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Abstract

The climate crisis is driving policy makers, energy companies and chemical industries to
accelerate the transition from conventional high-carbon ammonia to low-carbon and zero-
carbon (green) ammonia. Ammonia is produced on a vast scale globally and is predominantly
used for fertilizers but has a potential use as an energy vector and maritime fuel. Utilising
variable renewable energy (typically onshore solar or wind) for green ammonia production
requires expensive energy storage. Tidal stream energy is a novel energy source for green
ammonia production and could be an ideal energy source, given its phasing potential and
predictability. This thesis presents the first analysis of green ammonia production using tidal
stream energy and the first analysis of green hydrogen and ammonia production using tidal

phasing.

A levelized cost of ammonia (LCOA) reduction of up to 18% can be realised for offshore
green ammonia production when tidal stream energy is added to offshore wind energy in the
Pentland Firth, a high-energy tidal stream energy site. Tidal stream energy is competitive
against (or, at least, an ideal complement to) offshore wind energy for onshore green
ammonia production in six tidal hotspots around the world, despite offshore wind being a

cheaper energy resource.

Tidal stream energy in the Pentland Firth (UK), the Alderney Race (UK), and the Minas
Passage (Canada) can deliver an LCOA competitive with conventional green ammonia today.
Tidal phasing reduces the LCOA by 6% in the English Channel, with onshore green ammonia
production. However, both nearby and high-energy turbine locations are likely required for
the phased tidal stream energy LCOA to be competitive with conventional green ammonia or

conventional fossil fuel-based ammonia. The predictability aspect of tidal stream energy is



likely to be its most significant advantage over other renewable sources for green ammonia

production.
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Chapter 1: Introduction

2020 USD is used in the thesis unless otherwise stated. The GBP to USD exchange rate used
1s 1.2832 USD/GBP [1] (for 2020). The thesis uses metric units. Moreover, all references to
the unit of mass, 1 tonne/ton/t, refer to 1000 kg. The capacity factor is defined as the mean
power in a time frame compared to the rated power, with a maximum value of 1 and a
minimum value of 0. Unless otherwise stated, the capacity factor refers to an annual value in

this thesis.

1.1. Context: Importance of Green Ammonia

This section outlines why it is essential to decarbonise conventional ammonia production, and

why ammonia is such an important chemical globally.

1.1.1. Conventional ammonia production

Ammonia (NH3) is produced via the Haber-Bosch process (est. 1908), and has previously been
used for fertilizer and explosives production, which has allowed billions of people to have food
but unfortunately has also led to millions dying in wars [2]. Ammonia is conventionally
produced from fossil fuels (brown ammonia). In particular, 72% of ammonia is currently
produced from natural gas (grey ammonia) and 22% from coal (black ammonia) [3]. The
process schematic for ammonia production via natural gas is shown in Figure 1.1(A). The scale
and impact of ammonia production is vast - ammonia is the second most produced chemical in
the world and accounts for 1% of global greenhouse emissions [3]. In 2020, ammonia
production accounted for 5% of global industrial carbon dioxide emissions, and 35% of the
global chemical sector’s carbon dioxide emissions [4]. Moreover, conventional ammonia
production is the most carbon dioxide emissions intensive process per tonne of product,

compared to steel, cement, methanol, and other high value chemicals [4]. Ammonia’s uses are



rapidly expanding from fertilizer and explosives production to use as an energy storage vector,

as a hydrogen carrier, for power generation and as a maritime fuel [3].
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Figure 1.1: Schematic of ammonia production via natural gas (A) and production of green

ammonia (B). Reproduced from Ref. [5]

1.1.2. Green ammonia

Since conventional ammonia production has such a large greenhouse gas footprint, it is clear
that ammonia production must change in line with the current climate crisis so as to ensure
countries meet their net zero targets. New uses of ammonia, as well as an increase in
population, will markedly increase global ammonia demand to 688 Mt in 2050 (estimated
under a 1.5° temperature increase scenario) from 183 Mt in 2020 [3]. However, current
ammonia production methods are not sustainable, with near exclusive production from fossil
fuels (i.e. natural gas, coal, heavy fuel oil and naphtha) and negligible production (0.02
Mt/year) from renewable energy (green ammonia) [3]. Conversely, a global green ammonia

production capacity of 566 Mt is expected in 2050 (under the 1.5° scenario) [3], i.e. 82% of
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global ammonia demand in 2050. Thus, the green ammonia production rate must increase

rapidly.

Using entirely renewable energy, hydrogen (produced via electrolysis) and nitrogen (produced
via air separation) react to form green ammonia (via the Haber-Bosch process) [6]. The process
schematic for green ammonia production is shown in Figure 1.1(B). Production of hydrogen
via electrolysis allows for more agile production of ammonia, suited for variable renewable
energy, compared to using methane reforming reactors, which require more stages as shown in
Figure 1.1 [5]. Electrolysis-produced hydrogen is at a lower pressure compared to the
conventional Haber-Bosch operating pressure (~150 bar [5]), introducing the need for a new,
highly active catalyst for ammonia production under these conditions e.g. Ru (the conventional
Fe is significantly less active at low pressures) [7]. Power-to-ammonia is a subgroup of power-

to-x systems (where x is hydrogen [8], ammonia [9], methanol, gas [10], methane [11], etc.).

However, there is a gap in knowledge and lack of proved feasibility of variable renewable
energy-powered green ammonia plants on a commercial scale (> 500 kt/a) [4]. Today, the
LCOA for green ammonia is between 720-1,400 USD/t [3], which is higher than the historical
LCOA for conventional ammonia (200-600 USD/t) [12]. For green ammonia to be cost
competitive with ammonia produced via natural gas, it has been estimated that electrolyser
costs of <400 USD/kW, electricity prices of <40 USD/MWh or high natural gas prices of > 34

USD/MWh are required [4].

1.1.3. Ammonia as an energy storage vector
Long-term energy storage is essential for a practical shift to renewable energy from fossil fuels,

given the intermittency of renewables [13], yet widespread usage of chemical energy storage



vectors is still developing [14]. A cheap, abundant, energy dense (gravimetrically and
volumetrically) energy storage vector that can be produced using entirely renewable electricity
and used without releasing greenhouse gas emissions is desirable [13]. Thus, carbon-containing
energy storage vectors are not desirable (although they are relatively abundant and energy
dense). Carbon-free energy storage media include aluminium, hydrogen and ammonia and
carbon-containing energy storage media include ethanol, methanol, diesel, gasoline and LPG
[15]. Green hydrogen has received immense investment in recent months, particularly in the
US, with 7 billion USD allocated for seven clean hydrogen hubs and 1 billion USD allocated

for a Clean Hydrogen Electrolysis Program [16].

The properties and variety of uses of ammonia are summarised in a policy briefing by the Royal
Society [17]: ammonia has a higher volumetric energy density than hydrogen and is much
cheaper to store and transport. On a volume basis, liquid ammonia contains 50% extra
hydrogen compared to liquid hydrogen. Ammonia can be transported and cracked back to
hydrogen as and when desired for use, e.g. in a PEM fuel cell to produce electricity.
Alternatively, ammonia can be used as a transport fuel, directly in combustion engines (e.g. in
the shipping industry) or in fuel cells (solid oxide or alkaline). Cesaro et al. [12] studied the
use of ammonia for power - ammonia can be combusted in a combined cycle gas turbine to
produce electricity via pure ammonia, an ammonia-hydrogen mix or pure hydrogen (produced
from ammonia cracking). Transporting ammonia to ultimately produce energy allows ammonia

to function as a chemical energy vector.

Ammonia can also be used to store energy. For example, when a variable renewable energy
source supplies energy above demand, the excess energy could be used to produce ammonia

(instead of curtailing the excess energy) [18]. This ammonia could be sold or converted back



to energy, as explained previously, if the renewable energy source cannot meet demand (e.g.

at night for solar power or at low wind speeds for wind power).

1.2. Objectives

Green ammonia is ammonia produced using renewable energy, with no direct carbon dioxide
emissions. The green ammonia production process is not fully flexible [3], so a steady energy
input is ideal. However, renewable energy is usually variable which means expensive energy
storage and flexibility (ramping) are required to produce ammonia with the Haber-Bosch
process [19]. The Haber-Bosch process can operate at as low as 10-30% of rated capacity [3].
However, the ramp-up rate is slow and thus costly - Fasihi et al. [20] use ramp up and down

limits of 2% per hour and 20% per hour respectively.

Planned green ammonia production is dominated by solar and onshore wind (given their low
electricity cost [17]), but there is no existing or planned green ammonia production from tidal
stream energy [3], despite its desirable predictability. Compared to wind or solar, a predictable
power source ensures that less buffer storage is required for ammonia production. Tidal stream
power can be accurately forecast far into the future [21]. Tidal stream energy also has the
potential to be phased [22] to produce a more consistent power profile (exploiting the
difference in the timing of currents in nearby locations). Thus, the predictability and phasing
potential of tidal stream energy make it a unique energy resource for green ammonia
production. This thesis aims to assess the feasibility of utilising tidal stream energy for green

ammonia production.

Land availability concerns ensure that utilising offshore energy sources for ammonia

production onshore or offshore could be attractive [23]. If ammonia is produced onshore, an



expensive and inefficient cable from the offshore renewable energy source to the onshore
production location is required for electricity transmission [18]. If ammonia is produced
offshore, a platform is required near the offshore renewable energy source to produce
ammonia, and ammonia is sent to shore, either via ship at around 0.5 USD/t/100 km or via

pipeline at 2 USD/t/100 km [24].

Utilising both wind and solar generally gives a high capacity factor (up to 60-70%) and lower
ammonia cost compared to utilising wind or solar individually (capacity factor 20-60%) [18],
[3]. Thus, combining offshore energy sources could help to enable cost-effective green

ammonia.

Tidal stream energy is compared to offshore wind energy as offshore wind energy is a more
established and cheaper offshore energy technology [21], but is not predictable in the long and

medium term and does not have local phasing potential.

The three objectives of this research are:
1. To show that tidal stream energy is a useful energy source for green ammonia
production.
2. To show that tidal stream phasing is beneficial for green ammonia production.
3. To show that tidal stream energy is complementary to offshore wind energy for

green ammonia production.

The thesis provides novel research in the areas of green ammonia production from tidal stream

energy and tidal phasing for green ammonia and hydrogen production.



1.3. Chapter outline

The literature review in Chapter 2 explores the potential offshore energy sources for green
ammonia production, onshore and offshore green ammonia production literature, and explains
why tidal stream energy could be promising for green ammonia production, including an

explanation of tidal phasing.

The first research chapter, Chapter 3, is a case study on the Pentland Firth. Offshore green
ammonia production is focused on, and both offshore wind energy and tidal stream energy are
used as energy inputs to a green ammonia plant. This chapter assesses whether tidal stream
energy can decrease the levelized cost of ammonia (LCOA) when combined with offshore
wind energy. This chapter addresses research objectives 1 and 3. The chapter is the basis of the
first-author journal paper, entitled “Technoeconomic evaluation of offshore green ammonia

production using tidal and wind energy: a case study” [25].

The second research chapter, Chapter 4, assesses the effect of tidal phasing on onshore green
ammonia production, with a case study in the English Channel. The effect of tidal phasing on
green hydrogen production is used as a comparison to green ammonia. This chapter addresses
research objectives 1 and 2 and is the basis of a first-author conference paper [26]. Turbine
locations are selected based on the minimum coefficient of variation of the aggregate power
profile. This method is the third method of local tidal phasing for green fuel production
presented by the author and was chosen for its accuracy and simplicity. The two other methods,
using correlation coefficients and using a genetic algorithm, are presented in two first-author

journal papers [27] and [28].



The third and final research chapter, Chapter 5, assesses the benefit of tidal stream energy for
onshore green ammonia production in several tidal hotspots around the world, in comparison
to the use of offshore wind energy. This chapter implements the main findings from the
previous two research chapters in more locations worldwide and is the most realistic in its
modelling of tidal stream energy (as wake and blockage effects are incorporated). This chapter

addresses research objectives 1 and 3.

The conclusion, Chapter 6, discusses the thesis as a whole, states the main findings and

limitations and makes suggestions for further work.
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Chapter 2: Literature review

To appreciate the significance of ammonia production from offshore energy sources, the
broader context will be first established and a review of previous work in this area will be
conducted. Appropriate renewable energy sources for green ammonia production will be
discussed, with an emphasis on offshore renewable energy sources. Then, a thorough review
of previous work on ammonia produced offshore (and onshore) from offshore energy sources
will be conducted. In addition, the concept of tidal phasing is described, and a critical review
of tidal phasing literature is conducted. Finally, wake and blockage effects are outlined in the
context of their impact on tidal stream power production. The ultimate aims of this literature
review are to determine appropriate offshore energy sources to produce ammonia and to
establish why this is of importance on a local and global scale, particularly in this time of

climate crisis.

2.1. Methods of offshore energy production

The potential of several offshore energy sources is discussed as a background to the next

section (Section 2.2. Production of green ammonia).

2.1.1. Introduction to offshore energy sources for green ammonia production

A common way to produce green ammonia is through onshore solar and/or onshore wind
energy, given their low cost [1]. There is also academic and commercial interest in green
ammonia production from offshore energy (mainly offshore wind), as described in section 2.2.
Determining suitable offshore renewable energy sources for ammonia production worldwide
is of great importance because of land availability reasons. An appropriate energy source for
green ammonia production should be reliable to enable steady-state ammonia synthesis and

able to provide sufficient power to deliver electricity for ammonia production [2]. Several days

13



may be required to get back to appropriate reaction conditions to produce ammonia after

stopping production [3], so energy interruptions should be avoided or minimised.

According to Thyssenkrupp, small-scale green ammonia plants produce 50-300 tons/day of
ammonia [4], which corresponds to around 25-150 MW of power input [2]. Thus, an
appropriate offshore energy source for green ammonia production should be able to provide >

25 MW of power.

The key details of the most relevant offshore energy sources are discussed in this section.
Figure 2.1 displays the schematics of the six offshore energy sources that are focussed on, and
Table 2.1 displays their worldwide potential electricity production. Offshore wind has the
largest worldwide electricity potential as shown in Table 2.1. However, for successful
ammonia production offshore, other factors such as the reliability and the technological

maturity of the energy source must also be taken into account.
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Figure 2.1: The six offshore energy sources discussed in this section [5]

Table 2.1: Worldwide potential electricity production from different offshore energy sources

Energy source

Wave Power

Osmotic (Salinity Gradient)

OTEC (Ocean Thermal Energy Conversion)

Tidal Stream

Offshore Wind (total technical potential)

Offshore Wind in water depths of < 60 m (technical
potential)

Offshore Wind in water depths of > 60 m (technical
potential)

Floating solar on freshwater man-made reservoirs

TWh/year Reference

8,000-80,000
2,000

10,000

800

420,000

87,000

330,000
520-5,200

[6]
[6]
[6]
[6]
[7]

[7]

[7]
[8]
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2.1.2. Wave power

Wave power was originally researched in the 18" century, and the primary patent in this area
was granted in 1799 [9]. Worldwide wave power potential is shown in Table 2.1- a small
fraction of this potential power is utilised at present [10]. Moreover, compared to nearshore
wave energy, offshore wave energy has a higher wave power potential but is less exploitable

and would require a longer, more expensive, transmission line to land and to the grid [11].

Compared to other renewable energy sources, wave energy has the largest energy density and
is very predictable [12]. However, wave energy harvesting is less developed compared to other
renewable energies [11]. There are many different wave power devices, including power
absorbers, overtopping devices, oscillating water columns, attenuators, oscillating wave surge
converters, submerged pressure differential devices, rotating mass devices and bulge head

wave energy converters [11].

2.1.3. Osmotic power

Seawater and freshwater have a salinity gradient which can be exploited to generate power
[13]. In an osmotic power plant (Figure 2.2), freshwater transfers across a semi-permeable
membrane to dilute seawater as a result of osmosis, increasing the pressure of the seawater
[14]. The pressurised seawater turns a turbine, generating power. Some of the pressurised
seawater is used to increase the pressure of the seawater entering the membrane in a pressure

exchanger [14].

Osmotic power can be utilised wherever freshwater and saltwater meet and is particularly of

use in coastal regions. Moreover, osmotic power is not subject to intermittency, i.e. osmotic

power can be operated continuously. A major difficulty with utilising the vast potential of
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osmotic power (displayed in Table 2.1) is scaling up the membrane to millions of m? for

commercial use [13].

