consider future changes to the grid. Including these

changes will need to factor changes to both total electricity consumption, and to patterns of electricity consump-

tion. Changes to total electricity consumption are impacted by growing access to electricity in developing nations,

efficiency improvements, and electrification of transport and heat. Changing patterns of consumption will be driven

by smart grids, demand-response, and electric vehicle charging (on a daily level); and by increased use of heat
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pumps/air conditioning, and climate change itself (on a seasonal level). These should be considered in further

work.

Finally, when determining the renewable energy generation capacity of a country (which ultimately determines

ammonia demand), the model chooses, between wind and solar, the technology which will produce more energy in

a given location. In general, this causes the model to select solar, because solar energy is significantly more land-

efficient than wind. This may not always be the sensible choice; sometimes it will be preferable to install wind even

if it produces less total energy, if that energy is produced at useful times of the year. For instance, solar generation

in northern European winter is typically very low, which may have lead to artificially high estimates of ammonia

demand during that season where solar was installed in place of wind.

6.4 Ammonia Supply Chains Summary

This chapter is the capstone of the thesis: it brings together the ammonia cost estimation results from chapters

3 and 4, the land availability estimation from chapter 5, and a new model introduced for combining supply and

demand.

This new model was used for two case studies, from which a large number of conclusions can be drawn. Among

the most significant: (i) the cheapest ammonia both for production and delivery will originate near the equator in

locations with high solar radiation (independent of the land-use case); (ii) appropriate determination of ammonia

supply sites depends on the costs of both production and transport, and neglecting either will lead to a non-optimal

solution; (iii) because of ammonia’s lower density compared to some fossil fuels and the large number of viable

ammonia production regions globally, trade in ammonia is likely to be more regional than present-day energy

markets; and (iv), land limitations will influence ammonia production and distribution, potentially on both supply

and demand side depending on the end-use case.

Specific model tweaks and improvements were described in the individual case-studies, but there is a much

more significant area of further work to be embarked upon: enabling the optimal solution identified in this chapter

to become a reality. Most importantly, the low values of the LCOA-D in the future rely on significant cost reductions

for production technology. Those cost reductions will be driven by the uptake of that technology itself. This will

require ambitious first-movers in the production space, offtake commitments from consumers and governments, a

transparent regulatory environment, and global cooperation on a range of issues from project financial support,

open technology flow and trade.
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Chapter 7

Conclusions

7.1 Summary of thesis

This thesis develops what is, essentially, a pre-feasibility study for a global system for green ammonia delivery. The

core output of the research, presented in Chapter 6, was an optimisation model which considered both the supply

and demand of green ammonia, and optimised the overall system of production and transport to minimise the

levelised cost of delivered ammonia. The earlier chapters in this thesis focussed on developing the necessary inputs

to that model, predominantly on the supply side.

Chapter 3 developed a model that determines the cost of green ammonia produced from wind and solar re-

sources. This modelling is complicated by the need to optimise production facilities created by the inherent vari-

ability of wind and solar energy, and by the limited flexibility of green ammonia production. In developing this

method, this chapter also considered the potential impact of the electricity network, and various techniques which

might be used to accelerate the solution of the model to enable it to be solved on a global scale in a manner which

was computationally tractable.

Chapter 4 marks a slight deviation from the trajectory of the thesis, and its main purpose is to validate the

methods used in Chapter 3. Although the Mixed Integer Linear Programming approach used in Chapter 3 is in-

creasingly widely used in energy system design, it relies on perfect forecasting and runs the risk of overfitting the

system design to the precise conditions considered by the optimisation problem. Chapter 4 tackles this limitation by

demonstrating that tweaking the optimisation function using a model predictive control approach can enable green

ammonia plants to operate without perfect foresight of long-term weather patterns.

Estimating the cost of green ammonia alone is insufficient for developing a global supply network model, as the

optimisation will simply source all of the product ammonia from the cheapest supply site. It was therefore necessary

to develop an estimate of the largest constraints to green ammonia supply, and this was the purpose of chapter 5,

which focussed particularly on the limitation posed by the area required for large scale green ammonia production.

It used satellite data to assess land availability, and used that data to determine the capacity of renewables which
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could be installed at a given location, which was then translated into an approximate ammonia production capacity.

Land limitations might imply benefits to offshore production, and this chapter also investigated the potential benefits

of producing ammonia from floating offshore wind, demonstrating that in some regions, offshore resources may be

an economically feasible option.

Having developed a detailed supply model in the early chapters, chapter 6 integrates these inputs into the op-

timisation model. To estimate ammonia demand, the model considers two cases. The more significant focusses on

decarbonising the shipping industry using ammonia, for which fuel demand was estimated by considering future

trade requirements in collaboration with the Department of Geography. Including that information in the optimi-

sation model showed a strong bias towards green ammonia production from solar electricity, and that transport of

energy via ammonia in the future is more likely to occur on regional length scales than intercontinental ones. The

second smaller case study considered the role of ammonia in decarbonising energy grids; using the land availability

forecasts from chapter 5 and published data on grid demand, it determined which countries would face a shortfall

in renewable energy from wind and solar, and estimated the cost of filling that shortfall using green ammonia. The

purpose of this case study was not scenario modelling; it was instead to provide an estimate of the potential value

of ammonia as an energy vector for achieving stability in electricity grids.

7.1.1 Answer to research question

The core question posed by this thesis was "What are the core features of a global system for the production and

distribution of green ammonia?". The simplest answer to this question provided by this thesis would have three key

tenets:

1. The future global energy system is likely to require significantly more green ammonia than is used today, with

a production increase by a factor of 5 likely required for an ambitious decarbonisation required.

2. By 2050, the cheapest means of producing green ammonia will be solar PV, and it will dominate the means of

production.

3. Producing ammonia locally to meet local demand will not be the most cost-effective means of delivering

energy; however, nor will production in just one or two highly centralised global hubs. Given the impacts of

land constraints and the relatively high cost of ammonia transport compared to liquid fossil fuels, the optimal

system will regionally distribute production to the many areas globally with high quality renewable resources.

The more complex answer to this question is provided in each of the chapters: Chapter 3 shows that a global

system will, in the short term, benefit from electricity grids, and that local optimisation of production is important

to bring down costs; Chapter 4 shows the importance of weather forecasting and questions the role of ammonia

plant flexibility in the long term; Chapter 5 shows that land limitations could drive production offshore.
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7.2 Critical Review

Although considerable care was taken to include a high degree of detail, the overarching goal of the thesis (a global

pre-feasibility study for a green ammonia system) necessarily required a degree of simplification of details that may

impact specific regions or projects. Chapter 3, in particular, provided high level estimates of production costs, but

there are many features which are location-specific which would need to be considered by project developers. For

instance:

1. Water costs were estimated based on desalination; however, for inland locations there may be significant

transport costs that were not considered. The pipeline costs shown in Chapter 6 for ammonia were not large,

implying that water transport costs would be similarly not large, but individual projects could be significantly

affected.

2. Wind production was estimated using a simple wake factor and a single wind-turbine curve. Real wind projects

optimise the layout of wind turbines, and may use turbines that are more suitable to operating at low speeds

at the back of the array to minimise the losses caused by the wind wake. Capturing this detail requiresreal

wind measurements, and complex wind farm optimisations that need to be performed on a site-by-site basis.

3. Combusting ammonia for energy is not widely performed at the moment, but may be a cheaper alternative to

batteries and hydrogen fuel cells for maintaining the supply of back up power to the ammonia plant; again,

this would depend on the specific wind profile and would need to be considered on a site-by-site basis.

4. There is significant uncertainty in many of the input parameters used in this chapter; most significantly the

electrolyser cost and the discount rate. Although this chapter performed a sensitivity analysis when discussing

the role of the grid, the many contributors to the ammonia cost means that there is uncertainty in the specific

values provided for ammonia costs in that chapter.

Similar limitations emerge in other chapters:

1. Estimates of land availability and land competition in Chapter 5 used global averages, but in reality will differ

meaningfully between countries and within countries. More regionally specific future studies could feature

this detail with a clearer understanding of specific local conditions.

2. A core driver of green ammonia production is policy, and subsidies are likely to drive production in the next

decade that will continue to impact the supply distribution in 2050. For instance, the Inflation Reduction Act

in the US provides generous subsidies to producers of hydrogen and hydrogen derivatives, which is likely to

drive production into the US.