Brackish water
PRESSURE
EXCHANGER
T Power

Sea water MEMBRANE MODULES (| o0

—>

>
T 7/!- a ;-:—” Brackish water

Fresh water
bleed

Fresh water

Figure 2.2: Osmotic power plant schematic [14]

2.1.4. OTEC

Ocean thermal energy conversion (OTEC) harnesses the difference in temperature (> 20°C)
between the hotter surface ocean water and colder water below to generate power via a heat
engine [15]. Herrera et al. [16] recently published a review, in which the economic viability of
OTEC was evaluated: OTEC technology has a prohibitively large infrastructure and
installation cost and a prohibitively small efficiency of 3-9% and yet the source of energy (the
ocean) is practically unbounded. Effective use of OTEC to produce electricity is mostly
confined to equatorial latitudes. Moreover, if desalinated water can be sold from OTEC plants,
as well as electricity or ammonia (on ammonia OTEC plant-ships), it may increase the plant’s

viability.
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2.1.5. Tidal Power

Tidal power is split into tidal range and tidal stream, of which the latter is the more heavily
researched given the smaller price of installation and minimal negative effect on the
surrounding environment [17][18]. Tidal range power exploits the water level variation with
the tides and tidal stream power exploits the kinetic energy from tidal currents. Within tidal
stream energy, usually tidal turbines are used but other, less common, technologies are also
researched e.g. oscillating hydrofoils or tidal kites. The most common type of tidal turbine is
an axial turbine, with cross-flow turbines second (Figure 2.3) [18]. The thesis focuses on the
axial turbine — hereafter referred to as ‘tidal turbine’. Tidal stream energy in the UK has a large

practical resource potential of between 11.5-15 GW [19], [20].

A
() |

w Water flow

Figure 2.3: Axial turbine (left) and cross-flow turbine (right) [18].
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The extractable power, P, from a turbine is:
1 3
P = E pACpu

where p is density of water, A4 is device swept area, C, is turbine power coefficient, u is the free-

stream flow speed [18].
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Tidal turbines are a very promising technology, they are similar to wind turbines although they
are powered by strong tidal currents, and since water is over 800 times denser than air, the
blade diameter is shorter [21], [22]. Figure 2.4 shows the evolution of tidal turbines in recent
years. Due to their high power capacity, the two turbine types that should be highlighted are
the AR2000, a fixed-bottom 2 MW turbine (second from the right), and the Orbital O2, a

floating 2 MW turbine (first from the right) [23].

10m

¢ 20m & 16m ¢ zm/ ¢ 20m \ ¢ 20 \
3 - {=‘A )

2003 2004 2008 2012 2019 2021 Year of operations
03 03 12 1.0 20 20 Capacity (MW)

Figure 2.4: Evolution of tidal turbines [23]. @ refers to rotor diameter.

Coles et al. [19] recently reviewed the potential of tidal stream energy implementation in the
UK - the financial and practical assessment is discussed here.

In the UK today, the levelized cost of energy (LCOE) is 240 GBP/MWh for tidal stream energy
and 80 GBP/MWh for offshore wind energy. Moreover, by 2031 in the UK, the predicted
LCOE for tidal stream energy is 150 GBP/MWh, which is still three times larger than offshore
wind (LCOE of around 50 GBP/MWh). However, the predictability of tidal energy is
financially appealing, especially since there is a rise in variable renewable energy on the grid

which will require supply-demand balancing and significant storage.
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From a practical point of view, tidal turbines have a lower variation in capacity factor than
wind turbines. For example, tidal turbines have a +10% variation within a year. Additionally,
tidal turbines do not pose a significant risk to the surrounding marine environment (i.e. minimal

or no habitat disruption or marine life collisions with turbines) [19].

The Pentland Firth in Scotland is an exceptionally good tidal stream location, as explained in
section 3.1.1. Water depths in the Pentland Firth are between 30 m and around 80 m, which are

relatively shallow [24].

According to Almoghayer et al., to use tidal turbines effectively the tidal turbine type should
be chosen appropriately for the area of operation, and both the array configuration and power
regulation should be optimized [25]. In section 2.4., the tidal array layout is discussed in more

detail, as it is an integral part of tidal power extraction.

The turbine power curve incorporates both the cut-in velocity and the rated velocity, and it will
differ depending on the type of turbine. If the power curve for a specific turbine is not known,
a standardised power curve is valuable. Lewis et al. [26] determined a standardised power curve

from 14 of the most relevant tidal-stream turbines (Figure 2.5).
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Figure 2.5: Standardised tidal turbine power curve, adapted from [26]. Vr is rated speed and

Pr is rated power.

The global deployment capacity of tidal stream energy is currently very low. The active
installed tidal stream capacity around the world is 10.1 MW in the UK, 1.7 MW in China, 1.29
MW in the Netherlands, 1 MW in France, 0.7 MW in Canada, and 0.5 MW in Japan [27]. Thus,
the UK has the largest active installed tidal stream capacity in the world (66% of the global
total). In September 2023, 53.04 MW of tidal stream capacity was secured in Scotland and
Wales in the Contracts for Difference (CfD) Allocation Round 5 at a strike price of
£198.00/MWh, for delivery between 2026-2028 [28]. Moreover, in September 2024, a further
28 MW was outlined in Allocation Round 6 at £172.00/MWh, for delivery by 2029 [29]. Thus,
the recent investment in tidal stream energy in the UK proves that it is an important renewable

energy technology and that large-scale deployment is possible.
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Remarkably, there is no active installed tidal stream capacity in the US, although 5.08 MW is
under development [27]. The main tidal stream energy hotspots in the US are in the Salish Sea,
Washington [30], the Cook Inlet, Alaska [31] and the Western Passage, Maine [32]. The Salish
Sea and the Western Passage are both on the US/Canada border (bordering Vancouver Island
and the Bay of Fundy, respectively). The main global tidal stream energy hotspots are shown

in Figure 2.6.
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Figure 2.6: Global tidal stream energy hotspots [27].

The energy resource estimate (in GW) of tidal stream energy in the UK will be constant or
locally increase slightly with climate change [33]. However, climate change will either lower
the offshore wind energy resource in the UK or make it more variable, or both [34]. Large-
scale tidal stream energy extraction can affect marine current patterns (both accelerating and
decelerating) and tidal elevation (both increasing and decreasing) [33]. In some locations, the
increase in tidal elevation due to climate change can be counteracted by the decrease in tidal
elevation due to tidal energy extraction, such as the east coast of the UK, which is beneficial

for coastal defence [33].
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2.1.6. Wind Energy
Wind energy is a key technology to help avoid the worst effects of climate change but is not a
silver bullet. Wind energy made up 6-7 % of worldwide electricity in 2021 [35]. Furthermore,

installed capacity of wind is expected to be between 5,000-8,200 GW by 2050 [35].

The large and stable wind speeds offshore compared to onshore are attractive for offshore wind
exploitation and subsequent power generation e.g. using floating offshore wind turbines [36].
Moreover, there are abundant regions in the ocean that are suitable and untapped for offshore
wind development [37]. The larger wind speeds over the ocean compared to the land are partly
due to the lower surface roughness of water [36]. Within offshore wind, fixed-bottom structures
are the most common type of structure which operate at water depths of < 60 m, additionally
floating structures can operate at water depths of > 60 m [38], but are currently more expensive

than fixed-bottom turbines [39].

Offshore wind is variable on different time scales — sub-hourly, hourly, diurnally, seasonally
(winter versus summer), interannually [43], and across multiple decades [44]. The hourly
variability of wind is particularly important to note due to the ramping constraints of the Haber-
Bosch (addressed in Section E.9 of Appendix E). Moreover, wind droughts (low wind speeds

for a sustained interval of time) can occur, which could last for a number of weeks [45].

The LCOE of wind energy has reduced rapidly over recent years, and by 2050, compared to
2019, fixed-bottom offshore wind and onshore wind are expected to decrease by up to 49%
and 37% respectively [39]. Moreover, offshore wind is projected to cost < 50 USD/MWh by

2050 worldwide [39]. Offshore wind is more expensive than onshore wind due to more
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complicated planning, construction, maintenance and grid connection [37]. However, mass
deployment of offshore wind can reduce the cost of electricity from wind, which is

economically attractive on a national scale [40].

Several other factors must be considered when implementing offshore wind or other forms of
offshore energy. For example, the seafood industry may be adversely affected by offshore wind
since fishing locations may have to be relocated [40]. The wider impacts of producing wind
turbines must also be considered, such as the availability of large quantities of input materials
(concrete, steel and iron, polymer materials, fiberglass, etc.) [41]. Moreover, wind turbines can

last around 25 years [42] and up to 90 % of a wind turbine is recyclable at present [35].

2.1.7. Floating Solar

Solar energy has enormous worldwide potential to provide renewable electricity. Competing
uses for land has motivated the use of floating photovoltaic (FPV) systems on water as opposed
to land-based solar energy [46]. FPV systems have a high efficiency due to convection cooling
from the surrounding water [47]. FPV systems have been applied almost exclusively to
freshwater locations, and seldom to oceans. However, oceans occupy 70% of global area [47],
so the resource potential for ocean FPV is likely to be significantly larger than for freshwater
FPV (Table 2.1). Saltwater corrosion and constant wave and wind loads require the ocean FPV

structure to be made of strong materials, for example HDPE or galvanized steel [47].
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2.2. Production of green ammonia

To understand the current landscape of ammonia production from offshore energy sources, a

review of previous work is conducted and gaps in the literature are discussed.

2.2.1. OTEC ammonia plant-ships

The first idea of producing ammonia offshore by harnessing the energy from the ocean was
published in the 1970s [15]. In summary, the power required for the process is entirely from
OTEC and the ammonia is produced on a plant-ship which has a concrete hull and the platform
moves at~0.5 knot. Ammonia OTEC plant-ships would produce ammonia via the Haber-Bosch
process and the reactants, hydrogen and nitrogen, would be produced via water electrolysis and
air separation, respectively. Subsequent research has not led to any commercial or large-scale

pilot OTEC plants, partially due to the high LCOE [48].

George and Richards of the Applied Physics Laboratory in Johns Hopkins University
produced a detailed 40 MW OTEC plant design of a slow moving plant-ship which forms an
“energy-intensive product” [49]. Panchal et al. [50] built on the design of George and
Richards’ plant-ship where the overall cost of ammonia production is 1,066 USD/ton (2005
USD). Moreover, the design of a satellite plant-ship arrangement was reported by Panchal et
al. whereby separate OTEC plants deliver energy to a single 2,000-3,000 ton/day ammonia
plant (using solid-state ammonia synthesis rather than Haber-Bosch) and the ammonia cost is

755 USD/ton (2005 USD).

2.2.2. Production of ammonia onshore from offshore wind

The first techno-economic analysis of ammonia produced via offshore wind was in 2013 in a

Ph.D thesis by Morgan [51], with onshore ammonia production and grid support. Morgan and
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co-workers have done further research in this area, including looking at ammonia production
from wind on a small island in the Gulf of Maine to make the island less reliant on diesel for
boats and for electricity [52]. However, this model is fairly unrealistic given the cost of boat
engine conversion (to ammonia) and inadequate infrastructure on the island to facilitate the
wind turbine and ammonia plant construction (e.g. roads) [52]. Morgan et al. [2] later presented
a simple, steady-state model of a grid-supported offshore wind powered ammonia plant in the
Gulf of Maine whereby the LCOA is 1,224 USD/ton (2010 USD), which is not cost competitive
with conventional ammonia, and the ammonia is produced onshore. The design of the offshore
wind farm could be more detailed, e.g. by factoring in the depth of the water which affects the
cost and type of the wind turbine platform [38] (the wind farm modelled is “generic”, not

designed for the Gulf of Maine specifically [2]).

2.2.3. Production of ammonia offshore from offshore energy

Producing ammonia offshore from offshore energy has scarcely been researched, apart from a
handful of offshore wind (and solar) production studies. Most notably, Salmon and Bafiares-
Alcantara [53] determined locations worldwide which could economically produce green
ammonia offshore via offshore wind and solar while factoring land limitations and
infrastructure requirements. This work illustrated that, due to the UK’s low land availability,
offshore ammonia production is particularly attractive for the UK —up to 100% of its ammonia
could be produced offshore. Wang et al. [54] performed a detailed design optimization for
offshore ammonia production, which determined the scenarios in which the Levelized Cost of
Ammonia (LCOA), using offshore wind, is competitive with a reference green ammonia
LCOA from 2020. However, this work did not consider specific geographical locations, rather
an average of Pacific, Atlantic, and Gulf offshore regions. Thommessen et al. [55] present an

offshore ammonia energy hub system powered by offshore wind and located in the North Sea.
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The efficiency of ammonia production, storage and transport is estimated. This study does not
perform an optimization or thorough cost analysis of the energy hub or wind turbine; for

example, they do not report platform cost.

The fourth notable paper is by Parmar et al. [3] who look at an ammonia plant-ship, with several
ammonia synthesis plants, powered by offshore wind off the coast of Massachusetts (this paper
was based on a Master’s Thesis by Parmar [56]). When there are low periods of power from
offshore wind, ammonia can be combusted to facilitate plant idling (as there is no grid
connection). The optimized scenario is when two ammonia synthesis plants are used whereby
the LCOA is 1,566 USD/ton (2018 USD) which is clearly too high for commercial use,
furthermore, only around 67.5% of the capacity (300 tons/day, 330 days a year) is produced
annually. The dimensions of the plant-ship were based on Panchal et al. [50] whereas most of

the costs of the offshore wind farm and ammonia plant sections were based on Morgan [51].

In a Master’s Thesis by Maia [57], different scenarios of offshore wind powered green
ammonia production in the North Sea were investigated. The four scenarios were: offshore
ammonia production with transport of ammonia to shore by pipeline and secondly by shipping,
then offshore hydrogen production - transported to shore via pipeline for onshore ammonia
production using grid electricity and finally transmission of electricity from an offshore wind
farm to an onshore ammonia plant. In each scenario, the costs of implementation of alkaline
and solid oxide electrolysers were considered. Offshore in this context means production of
hydrogen/ammonia on a sand island, 380 km from the coast of Denmark. Moreover, the use of
a floating structure for the ammonia plant and the wind turbines was not considered. The LCOA
in each case was determined — the lowest of which was ammonia produced offshore with

transport to shore via ship and using a solid oxide electrolyser (the resulting LCOA was 387-
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574 EUR/ton in 2030). Moreover, ammonia produced entirely offshore permits a higher
overall production efficiency (~65%) and higher total production of ammonia (after 20 years)

compared to onshore production.

It should be noted that Salmon and Bafiares-Alcantara [53] are the only authors that consider
both offshore wind and offshore solar as the offshore energy source. All other studies discussed

in section 2.2.3. only consider offshore wind.

2.2.4. Ammonia production on a marine platform and onboard a vessel

There are proposed commercial projects for green ammonia and green hydrogen production
offshore using offshore wind as an energy source. For example, in Shetland, Scotland, Aker
Offshore Wind are planning a 10 GW floating offshore wind project for 2030, with green
hydrogen production on a floating offshore platform, which is transferred to shore via pipeline
for green ammonia production onshore [58]. Enterprize Energy propose a 3.4 GW offshore
wind project, producing 1.5 million tonnes of green ammonia per year on an offshore platform

in Vietnam [59].

The P2XFloater™, designed by H2Carrier, would be able to produce green ammonia onboard
a vessel (by converting Very Large Gas Carriers) at an industrial scale, which is a global first.
334 ton/day of ammonia can be produced, with 140 MW electrolyser capacity. The
P2XFloater™ exploits renewable energy (wind, solar or hydro energy) when it is inexpensive,

depending on the location and the time of year [60].
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2.2.5. Green ammonia production from tidal stream energy
To the best of the author’s knowledge, there is no publicly available research nor commercial

or small-scale testing plants for ammonia production offshore or onshore using tidal stream

turbines as an energy source. However, the broad concept of green ammonia production from

a tidal lagoon is reported in the literature [61], [62].

The main advantage of tidal stream power is that it is a predictable renewable energy source,
which is ideal for green ammonia production as the green ammonia plant can operate with
perfect forecasting of input power. Thus, additional CAPEX costs from equipment oversizing
and additional OPEX costs from model predictive control (MPC) can be avoided. Equipment
oversizing and MPC are necessary for green ammonia production from unpredictable energy

sources such as wind [63].

The novelty, predictability and phasing potential (discussed in the next section) of tidal stream
energy are the reasons why it is the energy resource focussed on in this thesis for green

ammonia production.

2.2.5.1. Grid limitations for tidal stream power hotspots

Some tidal stream power hotspots in the UK are far from the grid (so require new transmission
cables to the grid onshore) or are in locations where the grid is constrained (which limits their
exploitability). For example, the nearest grid connection to tidal sites in the North Channel of
the Irish Sea is via the 132 kV transmission cable in Carradale [64][65] (around 40 km away),
on the Kintyre peninsula, Scotland. Moreover, Orkney has significant grid capacity constraints,
with only two 20 MW 33 kV cables to mainland Scotland [25]. Even with the new 220 MW

transmission link from Orkney to mainland Scotland (Caithness) [66], Orkney is grid-
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constrained. Orkney has a large surplus of tidal stream energy (and wind energy) that cannot

be used within the archipelago as it is sparsely populated [19][25].

Producing green ammonia, an energy vector and hydrogen carrier, from tidal stream sites
locally has the potential to improve or enable their exploitation. The green ammonia produced
can then be combusted for energy at peak demand, used as the basis for fertilizer production,

used as a maritime fuel, and/or transported to where it is needed.

2.2.5.2. Green hydrogen production from tidal stream energy

Green hydrogen has been produced onshore using tidal stream energy. The world’s first [67]
green hydrogen project utilising tidal stream energy (as well as a 0.9 MW onshore wind
turbine and a 1.8MWh vanadium flow battery module [68]) was deployed at the European
Marine Energy Centre’s tidal test site in Eday, Orkney. A new Orbital O2 tidal turbine and
another storage device will be added to the site in the FORWARD2030 (Fast-tracking
Offshore Renewable energy With Advanced Research to Deploy 2030MW of tidal energy
before 2030) project [69]. A separate tidal stream energy-green hydrogen project has been
proposed in Shetland (without wind/batteries) - the Green Hydrogen and Oxygen Supply

from Tidal Energy (GHOST) project [70].

Green ammonia production in the Orkney Islands has also been proposed - Eneus Energy have
planning permission for the first commercial green ammonia’hydrogen plant in Britain,

powered by onshore wind [71].

Tidal stream-produced green hydrogen was suggested as an attractive opportunity over two

decades ago [72]. There are a small number of academic studies on hydrogen production from
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tidal stream energy coupled with other energy sources (such as wind) and grid back-up
[73][74][75] and one study on hydrogen production from just tidal stream energy with grid
back-up [76]. Ewan and Allen [77] determined hydrogen production costs from fourteen routes
(renewable and non-renewable), including tidal stream energy. However, the costs are
outdated, generic, and do not incorporate input hourly power profiles. Additionally, Rinaldi et
al. [78] presented a brief conference paper on producing hydrogen from a floating tidal farm.

Thus, there are no detailed tidal stream-only green hydrogen analyses to date.
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2.3. Tidal Phasing

To understand why and how tidal phasing could be useful for green ammonia production, the

concept of tidal phasing is explained, and tidal phasing literature is discussed.

2.3.1. Tidal phasing literature

The waters around the UK abide by a semi-diurnal system due to the prominent tidal
constituents: M2!, the lunar constituent (360° period of 12 h 25 min) and S22, the solar
constituent (360° period of 12 h) [79]. Tidal stream currents are subject to a flood-ebb cycle?,
a spring-neap cycle* and an 18.6-year lunar cycle® [19]. There is a significant tidal power phase
difference along the UK coastline — near firm power could be achieved if three tidal sites with
a phase difference of 120° (~4h) are exploited together [80] or if two tidal sites with a phase
difference of 90° (~3h) are exploited together [81]. Determining appropriate sites for firm
power is challenging as the bathymetry and the British Isles topology significantly impact the

tidal stream power phase difference [81].

The most established and most powerful tidal stream devices, first-generation devices, are
restricted to water depths of 25-50 m and mean peak spring velocities of >2.5 m/s [81]. Firm
power production from sites with first-generation tidal devices around the UK is not possible,
as these sites happen to be mostly in-phase [81]. However, less powerful tidal stream sites

around the UK have significant phase diversity [82]. For example, the co-tidal lines vary

! Semi-diurnal lunar tidal constituent [121]. M is for moon, 2 is for 2 peaks per day.

2 Semi-diurnal solar tidal constituent [121]. S is for sun, 2 is for 2 peaks per day.

3 ~12-hour cycle in the UK - this means one flood tide and one ebb tide every ~12 hours [19]. The ebb
direction is seaward, and the flood direction is inland [122].

4 Fortnightly cycle — this means one spring tide and one neap tide every 14 days. The spring tide (the
largest tidal range and fastest tidal stream velocities) occurs when the Sun, Earth and Moon are
aligned. The neap tide (the lowest tidal range and slowest tidal stream velocities) occurs when the
Sun, Earth and Moon are perpendicular [19], [121].

5 Due to variation in the “inclination of the Moon’s orbital path relative to the plane of the Earth’s
equator” [121]

32



considerably (6-11h) in the relatively small body of water between the north of Northern
Ireland and Scotland (North Channel of the Irish Sea) [81][79]. Co-tidal lines are lines on a

map that display the time of high water, which is indicative of the phasing of tidal velocities.

Academic studies on tidal phasing have modelled tidal sites around the UK
[83][84][81][82][85][86][87], around Ireland [88], around West Japan [89] and around the
states of Washington and Alaska in the US [90]. For example, Neill et al. [84] used the greedy
algorithm to find the optimal phasing of combined tidal stream sites in the Pentland Firth, the
English Channel (around the Channel Islands), the North Sea (around Flamborough Head), the
North Channel and around the Faroe Islands. The sites that optimise the average power and
avoid near-zero power periods are determined as the Pentland Firth, the Channel Islands and

Anglesey (locations shown in Figure 2.7).

Iyer et al. [81] modelled first-generation tidal sites in the Isle of Wight, the Race of Alderney,
Ramsey Island, Anglesey, Islay, Orkney and the Pentland Firth and determined that the
combined maximum environmentally acceptable power is around 2 GW. Interestingly, all of
these sites are mainly in phase, apart from the Race of Alderney, which has a phase difference

of around 1 h.

Lewis et al. [87] reported that utilising peak spring tide velocities >1.5 m/s with no water depth
restrictions could enable firm tidal power production in the Irish Sea. The Irish Sea has many
areas of substantial tidal potential, including Anglesey, Isle of Man and the Bristol Channel
[87]. For example, in the Irish Sea, over seven times less practical power is exploitable for 1
generation turbines, compared to 3™ generation turbines (i.e. utilising mean peak spring

velocities > 1.5 m/s and water depths > 25 m). Lewis et al. [87] also highlight that misalignment
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of flood and ebb currents can introduce significant uncertainty in tidal power quantification for

turbines that are not able to yaw (i.e. are fixed).

Commin et al. [91] analysed leased tidal sites in the Pentland Firth and Orkney Waters at 10-
minute resolution and determined that exploiting tidal phasing for firm capacity is not feasible
in this region. However, they also determined that tidal phasing is useful as zero power is

produced between 4.2% and 14.5% of the year for individual sites, but is reduced to 1.4% of

the year for combined sites.
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Figure 2.7: Locations of the main tidal sites referred to in section 2.3.1. (around the UK)

The first tidal phasing study in the US [90] analyses the Salish Sea around Washington and

Inside Passage, Bristol Bay and Kodiak and Cook Inlet around Alaska. Specific turbine
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characteristics are not considered (such as cut-in/cut-out speed), but theoretical power is
evaluated. The region of Kodiak Island and Cook Inlet is determined as the best region for

anticorrelation (complementarity) between turbine sites.

Combining ebb-dominant tidal stream sites with flood-dominant tidal stream sites can facilitate
a more consistent power output compared to utilising either site individually, as demonstrated
in Orkney between Westray Firth and Stronsay Firth [92]. As well as location, the tidal stream
turbine’s power curve can affect the smoothness of the power profile. Generally, the rate of
increase of tidal stream power with time is lower than the corresponding rate of decrease [81].
Secondly, the cut-in velocity value affects how often the power profile is zero. Therefore, the
phase difference between tidal sites can be, effectively, altered. A low cut-in velocity value

enables power production at low velocities which is ideal.

The time lag between relevant tidal stream sites around the UK is quantified in Table 1 of Neill

et al. [82]. The tidal current phase difference around the UK is also shown visibly in Figure 4

of [82] (and displayed in Figure 2.8 below), in Figure 2 of [84] and in Figure 7 of [79].
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Figure 2.8: Tidal current time lag around the UK (M2 tidal constituent), adapted from [82].

Beyond academic interest, there is no reported practical utilisation of tidal phasing for tidal
stream power production globally. This lack of utilisation of tidal phasing at a local and
national level is likely due to the prohibitively high tidal stream levelized cost of energy

(LCOE) [19].

The literature described in this section demonstrates that tidal phasing can facilitate a
smoother power profile, ensuring zero power occurs less frequently than if tidal phasing were
not utilised. Most of these studies use tidal sites which are far apart (such as around the UK),
and none of the studies illustrate the utilisation of phased tidal power for green fuel

production, such as green ammonia or hydrogen. Moreover, to the best of the author’s
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knowledge, there is no academic or commercial work on tidal stream power phasing for the

production of green fuels.

2.3.2. Introduction to tidal phasing

A flat power profile is the most ideal profile for green ammonia production as oversizing of
equipment can be avoided, and no energy storage or hydrogen storage would be required
(unless the capacity factor, CF, is exceptionally low). Moreover, the Haber-Bosch (HB) process
is not completely flexible [93], so the less variable the power profile, the more efficiently the
HB can operate and the lower the chance of catalyst damage [94][95]. A flat power profile is
not possible to achieve with renewable energy, with some exceptions (such as hydropower),
unless an external storage component is incorporated. For example, utilising (unphased) tidal
stream energy with storage such as flywheels or vanadium flow batteries [96][97][98] or
utilising the grid to back-up renewable energy sources [99]. The issue with using tidal energy
with external storage or the grid is the added costs of the, albeit predictable [96], storage
capacities and grid connection. Moreover, if the grid is not powered by renewables, the
emissions associated with utilising the grid could be substantial. Furthermore, grid emission

intensities are highly spatio-temporally variable [100].

A smooth (consistent) power profile with a degree of baseload power is a more realistic profile
which could be achieved with renewable energy (without external storage) and would still be
useful for green ammonia production. This can be achieved, for example, by exploiting the
difference in phase of tidal stream currents in different locations [89] or utilising tidal stream
energy and tidal range energy together (as they can have a relative phase difference) [101][84].
Combining other renewables, such as solar and wind can increase the capacity factor compared

to either resource alone [101], but baseload power is not guaranteed, given the inherent
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variability and unpredictability of these resources. However, the power profile from tidal
stream and tidal range energy can be predicted, and thus, baseload power can be guaranteed.
Moreover, although tidal stream and tidal range energy are green solutions to providing
baseload power, tidal range energy has notable environmental issues such as those affecting
fish migration [102][103]. Thus, exploiting the difference in phase (time) of tidal stream
currents in different locations, i.e. tidal phasing, is an attractive option to provide power for

green ammonia production.

It is known that tidal phasing increases the minimum power and decreases the maximum power
[89], making the power profile less variable. It could be argued that, with infinite phasing, the
power profile would be flat with respect to time. Figure 2.9 shows four theoretical power
profiles with the same capacity factor — from a single turbine, from two turbines, from 10
turbines and the ideal flat profile (from an infinite number of turbines). The phased profiles are
less variable than the unphased (single-turbine) profile. Moreover, more phasing ensures that
the power profile is closer to the ideal flat profile. Using these four power profiles as input
power to a green ammonia plant will result in very different LCOAs with the flat profile being
the lowest and the single-turbine profile being the highest.

It should be noted that in Figure 2.9, the individual turbine power profiles represent an M2 tidal

power profile with a period of 12.42 hours and incorporate arbitrary cut-in and rated speeds
(0.2 m/s and 0.9 m/s). The free stream velocity is sin (12% (t + p)) where t is time in hours

and p is phase difference in hours. M2 is the semi-diurnal lunar tidal constituent, which is the

most important tidal constituent for the British Isles [84].
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Figure 2.9: Theoretical power profile (hourly capacity factor) from a single turbine, two
turbines with a phase difference of one hour, 10 turbines with a phase difference of one hour
each and an ideal power profile representative of an infinite (very large) number of turbines.
The four power profiles in black have the same annual capacity factor (39%). The non-black

power profiles are the individual turbine power profiles.

The HB process power requirement is a small fraction of the total power of the green ammonia
plant (< ~5%), and the minimum power of the HB is about 20% of its rated power [93] (i.e. <
1% of the total power of the ammonia plant). One also has to consider that to keep the HB at a
minimum load, there is an associated minimum hydrogen supply requirement. Depending on
the power profile at any given time, this hydrogen supply requirement may be sourced directly

from the electrolyser or from hydrogen storage. Thus, the power requirement associated with
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the minimum hydrogen supply as a reactant to the HB varies with time. Phasing could ensure
that the power profile always meets the minimum power of the HB (from input power directly,
avoiding extra battery or fuel cell capacity) as well as the minimum hydrogen supply

requirement, providing confidence to manufacturers and investors.

It is acknowledged that tidal phasing is not a unique phenomenon. Regen (an independent
centre of energy expertise) demonstrated the benefits of utilizing offshore wind on both the
east and west coast of the UK [104]. Similar to tidal phasing, strategically placing wind turbines
apart to utilise power profile anti-correlation (in different weather windows) can facilitate less

variable and more consistent power generation.

2.3.3. Smooth power profile

In order to achieve a smoother power profile for ammonia production from phased tidal turbine
locations compared to unphased tidal turbine locations, various metrics can be compared
(Table 2.2). A lower proportion of time in a year with zero power for a combined site compared
to an individual site is indicative of tidal phasing [91]. Giorgi and Ringwood [88] used a genetic
algorithm to solve a multi-objective optimisation problem to find the best combination of
turbines to (i) maximise the average power (i.e. the capacity factor) (ii) maximise the minimum,
baseload, power and (ii1) minimise the variance of the power profile. Unlike the electrolyser,
the HB reactor cannot ramp up and down instantaneously [105] — ramping limits of 2-20% per
hour have been suggested [106]. These HB ramping constraints inhibit constant ammonia
production with an intermittent power profile, so the rate of change of power is also an

important metric to consider.
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Table 2.2: Ideal smooth power profile characteristics for green ammonia production

Metric Ideal Main impact on ammonia production
value
Frequency of zero power  Low Size of storage capacity
Minimum power High Ability to run HB constantly and size of storage
capacity
Average power High Amount of ammonia produced
Power variance Low Size of equipment capacity
Rate of change of power  Low Ability to meet HB ramping constraint

In order to achieve a smoother aggregate power profile, various parameters can be changed in
the modelling of turbines, as shown in Table 2.3. The turbine type determines the turbine
diameter which in turn affects the location of the turbine in the water column, the tidal current
velocity at the position of the turbine, and the power output of the turbine. The number of
turbine locations (with a net phase difference) will significantly impact the power profile and
should be decided based on the ammonia production cost. Almoghayer et al. [25] demonstrated
that reducing the rated power of each tidal turbine in a farm by 33% (in Hoy Sound, Orkney)
can provide power with less variability to Orkney’s grid and improve the capacity factor of the
farm by 42.5%. While the aggregate energy produced by the farm is lowered (by 4.29%),
decreasing revenue, this is counterbalanced by the lower CAPEX and OPEX costs. However,
when tidal energy is used directly for green ammonia production (i.e. not for the grid), limiting
the maximum power is unlikely to be justified as there are already internal storage mechanisms
in place within the green ammonia production process to provide constant power to the Haber-

Bosch process (battery storage, hydrogen storage and fuel cell capacity), see Figure 3.4.
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Table 2.3: Modelling parameters and their impact on the aggregate power profile

Parameters impacting smoothness of Main impact on aggregate power profile
power profile

Turbine type (cut-in and rated speeds) Rate of change of power, power variance,
frequency of zero power, average power

Velocity averaged over specific water depths ~ Average power (velocities are generally
larger near the ocean-air boundary than near

the seabed)
Number of turbine locations (with anet phase  Frequency of zero power, minimum power,
difference) power variance, average power
Limiting turbine capacity Lower power variance

There are restrictions in the placement of turbine locations. The water depth has a major impact
on which turbine sites and which types of turbines can be utilised. More powerful turbines have
a larger diameter, so shallow water restricts the power production in a given region. Ideally,
sites in close proximity should be used to reduce the magnitude of the underwater cable cost
between sites. Moreover, shipping routes and fishing areas should be avoided to reduce the

impact on the local economy.
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2.4. Wake effects and blockage effects

This section outlines why wake and blockage effects are significant for tidal stream energy

production.