3. The core conclusions in Chapter 6 relate to the dominance of solar PV, which depends on significant cost

reductions in that technology that are forecast to occur before 2050. Although those forecasts are based on
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sound economic principles, they carry significant uncertainty, and should they not eventuate, the production

and distribution landscape for ammonia will depend more strongly on wind.

A direct comparison of the results of this thesis to other authors is not straightforward because few studies of this

magnitude have been attempted. However, some of the core points are echoed in other research: Wang et al. [69]

used a much less granular approach to cost modelling but found green ammonia production would occur in similar

locations to those predicted in Chapter 6, and Fasihi et al. [80] also predicted that solar would come to dominate

green ammonia production. Both of those authors also found that production would be focussed regional hubs (as

opposed to highly distributed adjacent to users or highly concentrated in a single global location) because of the

significant contribution of both production and transport costs identified in Chatper 6. Where different results are

obtained for ammonia costs, the most common reason is variation in input values, underlining the importance of

using sensible data and carefully considered cost forecasts as outlined by Way et al. [2].

7.3 Significance of research

The significance of each chapter was described in the body of the text, and the core findings are summarised in

Table 7.1.

The goal of this thesis was to produce an optimisation model for the entire supply chain of green ammonia. This

was achieved in Chapter 6, with case studies describing ammonia usage in the maritime sector, and for back-up

electricity supply during periods of low renewable energy generation. This model provides a blueprint for policy

makers: it enables us to understand the key drivers of ammonia’s use as an energy vector, and to estimate how

much delivered ammonia will cost in different social and environmental scenarios.

Although chapters 2 to 5 provided the necessary inputs into chapter 6, they had their own findings, which are

of independent significance: chapter 2 showed that a global supply chain model such as that presented in chapter

6 was missing from the literature; chapter 3 showed the value of grid connection in reducing ammonia cost, and

how data clustering can be used to accelerate models for green ammonia cost estimation; chapter 4 presented an

algorithm through which green ammonia plants can be operated with limited forecast information, and called into

question the assumption that increased plant flexibility will always reduce the cost of ammonia; and chapter 5

argued the merits of offshore green ammonia production, particularly in a context in which floating offshore wind

is already being installed for some energy grids.

7.4 Further work

As identified in Chapter 6, the most significant further work required beyond this thesis is in realising the future

which this thesis predicts, and the task is monumental: it will require order of magnitude increases in solar energy,

wind energy, hydrogen production, and supply-chain systems. Today, the cost of green ammonia production is

quickly becoming competitive with grey alternatives due to the rapid fall in renewable energy costs and the rapid

rise in global gas prices; the findings of the third chapter of this thesis (that a grid connection made could further
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Table 7.1 Significant contributions grouped by chapter

Chapter Title Significant findings

3
Optimisation of green ammonia
plant design

1. Grid connection of green ammonia plants in Australia can
reduce the size of storage equipment and therefore reduce the
LCOA-P.
2. The suitability of grid connection is strong function of the
distance of a green ammonia plant from the grid.
3. Data clustering can improve the speed of MILP based opti-
misation of green ammonia plant design without significantly
sacrificing accuracy.

4
Operating green ammonia
plants with imperfect forecasts
and partial flexibility

1. Even if an ammonia plant is designed using perfect fore-
sight, it is possible to operate such a plant with real-time
weather forecasting; depending on the location, the plant stor-
age equipment may need to be oversized to achieve that goal.
2. Although HB flexibility may improve ammonia costs to
some extent, the benefits of improving plant design design so
that the minimum operating rate of a HB unit falls below 60%
are limited. Therefore it is not likely that alternative ammo-
nia synthesis technologies will overtake HB unless they have a
lower CAPEX.
3. Operating models for green ammonia plants must be care-
fully tuned; this tuning will differ by location.
4. It may be easier to operate a plant with limited foresight if
that plant is dominated by solar rather than wind.

5
Offshore green ammonia
synthesis, and the impact of
land constraints on global
production capacity

1. The techno-economic case for green ammonia produc-
tion offshore is, on its own, weak; however, because land re-
strictions limit onshore production, it may be the most cost-
competitive option for ammonia production.
2. In specific regions where land is highly constrained, off-
shore green ammonia production offers energy security and
is a sensible allocation of energy produced from offshore re-
sources.