2.4.1. Tidal turbine layout

Tidal turbine arrays must be designed carefully — the array design changes the overall array
power output with a fixed overall installed capacity. As demonstrated by Zazzini et al. [107],
the layout (location, quantity and positioning) of the tidal turbines can affect the extractable
power of each turbine. Methods of turbine micro-arrangement optimisation include varying
inter-row spacing, row staggering and varying turbine arrangement within a row as
demonstrated by Vennell et al. [108]. A staggered layout is generally preferred to an aligned
layout to optimise power output and reduce array interaction [25], [109], [110], [111]. Good
tidal power locations are often area restricted with bi-directional flow, requiring array layout

optimisation [109].

2.4.2. Wake effects

Figure 2.10 shows that the flow velocity exiting the turbine (u3) is lower than the flow velocity
entering the turbine (u;). This is the wake effect. If the downstream distance between turbines
is sufficient, the fast bypass flow (u,) can mix with the flow exiting the turbine (u3) to return

to the free-stream flow (u) [112].

There is scarce information available on real tidal turbine wake recovery rates [113]. Generally,
the downstream spacing of turbines should be >10-20D to allow for wake recovery [25], [114].
Since tidal turbines generally occupy significantly more of the free flow compared to wind

turbines, a larger distance (in multiples of blade diameters) is needed for kinetic flux recovery
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downstream of a tidal turbine compared to a wind turbine [21], [108]. Thus, the power extracted

by a fixed number of tidal turbines is limited by the occurrence of wake effects.

Stansby and Stallard [115] optimised the power of various small array layouts. They
demonstrate that downstream turbines are significantly affected by wakes from upstream

turbines which decreases the power output of downstream turbines.

B == B s ea3iE
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Figure 2.10: Flows around tidal stream turbines in a channel. The velocity sizes are as

follows: uy, = u > uq; > uz [112].

2.4.3. Blockage effects

In a constrained flow, the fluid flow is affected by neighbouring boundaries [116]. When the
fraction of the channel cross-sectional area occupied by the turbine swept area is more than
around 10%, turbine blockage corrections are required [110], [117]. Turbine blockage
corrections can increase the power output of turbines [117] due to the fast bypass flow
[116][118] (uy in Figure 2.10). Incorporating turbine blockage correction factors (increasing
power), such as those detailed by Zilic de Arcos et al. [116], is complex and beyond the scope

of this thesis.

Channel blockage effects refer to the reduction in tidal stream velocity in a channel due to the
presence of turbines [119] - the tidal stream turbines act as a momentum sink [120]. Channel

blockage effects are discussed further in section 5.1.1.
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2.5. Conclusion

The literature review has explained how green ammonia is produced at present (with onshore
wind/solar and ammonia production onshore), discussed offshore ammonia production
literature, and explained why tidal stream energy is a promising offshore energy resource for

green ammonia production (novelty, predictability and phasing ability).
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Chapter 3: Technoeconomic Evaluation of Offshore Green Ammonia Production using

Tidal and Wind Energy: A case study

The objective of this chapter is to determine if tidal stream energy is a useful energy resource
(technically and economically) for offshore green ammonia production. This idea is presented
through a case study on the Pentland Firth, a globally excellent tidal stream location. Using 30
years of hourly wind and tidal data, the addition of tidal stream capacity to wind capacity is
incorporated to see the effect on storage requirements and the levelized cost of ammonia

(LCOA).

As mentioned in the Introduction (page 1), 2020 USD is used with a 2020 GBP to USD

exchange rate.

3.1. Introduction

3.1.1. Tidal stream power location

The maximum tidal stream current speeds are above 4 m/s in the Pentland Firth, above 3.5 m/s
in the Inner Sound of Stroma (next to the Isle of Stroma) [1], and almost 4 m/s at Fall of
Warness [2]. These fast current speeds ensure this region of Scottish waters is a globally
prominent tidal energy hotspot [3]. SIMEC Atlantis is leading the deployment of tidal turbines
globally [4], specifically with their MEYGEN project (between mainland Scotland and the
island of Stroma) which has a lease for the installation of 398 MW power [5]. Figure 3.1
displays the location of the Pentland Firth in relation to the United Kingdom and Figure 3.2

displays a close-up map of the Pentland Firth.
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Figure 3.1: Location of the Pentland Firth (red square)
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Figure 3.2: Notable land around the Pentland Firth

62



The extractable tidal stream power limit without significant flow disruption in the Pentland
Firth is 1.4 GW, according to a 3-D hydrodynamic model by O’Hara Murray and Gallego [3].
The study presented in this chapter focuses on tidal stream power extraction from the Pentland
Firth of an order of magnitude lower than 1.4 GW. However, it should be noted that the total

operational tidal stream capacity for the UK was only around 10 MW in 2021 [6].

3.1.2. Tidal stream velocity models

The Pentland Firth and Orkney Waters (PFOW) 1.02 model [3], [7] displays 3-D tidal current
flow velocity data (north and east components) on an unstructured grid over 0° - 5° W and 57°
- 61° N (horizontal resolution in the Pentland Firth of ~100-150 m). The water column is
divided into 10 terrain-following sigma layers. The PFOW 1.02 model data is over one
climatological year (averaging 1990-2014), using the Finite Volume Community Ocean Model
(FVCOM). The PFOW model is easily accessible - a copy of the model output is available

publicly.
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3.2. Methodology

3.2.1. Technoeconomic modelling

A green ammonia plant optimisation model minimises the LCOA (USD/t). This model is
adapted from the mixed-integer linear program (MILP) optimisation model developed in [8],
which uses Python’s pyomo package and is solved using Gurobi. The capacity constraints and
balance equations are modified to account for three major differences: adding tidal stream
energy instead of solar PV, removing grid connection, and incorporating an offshore platform
for offshore ammonia production. A summary of the ammonia model’s inputs and outputs is
shown in Figure 3.3. Further details on the model are in Appendix E. MATLAB is used to
process the input wind and tidal velocities (which have a temporal resolution of 1 hour) to

power profiles.

Wind and tidal energy are used to supply power to three components: the electrolyser to
produce hydrogen, a battery, and the air separation unit (ASU) to produce nitrogen in addition
to the Haber-Bosch (HB) unit to produce ammonia from nitrogen and hydrogen (Figure 3.4).
To account for variable wind and tidal energy inputs and thus variable hydrogen production in
the electrolyser, hydrogen storage between the electrolyser and the HB unit is included. A fuel
cell is also included to supply back-up electricity to the HB and ASU from stored hydrogen.
Battery storage, charged by wind and tidal energy, is used to supply back-up electricity to the

electrolyser, HB and ASU. Electricity can also be curtailed if necessary.

> Technoeconomic Model
ERA-5 data DTU 10 MW Equipment | . :
Wind velocity ---+ Windturbine |____ CAPEX : LCOA minimization
@100m Curve : constrained by:
| [pEeupowecy| - Tidal + wind turbine ECOA
- - - proﬁle; F------ - Electrolyser F---» Equipment
: e Hydrogen Storage il
PFOW model AR2000 2MW . - Battery operation
Tidal stream +---+ Tidal turbine |---- ' Equipment | : - Fuel cell operation
velocity Curve Efficiencies - Haber-Bosch + ASU

Figure 3.3: Overview of the offshore green ammonia production model
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Figure 3.4: Flow diagram displaying the units involved in ammonia production, electricity

flow between them and material inputs and outputs. Internal energy storage units are in blue

The ammonia plant optimisation model minimises the levelized cost of ammonia, LCOA

(USD/t) - Eqn. 1.

< i(1+i)PL

(1+l,)PL_1)><CAPEX+0PEX

LCOA = - (Eqn. 1)

where F is the yearly ammonia production in tons (set to 100,000 tons/year), i is the discount

rate of 7% [9] and PL is plant lifetime, assumed to be 30 years.

The total CAPEX (USD) calculation is presented in Eqn. 2, and individual equipment CAPEX
values are listed in Table A.1.

CAPEX = Y oi Costg + Y, 0. Costy + Y, 05c Costge + opcCosty + Costp (Egn. 2)
where oy, is the installed capacity of the renewable energy source (MW), Costy is the cost of
renewable power (USD/MW), o, is the installed capacity of the component (MW), Cost. is
the cost of the component (USD/MW), g, is the installed capacity of the storage component

(MWh for battery, t for hydrogen), Costg. is the cost of the storage component (USD/MWh
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for battery, USD/t for hydrogen), oz is the installed capacity of the fuel cell (MW), Costg is
the cost of fuel cell (USD/MW), and Costp is the cost of offshore platform (USD). Renewable
energy sources considered are tidal stream and wind. Components considered are
the electrolyser, HB+ASU, and battery interface (for power sizing). As described in Appendix
A, the tidal turbine CAPEX is appropriate for 100-200 MW of tidal capacity. There is a large
uncertainty in the tidal turbine CAPEX, thus an upper (2,900 USD kW-") and lower (2,200
USD kW-!) bound will be applied in the model (Table A.1).

Storage components considered are battery and hydrogen storage. The battery self-discharge
is 5% per month [8]. The HB ramp up and down limits are 2% per hour and 20% per hour
respectively [10]. The minimum load of the HB is 20% of rated capacity [11]. The electrolyser
is assumed to ramp up and down instantaneously and is modelled with a constant conversion
efficiency of 50 kW h kg~ [8], [12]. The last 14 days of every year modelled are allocated
to maintenance time [8], whereby no ammonia is produced. Hence, an operational year is 8,424
hours (365 days minus 14 days). However, ideally, maintenance could be done during the least

productive power periods.

The total OPEX (USD/y) is presented in Eqn. 3:

CF(H,0,H,)

OPEX =
CF(NHs,H,)

Costy F + Costyy CAPEX (Eqn. 3)

where Costy;, is the cost of desalinated water (2 USD/t [8]) and Cost,,, are the operating and
maintenance costs (2% of CAPEX [8]). The conversion factors are CF(H,0, H,), water to
hydrogen mass ratio, and CF (NH;, H,), ammonia to hydrogen mass ratio. From stoichiometry:

CF(Hzo, Hz) =9 kgHZO/kgHz and CF(NH3, Hz) = 17/3 ngHg/kgHz
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To account for different energy sources and variability of wind, two studies are simulated:
Study 1:
Low, baseline, and high wind years for both tidal and wind vs wind only, i.e. 6
scenarios.
Study 2:
30 consecutive years, representing the plant’s lifetime, for both tidal and wind vs wind

only, i.e. 2 scenarios.

A sensitivity analysis is performed on the tidal CAPEX value relative to the wind CAPEX
value to determine the cut-off CAPEX values at which no tidal and all wind is utilised by the

techno-economic model and vice versa.

3.2.2. Tidal stream resource
3.2.2.1. Tidal stream turbine power
The tidal current flow velocity data from the PFOW model [3], [7] is used in this research to
determine the power variation of an Atlantis AR2000 tidal turbine in the Pentland Firth (the
AR2000 will be utilised in the MeyGen Project [13]). The AR2000 has a rated capacity of 2
MW, a cut-in velocity of <1 m/s, rated velocity of 3.05 m/s and rotor diameter of 20 m [14],
[15].
The tidal turbine power P (MW) is determined (as shown in Appendix B) using Eqn. 4:

P = ~pAC,u’ (Eqn. 4)
where p is the density of fluid, A is the swept area of turbine, C, is the power coefficient and

u is the fluid velocity.
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The velocities at each location are taken as the average of the middle 3 sigma layers. This is to
account for the location of the turbine in the water. Yang et al. [16] demonstrate that the

location of the largest power output of a tidal turbine is at the middle of the water column.

3.2.2.2. Tidal stream turbine location and layout

The ideal tidal turbine location is where the tidal stream currents are reliably and consistently
fast. This results in a large power output from the turbines over a period of time, requiring
fewer turbines to produce a fixed amount of ammonia, which will enable a lower LCOA. Thus,
a region in the Pentland Firth with high annual energy production from tidal turbines is chosen
for analysis.

Due to local tidal current velocity variation, each tidal turbine will have a different annual
energy production capacity.

To determine which tidal turbine power profiles are used as an input to the technoeconomic
model, the locations (nodes in the PFOW model) with the largest annual energy production in
the region considered are selected, which constrains the layout of tidal turbines. The average
power profiles from 100 MW (i.e. 50 nodes with one turbine per node) of tidal power capacity
were input to the technoeconomic model (Figure 3.3). The calculated total tidal power capacity
output by the technoeconomic model may be more or less than 100 MW. This is justified since
only a small region of the Pentland Firth is exploited for tidal stream power in this chapter.
Moreover, each node (and thus power profile) could potentially represent more than one
turbine, so a capacity output by the technoeconomic model of more than 100 MW is justified.
If the capacity output by the technoeconomic model is less than 100 MW, this would be a
conservative approximation as fewer, better power profiles (and thus a lower tidal capacity)
could represent the required tidal stream power input. The LCOA could be lowered (by a

couple percentage points) if the required and calculated tidal turbine power capacities in the
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ammonia model (Figure 3.3) are matched. However, using a fixed number of tidal turbine

power profiles is a justified engineering approximation for this chapter.

3.2.3. Wind resource

The wind profile is from ECMWF (European Centre for Medium-Range Weather Forecasts)
Reanalysis v5 (ERAS) [17]. ERAS data is reported every hour since 1979 and has a high
resolution of 0.25° for latitude and longitude. The north and east velocity components are

converted to the resultant velocity for 1991-2020. The reference height, h,.r, at which the
velocities, u,,f, are reported at in ERAS is 100 m. In Eqn. 5, the Hellmann exponent, «, is

about 0.1 for wind turbines above the ocean [18], [19] which allows the wind velocities, u, at

h = 119 m (the hub height) to be calculated.

n a
u = uref (?ef) (EC]I’Z 5)

The power curve used is that of the DTU 10 MW wind turbine [20] — the cut-in, rated and cut-
out wind speeds are 4, 11.4, and 25 m/s respectively, the blade diameter is 178.3 m and the hub
height is 119 m. Several recent, relevant papers utilising offshore wind also use the DTU 10
MW turbine including Baldi et al. [21], Martinez and Iglesias [22] and Wang et al. [23]. The

wind turbine power is determined using Eqn. 4 (as shown in Appendix B).

3.2.3.1. Wind turbine location and layout

The wind location is constrained to the same region of the Pentland Firth with high tidal turbine
annual energy production. The wind turbine layout is less constrained compared to the tidal
stream turbine layout (in terms of wake recovery distance [24]). The specific layout of wind
turbines will not be considered but rather the maximum limit on wind power in an area will be
factored in. The maximum wind turbine power density that avoids hindrance due to wake

effects is 5 MW km2 [25].
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3.3. Results and Discussion

3.3.1. Tidal stream energy in the Pentland Firth

A heat map of the annual energy produced from an isolated, 2 MW tidal turbine within the
Pentland Firth is shown in Figure 3.5. A smaller region within the Pentland Firth with the
highest annual energy production is focused upon in the inset of Figure 3.5. The highest
capacity factor in this smaller region is 0.631 with 10,634 MWh of energy produced per year.
Figure C.1 (in Appendix C) shows the proposed layout of tidal turbines in that region. The

turbine downstream spacing is approximately 200 m (10 diameters).

3.3.2. Wind energy in the Pentland Firth

Wind velocities are determined at [-3.24, 58.65], as this is the closest location to the inset of
Figure 3.5. At this wind location, the annual capacity factor is relatively high but variable over
1991-2020 (Figure 3.6). For Study 1 of the technoeconomic analysis, 2010 is the low wind
year (capacity factor 0.488), 2020 is the baseline wind year (capacity factor 0.536) and 2015 is

the high wind year (capacity factor 0.589).
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Figure 3.5: Heat map of the Annual Energy Produced from an AR2000 2 MW turbine in the
Pentland Firth. The longitude range is (-3.300)-(-2.800) and the latitude range is 58.640-
58.800. For the inset, the longitude range is (-3.150)-(-3.050) and the latitude range is
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3.3.3. Study 1: Low, baseline, and high wind years

Using a basis of 100,000 tons NH3 produced per year, the model is run for 2010 (low wind
year), 2020 (baseline wind year) and 2015 (high wind year).

In the wind-only case and compared to a baseline wind year, on a low wind year 10% more
wind capacity is required, and on a high wind year 9% less wind capacity is required (Figure
3.7). This is expected as more wind capacity is necessary to produce 100,000 tons/y of NH3 on
a low wind year and vice versa.

In the wind+tidal case and compared to a baseline wind year, on a low wind year, 86% less
wind and 6% more tidal capacity are required, and on a high wind year, 362% more wind and
32% less tidal capacity are required (Figure 3.8). This makes sense as wind capacity is favoured

over tidal capacity in a high wind year and vice versa.
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The LCOA is 18%, 12%, and 5% lower when tidal capacity is added to wind capacity in 2010,
2020 and 2015 respectively (Figure 3.9), quantifying the benefit of utilising tidal stream energy
for ammonia production.

When the higher value of the tidal turbine CAPEX is used (2,900 USD kW), significantly
more wind and less tidal is utilised, which is expected, as the ammonia model operates to
minimize the LCOA. The LCOA is still lower when tidal capacity is added to wind capacity,
but by a smaller margin (by 5%, 3%, and 1% in 2010, 2020 and 2015 respectively).
Comparing the wind+tidal case (Figure 3.8) to the wind-only case (Figure 3.7), significantly
less fuel cell capacity and hydrogen storage are required for the former. Figure 3.10 helps to
explain this behaviour: tidal stream power displays a different, more consistent power profile
compared to wind power, demonstrating the practical benefit of utilising tidal stream energy.
In each case (Figure 3.9), the LCOA is above the historical (2000-2020) brown ammonia price

range (100-600 USD/t [26]).
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3.3.4. Study 2: Consecutive wind years

The results for three separate wind years are useful to show how wind variability must be
incorporated to plant design, but it is unrealistic to run the plant with a different number of tidal
turbines and wind turbines each year. Running 30 years of consecutive wind and tidal data
gives a robust plant design and a single installed capacity value for each piece of equipment.
Using the same basis of 100,000 tons NH3 per year, the model is run for 30 consecutive years,
1991-2020.

In the wind-only case, 209 MW of wind is required (Figure 3.11). In the wind+tidal case, 17
MW of wind and 192 MW of tidal are required. When the higher value of the tidal turbine
CAPEX is used, in the wind+tidal case, 176 MW of wind and 32 MW of tidal are required.
Similar to Study 1, when the higher value of the tidal turbine CAPEX is used, significantly
more wind and less tidal is utilised, which makes sense. Moreover, if adding tidal capacity to
wind capacity were not economically beneficial, the technoeconomic model would not utilise
tidal capacity. Since the tidal capacity utilised is large relative to the wind capacity utilised (in
the wind+tidal case with the lower tidal CAPEX case), utilising tidal can be remarkably
beneficial.

The LCOA for green ammonia utilising wind-+tidal (806 USD/t or 885 USD/t when the higher
value of the tidal turbine CAPEX is used), and wind only (918 USD/t) is not competitive with
the historical (2000-2020) brown ammonia price range (Figure 3.12). However, 2021 grey
ammonia prices were >1,000 USD/t due to natural gas shortages [26]. Moreover, according to
IRENA and AEA, the general LCOA for green ammonia is 720-1,400 USD per tonne today
(and is predicted to drop to 310-610 USD per tonne in 2050) [26]. Thus, the LCOA for both
wind+tidal and wind only in this chapter are economically attractive compared to the IRENA
and AEA estimations of green ammonia today. This could enhance the capacity of the UK to

produce ammonia locally, which is important in the context of energy security.
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Similar to Study 1, the LCOA is lower (by 12% or 4% when the lower/higher value of the tidal
turbine CAPEX is used) when tidal capacity is added to wind capacity. This is primarily due
to the significantly reduced storage requirements: the wind-+tidal case requires no fuel cell
capacity and up to 96% less hydrogen storage (corresponding to a 63 M USD CAPEX reduction
— Figure 3.13) compared to the wind-only case. However, the wind-+tidal case requires up to
7.3 MWh more battery storage (with a minimal CAPEX increase of around 3 M USD)
compared to the wind-only case, due to the (predictable) short-term tidal power variation. The
total renewables CAPEX is 464-510 M USD for the wind+tidal case and 495 M USD for the
wind-only case. The electrolyser requires the largest capacity in the ammonia plant and a 6-7%
lower electrolyser capacity is required for the wind-+tidal case compared to the wind-only case
(corresponding to a 9-10 M USD lower CAPEX).

Since the fuel cell is not utilised in the wind+tidal case, the HB and ASU can operate
successfully from wind and tidal energy with battery back-up. Moreover, in the wind-only case,
all three internal energy storage assets (battery storage, hydrogen storage and fuel cell capacity)
are needed thus adding cost and complexity to the overall system.

In both studies, the curtailed energy is <3% which is relatively low.
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Figure 3.11: Comparison of Equipment Capacities for wind+tidal vs. wind only for
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3.3.5. Comparison of offshore and onshore cost

The results in this chapter are valid for offshore ammonia production. The offshore platform
cost for ammonia production is substantial (see Table A.1). Onshore production of ammonia
may be more appropriate since the tidal turbines that are utilised are close to shore (~10 km).
Using Eqn. A.2 in Appendix A, the cost of a HVAC offshore cable to shore is around 45 M
USD for this case study, which is significantly lower than the cost of an offshore ammonia
platform (120 M USD [27]). Moreover, tidal stream energy hotspots tend to be remote for grid

connectivity but close to shore [6].

Thus, while offshore production is likely to be more expensive than onshore production, in

general land limitations and restrictions may motivate offshore ammonia production,
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particularly for places such as the UK which have low land availability but good offshore

energy resources [28].

3.3.6. Tidal CAPEX sensitivity

The tidal turbine CAPEX has a large uncertainty, so an upper and lower bound was
incorporated into the analysis, corresponding to 1.22 and 0.93 times the wind CAPEX.
Moreover, in Section 2.1.5., it is acknowledged that in the UK today, tidal stream energy has
an LCOE three times larger than offshore wind energy [6]. To see the extent to which the
techno-economic model utilises tidal capacity over wind capacity, the tidal CAPEX is varied
from 0.5 to 3 times the wind CAPEX (Figure 3.14 - using the baseline wind year, 2020). When
the tidal CAPEX is less than around 0.75 times the wind CAPEX, the techno-economic model
utilises all tidal capacity and no wind capacity. However, when the tidal CAPEX is more than
around 2.4 times the wind CAPEX, the techno-economic model utilises all wind capacity and
no tidal capacity. These cut-off values will likely vary with location-dependent wind and tidal
power profiles, the time frame (e.g. 1 year or 30 years), as well as the relative energy storage
equipment CAPEX costs. Interestingly, when the tidal and wind CAPEX values are equal,
around 83% of the renewable capacity is tidal capacity. Thus, tidal stream power is a better

renewable resource than offshore wind power for this green ammonia production scenario.
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3.4. Limitations

In order to model the green ammonia plant, powered by wind and tidal stream energy, practical
modelling decisions were made. There are four modelling decisions which could be further
improved.

Firstly, the power coefficient of each tidal turbine and wind turbine is assumed constant, in line
with Lewis et al. [15], although the power coefficient may vary with velocity, turbulence and
blade design [29].

Secondly, the average of the middle 3 sigma layers is used to find the tidal stream velocity
values. This may not be representative of the actual velocity profile that enters the turbine since
the turbine may not be located exactly in the middle of the water column at all locations
considered. To account for this, O'Hara Murray and Gallego [3] include a factor in the velocity
terms to account for the percentage of the area of the turbine (perpendicular to the flow) in each
sigma layer. This may be a more accurate way to represent the velocity profile entering the
turbine.

Thirdly, the tidal turbine CAPEX was not specific to an AR2000, due to lack of public domain
information. More accurate tidal stream turbine CAPEX values should be used in future work,
for example, using the Metric Space criterion designed by Garcia-Sanz [30] at the ARPA-E
ATLANTIS program (U.S. Department of Energy).

In the wind-only case there are consecutive hours when there is no wind power. However, the
Haber-Bosch reactor still operates at 20% capacity, requiring significant hydrogen storage and
fuel cell capacity. It could be economically beneficial to shut down the plant when there is an
extended period of low wind power input. To achieve this, instead of having maintenance time
at the last 14 days of the year, the maintenance time could be optimised to a particularly low

wind power period.

82



3.5. Conclusion

The objective of this chapter was to determine if tidal stream energy is a useful energy resource
(technically and economically) for offshore green ammonia production. The case study on the
Pentland Firth demonstrated that producing green ammonia from tidal and wind energy
resources is technically feasible and economically attractive compared to conventional green
ammonia from solar and wind onshore (in 2020). For both wind+tidal vs. wind only, two
studies are simulated; firstly, using separate low, baseline, and high wind years to show the
impact of variable wind years on LCOA and secondly, using 30 consecutive wind years -
representing the plant’s lifetime.

For the 30-year study, the LCOA for green ammonia utilising wind+tidal (806 USD/t), and
wind only (918 USD/t) is lower than recent extreme grey ammonia prices (>1,000 USD/t given
natural gas shortages [26]) but higher than the historical brown ammonia price (100-600 USD/t
[26]). Adding tidal stream capacity to wind capacity decreases the hydrogen storage
requirement by 96% and eliminates the fuel cell requirement and thus reduces the LCOA (by
12%). In the first study, for low, baseline, and high wind years, the LCOA is 5-18% lower
when tidal capacity is added to wind capacity. When the higher tidal turbine CAPEX is used,
the LCOA is also lower, but by a smaller margin (1-5%). Thus, utilising tidal stream power is
economically beneficial in both cases.

A sensitivity analysis was performed on the tidal CAPEX — the tidal CAPEX was varied from
0.5 to 3 times the wind CAPEX to see the extent to which the techno-economic model utilises
tidal capacity over wind capacity. Using the baseline wind year, 2020, it is shown that when
the tidal and wind CAPEX values are equal, tidal capacity dominates (83%) the total renewable
capacity, demonstrating the adequacy of tidal power as an energy source for green ammonia

production.
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This chapter did not include tidal-only green ammonia production analysis in the Pentland Firth
and in other tidal hotspots. This is explored in Chapter 5.

Given the global transition to green ammonia from conventional high-carbon ammonia, it is
valuable to identify all suitable sources of renewable energy. Tidal stream energy is a novel
and ideal energy source for offshore green ammonia production given its high resource

availability and predictability.
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Chapter 4: Tidal Stream Phasing

Tidal stream energy is a predictable renewable energy source, and utilising the difference in
phase of tidal stream currents in close-by locations can provide a more stable power profile.
This stable power profile could be useful as ammonia production has limited flexibility, and
although hydrogen production is more flexible, a stable power profile could avoid electrolyser
oversizing. This chapter explores the effect of tidal stream phasing on both green ammonia and
green hydrogen production in the English Channel. The coefficient of variation (CV) of the
power profiles between three locations is used as a metric of tidal phasing, and the minimum
is determined from locations in the English Channel appropriate for an Orbital O2 turbine. This

minimum CV method is novel and can be applied to other tidal regions.

4.1. Introduction

Green ammonia production utilises green hydrogen (via electrolysis with renewable energy
input) and nitrogen (via air separation with renewable energy input) as reactants in a Haber-
Bosch reactor [1]. Ideally, green ammonia production should utilise a steady renewable energy
input due to the limited operation flexibility of the Haber-Bosch reactor. In contrast, compared
to the Haber-Bosch reactor, electrolysers do not have strict ramping constraints [2], so a steady
renewable energy input is likely to be more beneficial for green ammonia production than for
green hydrogen production. However, alkaline electrolysers operating in China (at Sinopec’s
large-scale Kuqa facility) have encountered unexpectedly low efficiencies due to the
intermittent renewable input power [3]. Thus, a steady power profile may still be valuable for
green hydrogen production.

Green ammonia and green hydrogen production studies are generally based on solar and wind

renewable energy, which are variable renewable energy sources; wind is largely unpredictable.
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The UK has an excellent tidal stream resource, which is largely unexploited due to historically
high tidal stream turbine costs and grid capacity limitations in tidal hotspots such as Orkney
(North Scotland) [4].

Tidal stream energy is variable but predictable. Tidal stream phasing, i.e. utilising tidal stream
currents with a phase (time) variation in nearby locations, can provide a less variable and yet
predictable power profile. Phasing reduces the maximum power and increases the minimum
power of the aggregate power profile. The lower maximum power could ensure the equipment
is less oversized, reducing the equipment CAPEX requirement, which could be cost beneficial

to both green ammonia and green hydrogen production.

The author was the first to present an analysis of green ammonia production using tidal stream
energy, with a case study in the Pentland Firth [5] (Chapter 3). Subsequently, two tidal stream
phasing methods were explored by the author (in two papers) for green ammonia production:
in the first one, correlation coefficients were used to identify anti-correlated tidal regions in
Orkney and the Irish Sea - this was the first study to present an analysis of the benefit of tidal
stream phasing on green ammonia production [6]; in the second one, a genetic algorithm was
used to select tidal turbine locations which optimize the aggregate tidal stream power profile
in four regions around the UK, i.e. automatically choosing turbine locations rather than
choosing tidal regions manually through correlation coefficients — this was the first study to

incorporate optimal tidal stream phasing with green ammonia production [7].

While these are both useful and successful techniques for incorporating tidal phasing, they have
some important limitations. Firstly, the correlation coefficient method depends on how a tidal
region is manually defined, that is, which turbine locations are considered within a tidal region.

Since phasing is highly spatially dependent, grouping turbine locations into a tidal region has
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the potential to miss phasing opportunities. Secondly, the genetic algorithm is non-
deterministic, which incorporates uncertainty into the modelling. The minimal CV method
presented in this chapter avoids these two issues as turbine locations are analysed individually,
and the method is deterministic. Moreover, the minimal CV method is simple and is a novel

way of choosing turbine locations for green fuel production.

Although this is not the first study to model green hydrogen production from tidal stream
energy (as mentioned in the literature review, section 2.2.5.2.), this is the first detailed study to
model green hydrogen production from phased tidal stream energy and is adapted from a

conference paper by the author [8] with more detail.

Apart from the paper presented by the author, which used a genetic algorithm to select tidal
turbine locations [7], there are only two academic papers which optimize the location of tidal
stream turbines to optimize the aggregate power profile by exploiting complementary phase
differences — Neill et al. [9] and Giorgi and Ringwood [10], from 2014 and 2013 respectively.
Giorgi and Ringwood [10] utilise a genetic algorithm over 11 locations around the island of
Ireland, and Neill et al. [9] utilise a greedy algorithm over the northwest European shelf seas.
The work described in this chapter utilises a smaller region than in [9] or [10] (thus reducing
the cable costs), and utilises tidal stream energy for green ammonia/hydrogen production,
rather than for the grid. Improvements of this work with respect to [9] and [10] include: 1) using
all water depths above the minimum operable turbine water depth (not constrained to 25—-50 m
as in [9]), since floating turbines are considered which can operate in deep water [11], and ii)
no restriction on the minimum velocity, apart from the cut-in velocity of the tidal turbine (a
minimum M2 current of 1.5-2.5 m/s is used in [9], and a minimum tidal current velocity of 2.0

m/s is used in [10]).
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Previous literature on tidal phasing in the UK utilises between 100 MW [12] to several GW
[13] of tidal stream power, from locations all around the UK, for the purpose of grid power
demand (as detailed in the literature review). Realistically, local ammonia/hydrogen
production from tidal stream power requires tidal sites close together. Thus, phasing potential
is assessed for a given small area located around the UK. The UK is chosen as there are tidal
stream velocities data available in this region - the Scottish shelf model (SSM) climatology
version 2.01 [14] provides 3D tidal stream velocities at hourly and high spatial resolution
around the UK. The PFOW model (used in Chapter 3) is part of the SSM but the PFOW model
has a higher spatial resolution than the SSM and is exclusive to the Pentland Firth and Orkney
waters. The English Channel has both tidal stream energy potential and phasing potential
[9][12]. As discussed in the literature review, the Pentland Firth has high tidal stream energy
potential but has limited phasing potential. Moreover, there are other areas around the UK
which have some phasing potential but are relatively spread out (such as within the Irish Sea

[11]). Thus, the English Channel will be the focus of this chapter.
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4.2. Methodology

The tidal stream turbine is modelled as a horizontal axis, twin-rotor, Orbital O2 turbine. This
turbine model was chosen firstly due to its low rated velocity of 2.5 m/s [15] at 2 MW rated
power which allows a high quantity of energy to be extracted from the turbine over a spring-
neap cycle, and secondly as it is a floating turbine, which utilises the fast currents near the sea
surface and suits a large range of water depths [13]. The cut-in velocity is 1 m/s, the rated
velocity is 2.5 m/s and the cut-off velocity is 4.5 m/s [16]. The Orbital O2 power curve is
displayed in the Appendix (Figure B.2). Each turbine has a rotor diameter of 20 m and a
minimum water depth of 23.2 m [16]. The Orbital O2 turbine is deployed at the EMEC Fall of
Warness tidal test site [16], and is a part of the FORWARD?2030 (Fast-tracking Offshore
Renewable energy With Advanced Research to Deploy 2030MW of tidal energy before 2030)

project [17].