6
Optimising supply chains for
ammonia transport

1. Solar energy will produce the cheapest green ammonia in
2050 by a significant margin.
2. The best ammonia production sites in the future will be
determined by production cost, production capacity, and prox-
imity to demand.
3. Maritime fuel and back-up power delivered by green am-
monia in 2050 are likely to be cost competitive with current
fossil fuel technologies
4. Energy transport in the future is likely to be more highly
regionalised than today.

reduce ammonia costs) can accelerate the present-day transition. In the future, this modelling has shown that

ammonia will be able to provide reliable, affordable energy to a range of sectors.

To some extent, further research could involve completing hundreds of smaller research tasks. That could involve

several smaller, more regional studies in which cost-estimates could be more precise; it could involve incorporating

other zero-carbon energy sources like hydro or nuclear; it could involve considering other renewable energy vectors

like methanol. The potential list of further studies is long.

However, when looking for larger research prospects, a common thread emerges across chapters 3, 5 and 6,
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which is a need for broader energy systems modelling. Chapter 3 considered the role of the electricity grid in

green ammonia production, but there are endogenous impacts of this sector coupling which need to be studied

at a broader level. Chapter 5 introduced a land-competition factor, to which the modelling was highly sensitive,

in order to model the impact of other renewables on land usage - this could be more accurately captured with

broader energy systems models. Whether or not the offshore ammonia proposed in that chapter would be sensible

depends on the design and goals of national energy systems as a whole. In the section on back-up energy for grids,

Chapter 6 also considered the interaction between energy systems and green ammonia, but again it treated back-up

grid demand as exogenous to ammonia cost, which is a simplification. These common threads suggest that further

work needs to incorporate more energy sectors into integrated models to continue the task of understanding how

ammonia will fit into system design.

Beyond adding detail to the global pre-feasibility study, further research could also focus on answering specific

regional questions, also considering the whole of the energy system. For instance, in prospective supply countries,

what is the impact of using partially flexible green ammonia production on the energy system as a whole? Are there

synergies between providing reliable energy supply to domestic consumers and a robust energy export inidustry

exploiting green ammonia; or will these two energy consumers compete for finite land required for renewable

power generation? In demand countries, is there a role for green ammonia, or is the plausible range of operating

costs too high to justify its consumption? Will green ammonia be available when demand countries require it, or

will global shortages strike concurrently and cause price shocks? Each of these questions is too specific to answer

on a global level, but regional detail can be incorporated in more specific models and meaningful answers could be

developed, which should be the focus of further research.

There is much work left to be done, but this thesis has advanced our understanding of how green ammonia can

be used to combat climate change. It offers great promise as one of many solutions for the immense challenge of

decarbonisation.
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Appendix A

Grid Cost case study inputs

A.1 Modelling data for Grid Case Study

Table A.1 Equipment Costs for Chapter 3

Equipment CAPEX Sensitivity

Solar PV 1,250 USD/kW [1] ± 30% (Electricity)

Wind 1,550 USD/kW [1] ± 10% (Electricity)

Electrolyser 700 USD/kW [2] ± 30% (Electrolyser)

HB CAPEX 7,444 USD/kW [2] -

Hydrogen storage 500 USD/t [2] ± 20% (Storage)

Battery interface 271 USD/kW [3] ± 20% (Electricity)

Battery storage 500 USD/kWh [4] ± 200 USD/MWh (Storage)

Fuel cell 960 USD/kW [5] ± 20% (Storage)

TUOS fee 10 AUD/MWh [6] ± 5 AUD/MWh (Grid)

HV connection fee 55 million AUD [7] -

LV connection fee 23 million AUD[7] -

HV DC wire cost 2.1 million AUD/km [7] -

HV AC wire cost 1.8 million USD/km [7] -

LV wire cost 0.4 million AUD/km [7] -

HV transformer efficiency 0.96 [8] -

LV transformer efficiency 0.99 [8] -

HVDC wire efficiency 3% loss/1000 km [9] -

HVAC wire efficiency 4% loss/100 km [9] -

LV wire efficiency 30% loss/100 km [9] -
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Table A.2 List of parameters used in the MILP production cost estimation model in Chatper 3 and their meaning.

Parameter Sets Symbol Meaning Data value/source

Power sup-
ply

Renewables,
Time

Z(R, t)

The power provided by each re-
newable at a given time for each
time (fraction between 0 and 1;
1 corresponds to the installed
power of the equipment)

Transformed ERA5 data

Grid electric-
ity cost

Days, Time Y (t)
The cost of electricity provided
by the grid for each time (in
AUD/MWh)

AEMO [10]

Renewable
installation
Cost

Renewables CostR
Installed cost of 1 MW of renew-
able capacity

IRENA [1]

Component
Cost

Components CostC
Installed cost of 1 MW of the
nominated component

Nayak-Luke et al. [2]

Storage Cost
Storage
Components

CostSC
Installed cost of 1 MWh of the
nominated storage component

Nayak-Luke et al. [2]

Conversion
Factors

Flows, Flows CF
Amount of Flow 1 required to
produce one unit of Flow 2

50 kWh/kg (hydrogen
from electricity)[2];
1.61 kWh/kg (HB + ASU
operation from electric-
ity)[2];
0.98 kWh/kWh (Power
out of battery from power
into battery)[3]

Total days None GDays
The total number of days in the
data set

Dependent on number of
years modelled

Battery self-
discharge

None GDischarge
The fraction of energy lost by the
battery each hour

Assumed 5% per month

Annual
hours

None GHours
The number of operating hours
per year

8,424 (14 days of-
fline/year)[2]

HB Mini-
mum Oper-
ating Rate

None GHBMin

The lowest rate at which the
Haber-Bosch plant can be oper-
ated as a fraction of its rated de-
sign.

0.2[11]

HB Ramp
down rate

None GHBRamp Down

The maximum rate at which
the Haber-Bosch plant can ramp
down as a fraction of its rated
operation

0.2[12]

HB Ramp up
rate

None GHBRamp Up

The maximum rate at which the
Haber-Bosch plant can ramp up
as a fraction of its rated opera-
tion

0.02[12]

Annual Pro-
duction

None F
The mass of ammonia produced
per year

1 MMTPA

Water Cost None CostW The cost per t of water 2 USD/t[13]
Operating
and Main-
tenance
Costs

None CostOM
The operating and maintenance
costs as a fraction of CAPEX

2%[2]
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Appendix B

MPC inputs and results

B.1 List of symbols used for MPC

t Time (h)

St The set of all times

α(t) Total renewable energy available to the plant at time t in MWh

λ (SC, t) Total charge accumulation in storage component SC at time t in MWh (Design only)

κ(SC, t) State of charge of a storage component SC at time t in MWh (Design only)

x State of plant in the MPC controller (Operating approach only)

πE(t) Total energy flow to the electrolyser at time t in MWh (MPC)

πHB(t) Total energy flow to the HB plant (MPC) at time t in MWh

βIn(t) Energy flow to the battery at time t in MWh (MPC)

βOut(t) Energy flow from the battery at time t in MWh (MPC)

γ(t) Energy flow from the fuel cell in MWh at time t(MPC)

η Conversion efficiency

εB Battery hourly self discharge rate

n Forecast horizon of MPC controller

kH Hydrogen storage tuning parameter

kB Battery storage tuning parameter

kR Ramping tuning parameter
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B.2 MPC Results

B.2.1 Plant operation under MPC

These figures are shown in the body of the report for a hybrid site that uses both wind and solar. The figures

included here are at the other two sites which were analysed in detail, which use wind only (top) or solar only

(bottom).

Fig. B.1 Plots comparing the operation of the MPC controller with the LP optimisation for a wind-dominated site (top) and a
solar-dominated site (bottom), for 2022. These plots are produced without significant tuning of parameters which is described
in the article; for instance the tuning penalty in both plots is most likely too high, as the hydrogen storage is emptying much less
frequently than occurred for the LP case.
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B.2.2 Plant failure frequency - 2022

Equivalent plots for a wind-only site in 2022 are included in the body text; these figures are for hybrid wind-solar

and solar-only sites.