Using the Scottish Shelf Model version 2.01 (SSM) [14], all nodes (hereafter called locations)
in the English Channel with a minimum water depth above 28.2 m (23.2 m plus a 5 m bottom
clearance [18]) and a capacity factor (CF) of 15-20% are considered (Figure 4.3). This CF
range is chosen because phasing is only relevant if the constituent power profiles are of similar
energy. Secondly, there is little phasing potential for high CF turbine locations around the UK
[12] (and thus within the English Channel). 15% is the lower CF limit in a tidal phasing study

in Japan [19]. Moreover, a turbine CF of 20% is used in another tidal phasing study [20].

Sigma layers are chosen (out of 20) to be suitable for the average location of the turbines in the
water column. Moreover, the number of sigma layers is selected based on the vertical distance
that the turbine fills in the water column. That is, the diameter of the turbine relative to the

mean lowest water depth in the region. Since the turbines modelled are floating, sigma layers
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close to the top of the water column are chosen (low sigma layer values). The 3-D tidal stream
velocities are larger near the top of the water column (near the surface) and lower near the

bottom of the water column (by the seabed).

The number of turbines per location is chosen as the maximum allowable according to the
turbine spacing constraint of 2.5D lateral by 10D downstream [18] (where D is rotor diameter
for a single-rotor turbine. For the dual-rotor Orbital O2 device, D is taken as the lateral width
of the device during operation, 45 m [16]). The area allocated per location in the SSM will
differ, so the number of turbines per location will also differ. That is, there is one power profile

allocated to each location, but more than one turbine could be allocated to each location.

The coefficient of variation (CV) has been used in the literature to assess the suitability of tidal
sites to different turbines and as a metric of tidal phasing [21][19]. A phased profile has a low
CV, with a low proportion of time at zero or maximum power, as the constituent power profiles
have highs and lows at slightly different times (as seen in Figure 4.5). The CV is dimensionless

and can be compared to other variable profiles (not just for tidal stream power profiles).

Op
Up

CV =

op is the standard deviation, up is the mean and P is the hourly tidal stream power profile over

an operational year (1 year minus 2 weeks of maintenance time i.e. 8,424 hours).

In order to find three locations with complementary phasing, the aggregate power profiles of
every combination of a trio of locations are considered, and the combination with the lowest
CV over an operational year is chosen (positioning shown in Figure 4.4). This minimum CV
method is a novel method for choosing turbine locations with complementary phasing. There

are 229 turbine locations with a CF of 15-20% (Figure 4.3) - combining three power profiles
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out of 229 turbine locations results in almost 2 million different power profiles and almost 2
million different CV values. Three turbine locations are chosen to balance the optimization
time and the phasing benefit. Increasing the number of turbine locations to be optimized
increases the potential phasing benefit but increases the number of possible combinations
exponentially, and thus increases the optimization time significantly. The purpose of this
chapter is to show the potential phasing benefit to the LCOA/LCOH, and three turbine
locations give a good picture of this. An onshore location that is suitable for a green
ammonia/hydrogen plant is also identified in Figure 4.4 (i.e. on grassland [22] and avoiding

protected land [23]).

To see the effect of phasing on the levelized cost of ammonia (LCOA) and the levelized cost
of hydrogen (LCOH), the LCOA and LCOH from the three locations are determined separately
(i.e. three power profiles and three plants) and then combined (i.e. one aggregate power profile
and one plant). If the LCOA and LCOH from the combined power profile is less than the

average LCOA and LCOH from the three separate power profiles, then phasing is useful.

Two major adjustments were made to the green ammonia model compared to Chapter 3.
Firstly, the model incorporates green hydrogen production (separate to green ammonia
production) — so both an LCOA and LCOH can be determined. Secondly, a demand profile for
the product (ammonia or hydrogen) is incorporated, which requires storage of the product. The
model was created by Carlo Palazzi, another DPhil student in the OXGATE group (developed
using Calliope v0.6.10 [24] in Python). The model was adapted by the author to incorporate
tidal stream energy as an energy input and to incorporate a cable cost. The model is an LP
model, instead of an MILP model in the first chapter, as the ramping constraints were recast as

linear constraints. The updated green ammonia flow diagram is displayed in Figure 4.1 and the
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green hydrogen flow diagram is displayed in Figure 4.2. The model overview is displayed in

Figure D.1 and Figure D.2 in Appendix D. Model verification is in Appendix E.

Other minor adjustments to the model compared to Chapter 3 include: no curtailment, the fuel
cell can support the electrolyser, battery and the HB+ASU (not just the HB+ASU), the HB
ramping limits are 2% up and 2% down (rather than the 2% up and 20% down used in Chapter
3), which is a conservative modelling decision but affects the LCOA negligibly, the fuel cell
efficiency is incorporated at 50% [25], the desalination energy is 4.2 kWh/t of water [25] (not
2 USD/t of water as in Chapter 3), and the hydrogen compression energy is incorporated at

2.016 kWhikg [25].

The green ammonia and green hydrogen model is used to find the minimum cost of ammonia
and hydrogen production. The time resolution of the model is one hour. One year of hourly
tidal stream power data is incorporated with two weeks of maintenance time at the end of the
year. Ammonia and hydrogen are collected from the plant every hour. A flat hourly
hydrogen/ammonia demand profile is used in a green hydrogen/ammonia study in Queensland,
Australia [25] and is chosen for this chapter to avoid large hydrogen/ammonia storage

requirements, which could dwarf the costs of the plant itself and any potential phasing benefit.

Equipment CAPEX costs are displayed in Table A.1. The upper tidal CAPEX cost is used,
which is a conservative modelling assumption. Operating costs are assumed to be 2% of
CAPEX costs (as in Chapter 3). The Haber-Bosch (HB) reactor has a 20% minimum load [2].
The electrolyser is modelled as fully flexible. Hydrogen storage, battery storage and a fuel cell

are incorporated for internal storage within the ammonia/hydrogen plants.
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Figure 4.1: Updated flow diagram displaying the units involved in green ammonia production,

electricity flow between them and material inputs and outputs. Energy storage units are in blue
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Figure 4.2: Flow diagram displaying the units involved in green hydrogen production,

electricity flow between them and material inputs and outputs. Energy storage units are in blue

The three tidal stream turbine locations chosen will be separate (in distance) from each other
and also from the ammonia/hydrogen plant. Therefore, as a post-optimization step, a cable cost
from the ammonia/hydrogen plant to the tidal stream turbine locations must be factored into

the LCOA and LCOH (Table 4.1). Subsea HVAC cabling is cheaper than subsea HVDC
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cabling for transmission distances lower than around 80 km [26]. The transmission distances
in this chapter are not expected to be much larger than 80 km, so HVAC is chosen as the subsea
cable type. The subsea HVAC cable cost is difficult to determine accurately as detailed costing
information is not available publicly. In particular, little costing information is available for
low-capacity cables (~30 MW). The subsea HVAC cable CAPEX equation, Eqn. A.2, was used

and is displayed in Appendix A.
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4.3. Results and Discussion

The CF of tidal stream turbines in the English Channel is spatially variable (Figure 4.3).
However, the CF is not the only important metric to consider when choosing a tidal stream
turbine location. The stability of the power profile is also important because of the limited
operation flexibility of the Haber-Bosch reactor, as discussed in the introduction. Of all the
locations shown in Figure 4.3, the three locations with the lowest combined CV are shown in
Figure 4.4, along with the ammonia/hydrogen plant location. The phase difference between
these three locations can be seen in the 50-hour power profiles in Figure 4.5. The combined
power profile is relatively stable (Figure 4.6), as reflected in its CV value of 0.53, which is
considerably lower compared to the CV of the three individual locations (1.13, 1.01 and 1.31
in Table 4.1). This power stability results in a cost reduction for green ammonia and green
hydrogen production despite the fact that the locations are not next to each other, requiring
separate cables to power the ammonia/hydrogen plant. Compared to separate power profiles
from the three locations (with three separate plants) the combined power profile (feeding one
plant) has a 6% lower LCOA and a 5% lower LCOH on average (Table 4.1). That is, for the
same quantity of energy produced by 80 MW of tidal stream turbines, the stability of the power
profile provided by phasing can provide a cost benefit to both green ammonia and green

hydrogen production.
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Table 4.1: The CV, yearly CF, power capacity, LCOA and LCOH corresponding to the power

profiles from Location 1, Location 2 and Location 3, both separately and combined.

LCOA LCOH Yearly cv Power Cable
(USD/t) (USD/t) CF (%) (MW) [length (km)
Location 1 2,469 13,176 19 1.13 26 53.4
Location 2 2,391 12,681 19 1.01 22 15.4
Location 3 2,833 15,308 17 1.31 32 105.4
Combined power
profiles (optimal 2,401 13,104 18 0.53 80 174.2
case)
Separate power
profiles (average of 3 2,564 13,722 - - - -
locations)
Phasing benefit (%
. 6 5 - - - -
reduction)

The LCOA and LCOH for Location 2 are slightly lower than the optimal case due to the large
cable cost for the optimal case and the particularly small cable cost for Location 2 (Table 4.1).
If the cable cost is removed from the LCOA and LCOH, the levelized costs from the three
locations separately are always higher than the three locations combined (the optimal, phased
case). Since a limit is placed on the power capacity at each turbine location (due to the turbine
spacing), utilising more power (and producing more ammonia/hydrogen) than from one turbine
location requires utilising multiple turbine locations. Moreover, utilising turbine locations with

a phase difference has a cost benefit.

It is important to stress that lower LCOA/LCOHs could be obtained from the higher CF tidal
locations (CF > 0.2) within the region analysed. The objective of this chapter was not to find
the lowest LCOA/LCOHs from tidal stream energy within the English Channel but to quantify

the phasing benefit to ammonia/hydrogen production. It is likely that the highest CF tidal
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locations (CF > 0.2) will be deployed first, and could be used for green ammonia/hydrogen
production or grid energy. Producing green ammonia/hydrogen from lower CF tidal locations
(0.15 < CF < 0.2, as in this chapter) may enable the utilisation of otherwise unutilized tidal

turbine locations.

Utilising phasing has a 5% cost benefit to green hydrogen production, as a 51% lower
electrolyser capacity is required (Figure 4.7), as the phased power profile does not reach high
power values, avoiding electrolyser oversizing. However, a 5% higher hydrogen storage
capacity is required to meet the hourly hydrogen offtake. Interestingly, despite being available
for use in the green hydrogen model (Figure 4.2), no battery or fuel cell capacity is utilized for
the three locations — separately or combined. This is due to the assumed availability of a fully
flexible electrolyser.

For green ammonia production, phasing ensures 30% less hydrogen storage, 67% less battery
storage, 100% less fuel cell capacity and 48% less electrolyser capacity is required, resulting
in a 6% lower LCOA (Figure 4.7). However, a 7% higher HB+ASU capacity is required, and
a 10% higher ammonia storage capacity is required to meet the hourly ammonia offtake. Since
the phased profile always has moderate power values, whereas the unphased power profiles
reach near maximum power frequently, the flat hourly demand profile for ammonia requires
slightly more ammonia production capacity and ammonia storage.
Utilising phasing has a slightly larger cost benefit to green ammonia production than to green
hydrogen production due to the limited operation flexibility of the Haber-Bosch reactor
(compared to the flexible electrolyser). Phasing reduces the hydrogen storage requirements for

ammonia production, but not for hydrogen production.
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Figure 4.7: Percentage change in equipment capacities and levelized costs for the optimal case

compared to the three separate plants for ammonia (left) and hydrogen (right).

Incorporating tidal phasing into green ammonia production has four main operational benefits.
These comprise 1) less reliance on energy storage to provide the minimum load of the HB
process, i) more consistent ammonia production, iii) lower equipment capacities, and iv) lower
inventory improving process safety.

Firstly, phasing decreases the frequency and duration of low-power periods, which ensures that
the minimum load of the HB process is more likely to be met by the input tidal power than by
a battery or fuel cell (energy storage). Therefore, the energy storage requirement is reduced.
Secondly, phasing smooths the power profile, facilitating higher minimum powers and lower
maximum powers, providing a less variable power profile over long time periods. This ensures

that ammonia production is more consistent, rather than rated ammonia production for a period
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of time followed by no ammonia production for another period of time. Consistent ammonia
production is attractive to ammonia off-takers, facilitating a consistent shipping schedule to
offload ammonia, which may ease contract initiation and renewal.

Thirdly, since phasing lowers the maximum power to below the rated power, most equipment
capacities are less oversized and thus have a higher load factor than if the maximum power was
at rated power. This is particularly important for the electrolyser, which has the largest cost of
the equipment in the plant (Figure 4.8).

Fourthly, phasing facilitates a simpler ammonia plant, improving process safety since less

inventory, that is, smaller equipment and less energy storage, is required.

Incorporating tidal phasing into green hydrogen production has two main operational benefits.

These comprise 1) more consistent hydrogen production and ii) a lower electrolyser capacity.

On the other hand, drawbacks of utilising tidal phasing include: 1) optimizing phasing tends to
utilise turbines with a lower CF than the highest CF turbines resulting in a high tidal capacity
required for a given ammonia/hydrogen production requirement, ii) tidal turbines may be
further apart to exploit phase differences (than the highest CF turbines), which requires a longer
cable, and 1ii) optimization modelling (to find the optimal turbine locations) may be
computationally expensive and is dependent on the accuracy and resolution of the tidal stream

velocity model used.

The largest contributors to the LCOA and LCOH in the optimal case are the cost of tidal
capacity (~60%) and cabling (32%) (Figure 4.8). The electrolyser, storage and HB+ASU costs
are not a significant proportion of the levelized costs. Cabling is significant but contributes less

than the cost of tidal capacity.

105



Ammonia

‘-Electrolyser [ Storage [ HB+ASU [ Tidal :ICable‘

4%

5%

Hydrogen

59%

‘ I Electrolyser [ Storage [ Tidal [ | Cable ‘

Figure 4.8: Contributions to the levelized costs of ammonia (top) and hydrogen (bottom) for

the optimal case. The storage % is not shown for ammonia, as it is <1%.

It is acknowledged that a 5-6% reduction in levelized cost due to phasing is not a major
decrease. Although the combined, phased power profile of the three locations does not reach
zero power as frequently as the constituent profiles (Figure 4.6), the combined profile still
reaches zero power during most neap tides in a year. Therefore, internal energy storage
(hydrogen and battery storage) is still needed to provide the minimum load to the HB reactor
(for ammonia production), and ammonia/hydrogen storage is needed to meet an hourly demand
profile (for ammonia and hydrogen production). Therefore, the benefit of phasing is limited.

However, these results are specific to the English Channel with an Orbital O2 turbine and a flat
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hourly ammonia/hydrogen demand. The results are likely to differ for a different region, a
different type of turbine, and a different ammonia/hydrogen demand profile.

Tidal stream phasing could be useful in other tidal regions around the world, especially if the
turbine locations are nearby and the CFs are high. The method of choosing three turbine
locations by finding the minimum CV presented in this chapter could be applied to any trio of

turbine locations globally.

An improvement to the optimization approach could be to include the cabling cost in the
optimization of the LCOA and LCOH rather than including the cabling cost as a post-
optimization cost addition. This approach may enable higher LCOA/LCOH reductions to be
determined, as cabling is a large proportion of the levelized costs (Figure 4.8). However, this
may only be useful if high CF turbine locations are utilised. That is, phasing may only be useful
if the resultant LCOA is lower than the cost of conventional green ammonia (the cost of green
ammonia today is 720-1,400 USD/t [1]). However, there is little phasing potential for high CF
turbine locations around the UK [12]. There may be phasing potential for high CF turbine
locations in other tidal regions around the world (such as around West Japan [19]), but if the
turbine locations are not close-by, the additional cabling cost is unlikely to be worth the phasing
benefit. If the turbines were connected to the grid, this may help to solve the large cable cost
problem. However, phased tidal stream power on the grid may be best used for grid demand
(such as electricity). Producing ammonia/hydrogen from the grid may miss some of the benefits
of producing these energy vectors near the tidal hotspot. For tidal hotspots which are grid-
constrained (such as Orkney [27]), there is a benefit to producing green ammonia/hydrogen
where the tidal hotspots are and transporting the resulting ammonia/hydrogen to areas of
demand. There is such a low deployment of tidal turbines globally (as detailed in the literature

review) that grid-connected phased tidal stream power for green ammonia/hydrogen
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production is unlikely to be feasible at present or would produce a very small amount of

product.
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4.4. Limitations

While attention was given to ensuring the modelling decisions were reasonable, there are

potential improvements that could be made.