Fig. B.2 Plots of the failure frequency (left) and production (right) using the same parameters as described in Figure 4.6 for a
hybrid wind/solar site (top) and a solar dominated site in 2022 (bottom)
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B.2.3 Plant failure frequency - 2050

Fig. B.3 Identical plots to those shown on the previous page, except using data from 2050. Plots of the failure frequency
(left) and production (right) using the same parameters as described in Figure 4.6 for a hybrid wind/solar site (top) and a solar
dominated site in 2050 (bottom)
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Fig. B.4 Plots of the failure frequency (left) and production (right) using the same parameters as described in Figure 4.6 for a
wind site in 2050.
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Appendix C

Offshore production supplementary data

and results

Fig. C.1 Land availability and competition for green ammonia production in the UK. Method I for land competition (i.e. capping
land-use at a maximum percentage of available land based on relative energy demand) is used for this figure. Note the different
y-axis scaling on panel (a) compared to the other panels. (a) - Top left: No land constraints; (b) - Top right: Base case; (c) -
Bottom left: Low land use (i.e. low availability and high competition); (d) - Bottom right: High land use (i.e. high availability
and low competition)
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Land Cover Type MODIS Number
Low land availability Base case High land availability

Wind Solar Wind Solar Wind Solar

Evergreen
Needleleaf Forests 1 - - - - 0.1 -

Evergreen
Broadleaf Forests 2 - - - - 0.1 -

Deciduous
Needleleaf Forests 3 - - - - 0.1 -

Deciduous
Broadleaf Forests 4 - - - - 0.1 -

Mixed Forests 5 - - - - 0.1 -

Closed Shrublands 6 0.25 0.25 0.5 0.5 0.75 0.75

Open Shrublands 7 0.25 0.25 0.5 0.5 0.75 0.75

Woody Savannas 8 0 0 0.2 0.2 0.4 0.4

Savannas 9 0 0 0.2 0.2 0.4 0.4

Grasslands 10 0 0 0.2 0.2 0.4 0.4

Permanent
Wetlands 11 - - - - - -

Croplands 12 0.1 - 0.1 - 0.1 -

Urban and Built-up
Lands 13 - 0.03 - 0.03 - 0.03

Cropland, Natural
Vegetation, Mosaic 14 0.1 - 0.1 - 0.1 -

Permanent Snow
and Ice 15 - - - - - -

Barren 16 1 1 1 1 1 1

Water Bodies 17 - - - - - -

Table C.1 Allowable fraction of land usage in different sensitivity scenarios
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Fig. C.2 Land availability and competition using Method II. The land costs associated with Method II are expressed as an
increase in the levelised cost of electricity in USD/MWh.
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Fig. C.3 Land usage under the MODIS dataset in Europe. Top: MODIS classification. Bottom: Suitability for green ammonia
production
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Supply chain inputs

Table D.1 Inputs by case for ammonia cost estimation

Component Units 2022
MOD-
AMB*

HIGH-
AMB

O&M
Fraction

Electrolyser Million USD/Installed MW 0.979 0.203 0.1526 0.03
HB+ASU Million USD/Installed MW 7.444 7.444 7.444 0.02

Battery Interface Million USD/Installed MW 0.241 0.056 0.045 0.035
Fuel Cell Million USD/Installed MW 1.065 0.221 0.166 0.03

Solar PV - Fixed Million USD/Installed MW 0.857 0.24 0.184 0.02
Solar PV - Single Axis Tracking Million USD/Installed MW 0.907 0.254 0.199 0.02

Wind Million USD/Installed MW 1.435 0.90604 0.825 0.02
Battery Storage Million USD/Installed MWh 0.331 0.076 0.0627 0.035

Compressed Gas Hydrogen
Storage

Million USD/Installed t 0.5 0.5 0.5 0.02

* MOD-AMB case used for input costs for 2050 in Chapter 4.

Table D.2 Inputs for ammonia transport cost estimation

Parameter Unit Value

Ship speed knots 18 [14]
Ship insurance cost USD/day 2600 [14]

Brokerage factor % of charter cost 2 [14]
Usable capacity of ship tank % 94 [14]

Ship type - Panamax
DWT t 82618 (from AIS database)

Charter fee USD/day 97096 [14]
Berthing Fee USD/day 150000 [14]

Fuel consumption t NH3/day 75 [15]
Pipeline transport cost USD/levelised t/100 2.56 [16]
Ammonia storage cost USD/stored t 439 [17]
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