The SSM has a 1993 tidal component [14]. However, it is recognised that, throughout the 18.6-
year lunar cycle, the power will fluctuate. For example, Thiébot et al. [28] determined that the
annual power variation over 18.6 years is +/- 10% for tidal sites in north-western Europe
(Alderney Race, Ramsey Sound and Fromveur Strait). Moreover, the ammonia/hydrogen plant
will be expected to run for 30 years, and the power variation year-on-year will affect the

ammonia’/hydrogen production and the resulting LCOA/LCOH.

The SSM has a temporal resolution of 1 hour [14]. This may limit the accuracy of the time
difference between power profiles at different tidal locations (and the CV values). Moreover,
tidal stream power phasing literature typically uses sub-hourly resolution tidal power data
[20][9][13][12]. However, hourly resolution tidal power data is also reported in tidal stream
power phasing literature [29][19][11][10][30]. Therefore, using power data at hourly resolution

was deemed to be sufficient.

The spatial resolution in the area considered in the SSM is around 1 km [14], so the minimum
water depth at each turbine location is hard to determine accurately. Therefore, sites with a
minimum depth of less than 28.2 m may potentially not be excluded, which could mean that

unrealistically shallow sites may have been included in the tidal power output.

Shipping routes and fishing areas were not excluded from the analysis as these areas can, in

principle, be altered around high-energy tidal turbine sites. However, getting approval for tidal
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turbine sites (and associated cables) in shipping routes and fishing areas could be prohibitively

time-consuming, and there could be significant opposition from local residents.

The CV values are determined for power profiles over a year using tidal velocity data with a
1993 tidal component [14]. It is acknowledged that the tidal stream velocity phase may vary
slightly over 18.6 years, although any change would likely be on the order of minutes/seconds,
not hours [28]. Thus, the CV values may change very slightly over the 30-year plant operation,
but this is unlikely to affect the long-term viability of relying on tidal phasing for a consistent
power profile. Climate change [31] could potentially influence the phase difference. However,
the magnitude of phase difference change is difficult to determine and is likely to be highly
region dependent. Moreover, using large-scale tidal arrays could alter the phase difference, but

this would likely only be significant if tens of thousands of turbines are utilised [32].

Tidal stream power extraction can also alter tidal range, marine currents and ocean stratification
which could potentially negatively affect ecosystems and marine animals [31]. The specific
environmental impact of combining power capacity in different locations would need to be
modelled. Since the power capacity analysed is relatively small, it is unlikely that the
environmental impacts would be significant. A detailed analysis is out of the scope of this

thesis.

To improve the modelling, multiple turbine types (varying in rated power, cut-in speed,
diameter and position in the water column — i.e. fixed on the seabed or floating) could be
incorporated, as suggested by Novo and Kyozuka [19]. Other modelling improvements include
utilising accurate sigma (vertical) layers for the tidal stream velocity at every turbine location

(rather than average sigma layers for the region as a whole) and incorporating a more
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conservative minimum operable water depth for each turbine [18]. Moreover, a distance
restriction could be applied in the optimization (as suggested in [9]). This could be used to, for
example, minimize the distance between the tidal turbines or minimize the distance between
the ammonia/hydrogen plant location and the tidal turbines or both (with the objective of

minimizing the cable cost).

The precision of the tidal model data is relatively good (as justified below), but higher spatio-
temporal resolution tidal velocity and water depth data over more than a year, if available,
would provide more credibility to the result that tidal phasing is beneficial for green
ammonia/hydrogen production. The tidal model data precision in this work can be compared
to the two other optimal-location tidal phasing papers, Neill et al. [9] and Giorgi and Ringwood
[10]. The work presented in this chapter has i) A high spatial resolution: both [9] and [10] use
the ROMS (Regional Ocean Modelling System) hydrodynamic model to provide tidal stream
velocities. In [10], the horizontal resolution is 1.2 km, and the velocity is depth-averaged. Neill
et al. [9] used 11 vertical layers, a longitude resolution of 1/24° (~3 km) and a latitude
resolution of 1/32°-1/51° (~3 km). In the SSM, the spatial resolution is around 1 km, and the
number of vertical (sigma) layers is 20 [14]. ii) More tidal constituents: eight are used in the
SSM [33], compared to one (M2) in [9] and four in [10]. iii) A lower temporal resolution:
velocities have a 10-minute temporal resolution in [10], and the temporal resolution is not

stated in [9]. The SSM has a temporal resolution of one hour [14].

As well as the uncertainties in the LCOA/LCOH values already addressed (the 18.6-year lunar
cycle and the spatiotemporal resolution of the tidal stream velocity data), other uncertainties
include the accuracy of the tidal stream turbine power curve and equipment CAPEX. In

particular, due to the novelty of the tidal turbine industry, the tidal CAPEX values are difficult
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to determine accurately [34]. A sensitivity analysis of these parameters on the LCOA/LCOH
would identify the most important uncertainties. However, the percentage change in
LCOA/LCOH between the unphased and phased scenarios is more informative than the actual

LCOA/LCOH for this analysis.

It is acknowledged that wake and blockage effects are not incorporated into this chapter as the
main focus of this chapter is phasing. If wake/blockage effects were incorporated, the
LCOAs/LCOHs obtained would likely be higher, but the percentage change in LCOA/LCOH
between the unphased and phased scenarios would likely be the same or very similar. Wake

and blockage effects will be incorporated into the next chapter.
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4.5. Conclusion

The novel minimum coefficient of variation (CV) method was used to determine which trio of
tidal stream turbine locations to utilise within the English Channel (with a complementary
phase difference). Overall, 80 MW of Orbital O2 turbines were utilized. The minimized CV
(0.53) is due to the difference in phase (timing) of the three constituent power profiles, resulting
in a more stable power profile. To determine if this stable power profile is beneficial to green
ammonia and green hydrogen production, the levelized cost of green ammonia and green
hydrogen production was determined in a model developed in Calliope [24]. This chapter
utilises local, small-scale tidal power phasing for green fuel production, which is a novel
concept. Utilising the phase difference between the three tidal stream turbine locations chosen
(which give the minimized CV) reduces the LCOA by 6% and the LCOH by 5% after including
the cable cost to the ammonia/hydrogen plant. Thus, phasing is important when considering
which turbine locations to utilise for both green ammonia and green hydrogen production.
However, the resultant LCOA is high (2,401 USD/t), as low CF turbine locations are used since
most of the phasing potential within the English Channel is for low CF turbine locations. Thus,
the LCOA is not cost-competitive with conventional ammonia. Cabling contributes to the
levelized costs significantly, although less than the cost of tidal capacity. Tidal stream phasing

could be more beneficial in other global tidal hotspots if the turbine locations are nearby and

the CFs are high.
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Chapter 5: Onshore green ammonia production using tidal stream energy: selection of

oglobal tidal hotspots

Chapter 3 demonstrated that tidal stream energy is a promising energy source for green
ammonia production compared to offshore wind energy in the Pentland Firth. Nevertheless,
the Pentland Firth is an exceptional tidal stream resource. This chapter assesses whether tidal
stream energy can be beneficial compared to offshore wind energy in other tidal stream energy

hotspots around the world, which vary in energy, depth and distance to shore.

5.1. Introduction

Chapter 3 demonstrated that adding tidal stream energy capacity to offshore wind energy
capacity can reduce the LCOA by up to 18% in the Pentland Firth but did not determine the
LCOA from solely tidal stream energy. Moreover, that chapter exclusively looked at offshore
ammonia production and concluded that tidal stream energy hotspots are usually close to shore,
so the cable cost from the tidal turbines to shore is likely to be lower than the offshore platform
cost, so onshore ammonia production is likely to be cheaper than offshore ammonia production
for tidal-ammonia. In turn, Chapter 4 demonstrated that tidal stream phasing can lower the
LCOA by 6% and lower the LCOH by 5% in the English Channel but concluded that tidal
stream phasing for green hydrogen and ammonia production has a limited use unless there is
phasing potential among close-by turbine locations which have high CFs. This chapter
incorporates tidal stream energy (unphased) and offshore wind energy in many tidal hotspots
around the world and focuses on onshore ammonia production. Both tidal stream energy on its
own and tidal stream energy with offshore wind energy are modelled for green ammonia

production. Moreover, to ensure a more realistic green ammonia production cost, wake and
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blockage effects are accounted for within the LCOA and varying ammonia demand profiles

are incorporated.

When green ammonia is produced, it will likely need to be stored before it is collected by a
ship or a truck. In green ammonia production studies, the ammonia storage cost is usually not
incorporated into the LCOA. Therefore, the LCOA without ammonia storage is determined
first so that the LCOA is comparable to other studies. Then, an ammonia storage cost with an

ammonia demand profile is incorporated for a more realistic production cost.

Available and suitable tidal stream velocity data around the world were searched for (Table 5.1
and Figure 5.1). The tidal data was obtained after contacting different tidal stream energy
researchers worldwide. It should be noted that tidal stream velocity data is not freely available
at high spatiotemporal resolution (unlike solar and wind data), so significant time and effort
went into identifying useful tidal data and coordinating access to the data.
All tidal data is from models which use the hydrodynamic model FVCOM (Finite Volume
Community Ocean Model). All tidal data is at hourly resolution over a year. The data for the
Cook Inlet, Japan, and the Minas Passage were obtained via private communication and

permission was given to use the data for the thesis.
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Table 5.1: Main details of the tidal data used in this chapter. 2-D means depth-averaged.

Tidal site Tidal 2-D | Sigma | Spatial Reference Institution
constituents | or layers | resolution
3-D (m)

Pentland 8 3-D | 10 100-150 PFOW model Marine

Firth, UK [1], [2][3] Scotland,

Alderney 8 3-D |20 1,000 SSM Scottish

Race, UK [4] [3] Government

Cook Inlet, | 13 3-D | 10 100-300 Based on Wang | Pacific

USA and Yang [5] Northwest
National
Laboratory

Hayasaki 16 2-D | N/A 200-500 Based on Novo | Nagasaki

and and Kyozuka [6] | University

Hayasui

Straits,

Japan

Minas 5 2-D | N/A 150 Data not Fundy

(regular

Passage, grid) available Ocean

Canada publicly Research
Centre for
Energy
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Figure 5.1: Location of tidal sites considered in this chapter

5.1.1. Blockage effects

The presence of turbines will decrease the flow velocity relative to when no turbines are
present [7] - this effect is referred to as the blockage effect in this chapter. This velocity
reduction depends on many factors. For example, the number of rows of turbines, blockage
(turbine swept area/cross-sectional area of the channel), the number of tidal constituents, the
tidal regime (diurnal, mixed diurnal, semi-diurnal or mixed semi-diurnal) and channel
geometry [8]. Generally, increasing blockage and increasing the number of rows of turbines

tends to increase the velocity reduction [8].

Blockage effects are also present for wind turbines but are much less important than the
impact of wake effects on wind power reduction [9]. Thus, in this chapter, blockage effects
are incorporated for tidal stream power but are not incorporated for wind power. The general

impact of wake effects on tidal and wind power is discussed in section 2.4, and the modelling
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approach taken to account for wake effects is discussed in section 5.1.2. The modelling

approach taken to account for blockage effects is discussed in this section.

Each site considered does not occupy the whole cross-section of the channel, only a small
fraction (i.e. low blockage) since only the highest energy turbine locations are considered.
However, occupying the whole cross-section will optimise the power per turbine, avoiding

energy losses from flow diversion [1].

At maximum power extraction, when the whole channel is occupied by turbines, the transport
reduction (volume flow rate reduction) with turbines compared to when no turbines are
present could be 29% according to Garrett and Cummins [7], 38% in the Pentland Firth, UK
[1], 36% in the Naru Strait, Japan [10], or 42% in the Johnstone Strait, Canada [11].
Assuming the area of the channel is constant, these transport reduction values are taken as
velocity reduction values. The velocity reduction in each site in this chapter is likely to be
significantly less than 29-42% since the power (200 MW) is small compared to the maximum
power in each site (Table 5.2). The relationship between mean power extraction and transport
reduction is non-linear — transport reduction increases more as power extraction approaches

its maximum (compared to low to medium power extraction values) [12].

O'Hara Murray and Gallego [1] modelled the impact of power extraction (using 2 MW tidal
stream turbines) on the transport reduction in the Pentland Firth for two different scenarios —
scenario A, when the whole channel is occupied by turbines, and scenario B when a fraction
of the channel is occupied by turbines (avoiding low water depths). Scenario B is more
similar to the scenarios modelled in this chapter. In scenario A, at maximum power extraction

(10.8 GW), 31,420 turbines cause a transport reduction of 38%. This is a very large number
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of turbines, causing a large transport reduction. In scenario B, 5,636 turbines cause a 6.8%
transport reduction. Since this chapter considers only 100 turbines in each site (considerably

less than 5,636), it is assumed that the velocity reduction will be less than 6.8%.

A 5% velocity reduction will be implemented in each site to account for the presence of
turbines on the flow. A 5% velocity reduction is likely to be conservative as 200 MW is
significantly less than the maximum power in each site, and there is a non-linear relationship
between power extraction and transport reduction. The velocity reduction is likely to be
different in each site as each has a different channel geometry, number of tidal constituents
incorporated and turbine arrangement (number of rows of turbines). However, determining an
accurate value of velocity reduction for each site is out of the scope of the thesis. O'Hara
Murray and Gallego [1] also show that the change in velocity magnitude due to power
extraction within the Pentland Firth is not spatially uniform — in some regions it increases and
in some regions it decreases. Thus, applying a blanket velocity reduction within a channel is

an approximation.

Table 5.2: Maximum tidal stream power in each tidal site

Tidal site Maximum Power (GW) Reference

Pentland Firth 10.8 [1]
Alderney Race 1.7 [13]
Cook Inlet 18 [5]
Hayasaki Strait >>0.2 [14]
Hayasui Strait >>(.2 [14]
Minas Passage 7 [15]
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5.1.2. Wake effects

Wake effects refer to the reduction in velocity downstream of the turbines. It is known that the
velocity exiting a turbine will be lower than the velocity entering it [16]. Although a 10D
downstream spacing is applied, at 10D, the flow may not have fully recovered [17]. To account
for this, a power reduction factor is incorporated on top of the 5% velocity reduction from

blockage.

The power reduction factor due to wake effects (that is, power with wake effects over power
with no wake effects) is around 0.90—0.95 [18][19] for a wind farm, and is approximated as
0.90 for all tidal and wind farms in this chapter. It is acknowledged that the fluid flow behavior
will differ in a tidal stream turbine farm compared to a wind farm [20][21]. However, due to
the lack of deployment of tidal turbines compared to wind turbines [22], and the complexity of
modelling wake effects from tidal turbines [23], wake effect assumptions are drawn from wind

farms in this chapter.
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5.2. Methodology

1) Convert the hourly tidal stream velocity values in each tidal site to hourly tidal stream

2)

3)

4)

power values using the Orbital O2 power curve (Figure B.2 in the Appendix).

Identify 200 MW of the highest energy tidal stream power in each tidal site. 100, 2
MW tidal stream turbines are considered in each site, as approximately 200 MW of
tidal stream power is required to produce 100,000 tons of ammonia per year (Chapter
3). For tidal data available in 3-D, appropriate sigma layers are chosen for the average
location of the turbine in the water column within the site (as done in Chapter 4).

The same turbine spacing constraint (2.5D lateral by 10D downstream where D = 45

m) and the same water depth constraint ( > 28.2 m) as in Chapter 4 are incorporated.

Obtain an hourly offshore wind power profile at each tidal site representing a high
and low wind year between 1991-2020 (as in Chapter 3). The hourly offshore wind
velocities are obtained from ERAS data [24] and converted to power using the same

method as in Chapter 3 (DTU 10 MW wind turbine power curve).

The total power from a tidal/wind farm, P, will be affected by wake effects (1) and
blockage effects (y). Py is defined as P = P X n, where n is the number of turbines
in a farm. P is the power of an individual turbine which is modified by n overall and

modified by y in the velocity term:

1
P=nx (EpACp) x (y xu)
where p is the density of fluid, A is the swept area of turbine, C,, is the power

coefficient and u is the fluid velocity.

As justified in the introduction to this chapter, n = 0.9 for both wind and tidal.
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5)

6)

However, y = 0.95 for tidal and y = 1 for wind (that is, no blockage effect is
incorporated for wind).

It should be noted that the equation for P is the same as in the previous two chapters,
however, it is altered by 1 and y for this chapter.

The same blockage and wake correction factors are applied to all turbines in the farm
(spatially constant coefficients). This is an approximation to account for a lowered
power output in the presence of turbines compared to no turbines present. Two
parameters (1 and y) are incorporated to highlight that two separate power reduction

processes are occurring.

Choose a plant location onshore, close to the tidal site. Avoid protected land [25], hills

and buildings.

Use the green ammonia model (as in Chapter 4) to find the LCOA for tidal+wind
(reporting the tidal fraction utilized for both the high and low wind year) and tidal-
only for each tidal site. Equipment CAPEX costs (Table A.1) and operating
assumptions are the same as in Chapter 4. The upper tidal CAPEX cost is used. No
ammonia storage cost is incorporated to ensure the LCOAs are comparable to other
green ammonia production studies.

As in Chapter 4, as a post-optimization step, the subsea HVAC cable CAPEX is
incorporated into the LCOA using Eqn. A.2 (Appendix A).

The same ammonia production rate (t/y) is kept for the tidal+wind cases and for the
tidal-only case - this approximation was also made in Chapter 3. The tidal stream
power profile is fixed for the tidal+wind cases and for the tidal-only case, but the tidal

capacity calculated by the green ammonia model will vary for the tidal+wind cases
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7)

8)

(between 0 and 200 MW). In the tidal-only case, the tidal capacity is always 200 MW.
This effectively changes the turbine spacing constraint, that is, reduces the number of
turbines that each turbine location can represent in the tidal+wind cases compared to

the tidal-only case.

Sensitivity analysis: Vary the demand profile (frequency of product collection) from
one collection per hour to one collection per year and find the resulting tidal-only
LCOA and tidal-only LCOH for the Minas Passage. The LCOH is determined for
comparison to the LCOA to show the effect of the vast difference in storage cost

between ammonia and hydrogen.

Sensitivity analysis: Vary the tidal stream velocity reduction percentage (that is, vary

y) and find the tidal-only LCOA for the Minas Passage. No ammonia demand profile

is incorporated, and the ammonia storage cost is zero.
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5.3. Results and Discussion

The Pentland Firth and the Minas Passage are the best tidal sites of the six analysed, as shown
in their yearly power profiles (Figure 5.2), where the power is infrequently close to zero and

as displayed in their high capacity factors (Figure 5.3 bottom).

The turbine location arrangement and plant location in each site is shown in Figure 5.4. Each
turbine location is representative of one or more turbines, depending on the area of the turbine

location (variable) and the turbine spacing constraint (constant).
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Figure 5.2: Hourly tidal stream power capacity factor profiles over an operational year in each

of the six tidal sites analysed. Each profile is representative of 200 MW.

In the Alderney Race and the Hayasui Strait, some tidal capacity is chosen over wind capacity

despite the lower capacity factor of the tidal resource at these sites (Figure 5.3) and the higher
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CAPEX cost of tidal. In the Pentland Firth, the Cook Inlet, the Hayasaki Strait and the Minas
Passage, despite the higher CAPEX cost of tidal, tidal capacity is mostly chosen over wind
capacity as the tidal resource has a higher capacity factor than the wind resource at these sites.
In the Pentland Firth, for the tidal+wind (high) scenario, the tidal fraction is only 0.14 due to

the close capacity factor of wind (high) compared to tidal.
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Figure 5.3: Bottom: Yearly capacity factors for 200 MW of tidal stream power and offshore
wind (high and low wind years) in each site. Top: Tidal fraction chosen by the cost model for
the tidal+wind (high and low) cases in each site. Tidal fraction is tidal capacity/tidal+wind

capacity. A tidal fraction of 1 in the tidal only case is shown for comparison.
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Figure 5.4: Turbine location arrangement and capacity factors in each tidal site. Each tidal site
represents 200 MW. The production plant locations are represented by a star, and the turbine
locations are represented by coloured circles (colour varies depending on the capacity factor).
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5.3.1. LCOAs

Figure 5.5 and Table 5.3 show that, at each site, the tidal+wind cases either have the same
LCOA (0% change) or a lower LCOA compared to the tidal-only case. Including wind gives
the largest LCOA reduction for the Alderney Race and the Hayasui Strait, as the wind capacity
factors are above the tidal capacity factors in these sites (Figure 5.3). The tidal+wind (high)
cases have a lower LCOA than the tidal+wind (low) cases, as the tidal+wind (high) cases have

a higher wind fraction (lower tidal fraction), and wind has a lower CAPEX compared to tidal.

As shown in Chapter 3 for the Pentland Firth, the LCOA for tidal+wind using 30 years of wind
data (1991-2020) would be in between the LCOA values for the tidal+wind (high) and
tidal+wind (low) cases which use single wind years (between 1991 and 2020). However, the

LCOA depends on which 30 years of historical wind data are used.

The long-term unpredictability of wind means that the real LCOA from a wind-based green
ammonia plant would be higher than that predicted with perfect forecasting. Salmon
and Bafiares-Alcantara [26] demonstrated that the LCOA from a wind-dominated green
ammonia plant which uses Model Predictive Control (MPC) with a 24-hour forecast would be
around 20% larger than the LCOA with perfect forecasting. This LCOA increase would be
site-specific and would also depend on the minimum operating rate of the Haber-Bosch, the

plant equipment costs and the MPC tuning parameters.

A potential 20% increase in LCOA due to imperfect forecasting could mask any decrease in
LCOA that ammonia production using tidal+wind offers compared to using just tidal (6% to
25% in Table 5.3). Moreover, Hatton et al. [27] demonstrated that the LCOA from offshore

wind in the UK could become up to 8% more expensive with climate change (for 2061-2080
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compared to 1981-2000) as more wind capacity is needed for the same output of ammonia due

to higher wind variability or a lower energy resource (or both).

The 2020 LCOA for conventional green ammonia (solar and wind onshore) is 720-1,400
USD/t, and the historical (2000-2020) market price for brown ammonia is 100-600 USD/t [28].
The tidal-only LCOA is close to being competitive against brown ammonia in the Pentland
Firth (618 USD/t). The tidal-only LCOA (Table 5.3) is competitive against conventional green
ammonia in the Pentland Firth (618 USD/t), the Alderney Race (941 USD/t) and the Minas
Passage (784 USD/t). In the Hayasui Strait, adding wind capacity (on a high wind year) to tidal
capacity can make the LCOA (1,260 USD/t) competitive with conventional green ammonia

(Figure 5.5).
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Figure 5.5: LCOA for the tidal-only case and for the tidal+wind cases in each tidal site.
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Table 5.3: LCOA for the tidal-only case and the change in LCOA for the tidal+wind cases

compared to the tidal-only case

Tidal+wind (High)

Tidal+wind (Low)

Tidal only (LCOA % change (LCOA % change
LCOA (USD/t) compared to Tidal compared to Tidal
only) only)
Pentland Firth 618 6 0
Alderney Race 941 25 -18
Cook Inlet 1561 0 0
Hayasaki Strait 1707 0 0
Hayasui Strait 1626 23 7
Minas Passage 784 0 0

5.3.2. Sensitivity analysis: Demand profile

For green ammonia production, varying the collection of ammonia from once per hour (8,424

collections/year) to once per year increases the LCOA by 21% (Figure 5.6). For green

hydrogen production, varying the collection of hydrogen from once per hour to once per year

increases the LCOH by almost 950%. This large increase in LCOH compared to LCOA for

the same change in product collection frequency is due to the very small ammonia storage

cost compared to the hydrogen storage cost. A collection of once per year is an extreme case

—a more frequent collection of product may be more realistic, such as once per month.

Varying the collection frequency from once per hour (8,424 collections/year) to once per

month (12 collections/year) increases the LCOA by 2% and increases the LCOH by almost

75%.
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Thus, the ammonia collection frequency for green ammonia production is not an important

parameter for the LCOA, but the hydrogen collection frequency for green hydrogen

production is an important parameter for the LCOH. Green ammonia production may be

better suited to remote areas which may have a low product collection frequency (such as the

tidal sites modelled).
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Figure 5.6: The tidal-only LCOA and tidal-only LCOH for the Minas Passage with different

collection frequencies of ammonia and hydrogen, respectively (top panels). The increase in

the LCOA and LCOH compared to a collection frequency of 8,424 collections/year (one

collection per hour) is shown on the lower panels.

134



5.3.3. Sensitivity analysis: Velocity reduction
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Figure 5.7: The LCOA increase and capacity factor variation with tidal stream velocity
reduction (from the ambient flow with no turbines present) for the Minas Passage. Each case

is tidal-only with zero ammonia storage cost.

At low velocity reductions, the LCOA increase is important but not significant. For example,
the LCOA increase is 2%, 6% and 9% for a velocity reduction of 2%, 5% and 7%, respectively
(Figure 5.7). However, the LCOA increase is almost 80% for the extreme case of a velocity
reduction of 30%. The non-linear relationship between LCOA increase and velocity reduction

is likely because tidal stream power is proportional to velocity cubed.

Interestingly, for most velocity reductions modelled, the capacity factor of the tidal resource is

above that of the wind resource in the Minas Passage (0.28 for the low wind year and 0.34 for
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the high wind year - Figure 5.3). However, in the 30% velocity reduction scenario, the capacity
factor of tidal is 0.26 (Figure 5.7), which is lower than the capacity factor of wind. Thus, for
ammonia production in the Minas Passage, tidal will likely be chosen over wind for low to

moderate velocity reductions.

Using a 5% velocity reduction (a value of the blockage effect correction factor, y, of 0.95) for
the modelling in this chapter is reasonable as low velocity reductions do not increase the LCOA
significantly or decrease the capacity factor significantly. Using a velocity reduction of, say,

2% or 7% would not change the conclusions of this chapter.
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5.3.4. Site comparisons

To give an insight into the plant equipment contributions to the LCOA values (in Figure 5.5),
percentage stacked bars of the LCOA in the tidal only case, the tidal + wind (high) case and
the tidal + wind (low) case are shown in Figure 5.8, Figure 5.9 and Figure 5.10, respectively,

for each site.
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Figure 5.8: Percentage contribution of equipment to the LCOA at each site (tidal only case).
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Figure 5.9: Percentage contribution of equipment to the LCOA at each site (tidal + wind
(high) case)
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Figure 5.10: Percentage contribution of equipment to the LCOA at each site (tidal + wind
(low) case)

At each site, the renewables component is the largest proportion of the LCOA, and the
storage component is a low proportion. This is also the case in Chapters 3 and 4 (implied in

Figure 3.13 and shown in Figure 4.8).

The cable cost varies at each site, contributing a different proportion of the LCOA at each
site. The cable component is a lower proportion of the LCOA compared to Chapter 4 (Figure

4.8), as the ammonia plant to turbine distance is smaller in Chapter 5 compared to Chapter 4.

The wind-dominated scenarios have a higher storage proportion of the LCOA compared to

the tidal-dominated scenarios, as in Chapter 3 (implied in Figure 3.13).

5.3.4.1. Pentland Firth comparison
The LCOA from the Pentland Firth site (taking the Tidal + Wind (High) case with the upper
value of the tidal turbine CAPEX) is 826 USD/t in Chapter 3 (Figure 3.9), and 581 USD/t in

Chapter 5 (Figure 5.5).

138



This 245 USD/t LCOA difference is due to the change in OPEX definition (149 USD/t
decrease), as justified in Appendix E (Section E.10), and secondly due to the use of an
HVAC offshore cable instead of an expensive offshore ammonia platform (96 USD/t
decrease). The contribution of the ammonia plant equipment CAPEX (excluding

cable/ammonia platform) to the LCOA is unchanged.

Although the change in OPEX definition (in particular, the inclusion of the annuity factor)
causes a significant change to the LCOA, it should be noted that, as well as the OPEX, other
parameters in the LCOA can vary, which can significantly affect the LCOA value. For
example, the discount rate (2-12% [29]), the plant lifetime (20 years [30] to 30 years [31])
and the maintenance time (14 days per year [31] to 20 days per year [29]). The change in
OPEX definition in the model used in Chapter 4 and Chapter 5 provides more detail

compared to the more simplified and more conservative model used in Chapter 3.
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This section analyses how the storage requirements are distributed throughout high and low
as the example for the verification of the model in Appendix E. The period from 3100 to
4600 hours is chosen because it displays a variety of low-energy behaviours, varying in

renewable energy generation periods. The lowest LCOA scenario in Chapter 5, Pentland
Firth: Tidal + Wind (High), is taken as an example (Figure 5.11) — this scenario is also used

5.3.5. Low renewable energy generation periods

length and depth (low or zero/near zero).
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Figure 5.11: The hourly tidal + wind power profile, and corresponding hourly hydrogen
storage level, ammonia production and battery storage level for the Pentland Firth: Tidal +

Wind (High) example over 3100 to 4600 hours.



The storage (hydrogen and battery) reaches its maximum value many times over the
operational year. If the storage was oversized to account for just one specific low renewable
energy generation period, it would only reach the maximum value once (just before that low-
energy period). The fuel cell is infrequently used (Figure E.11), as the cheaper battery can
also provide back-up power to other plant equipment.

The battery storage provides power to other plant equipment when there are short-term
fluctuations in the tidal + wind power profile. The battery storage is depleted more frequently
than the hydrogen storage. The battery storage is depleted from small decreases in the tidal +
wind power profile.

The hydrogen storage level generally drops when the input power profile drops significantly
for a short period, to support the HB, which is not fully flexible. For example, at 3930 hours,
the input power profile drops significantly, the hydrogen storage level drops to zero, and the
HB operates at a lower level. The hydrogen storage level decreases significantly when the
input power profile drops to zero/near zero for a long period. The HB operates at or near its
minimum load, and hydrogen storage is necessary to support HB operation. That is, the
hydrogen requirement for the HB cannot be solely met by the input energy. For example,
between 4440-4550 hours. The hydrogen storage level is not depleted during prolonged, low
energy periods (that are not zero/near zero) as the HB turns down to a low level, and the
hydrogen requirement for the HB can mostly be met by the input energy. For example,

between 3250-3550 hours.

The yearly mean energy available (yearly CF) from tidal/wind dictates how much ammonia

can be produced per year, which strongly affects the LCOA. The higher the yearly CF, the
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more ammonia is produced per year, and the lower the LCOA and vice versa (Figure 5.12 —
shown relative to the Pentland Firth).

Storage never takes a significant proportion of the LCOA, even in the wind-dominated cases
(Figure 5.9). Thus, the yearly CF is more important than the presence of low renewable
energy generation periods for LCOA determination.

However, the ideal renewable power profile would have both a high yearly CF and minimal
low-energy generation periods. Moreover, the yearly CF is not the only important driver of

the LCOA - a very large cable cost can also significantly influence the LCOA.

300%

250%
200%
150%
100%
- n
0%

Pentland Firth Alderney Race  CooklInlet Hayasaki Strait Hayasui Strait Minas Passage

m Yearly CF -tidal mAmmoniaproduction mLCOA

Figure 5.12: Yearly CF, ammonia production per year and LCOA for the tidal only case at
each site, relative to the Pentland Firth for comparison
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5.4. Limitations

The tidal data in each tidal site (Table 5.1) have a different number of tidal constituents and
varying spatial resolution (in both the vertical and horizontal directions). Thus, the accuracy of
the LCOA will vary between each tidal site. To be clear, the higher the number of tidal
constituents and the better the spatiotemporal resolution, the more accurate the LCOA. Since
depth-averaged velocities were used for the Hayasaki Strait, the Hayasui Strait and the Minas
Passage, the real power available is underestimated in these sites (and the LCOA is
overestimated). It would be beneficial to use 3-D velocities to more accurately model the tidal
stream power in these sites. As mentioned in the introduction of this chapter, available tidal
stream velocity data worldwide is limited, and the highest spatiotemporal resolution data was
sought for the thesis after contacting multiple research centres/universities (institutions shown

in the last column of Table 5.1).

It should be noted that, in the Pentland Firth and the Hayasui Strait, the water depths are close
to 60 m, which is the maximum depth for fixed offshore wind [32]. Thus, floating offshore
wind may be more appropriate for these two sites. However, since floating offshore wind is
more expensive than fixed offshore wind, more tidal capacity would be chosen by the model

in these two sites (than that shown in the top of Figure 5.3).

There is a computational limitation to running 30 years of hourly tidal and wind power data
(which was used in Chapter 3) using the green ammonia model in this chapter. Instead, a
single high and low wind year between 1991-2020 is used for the tidal+wind cases. This is a
reasonable modelling decision as it is useful to show the range of difference in LCOA
between the tidal+wind cases and the tidal-only case for two extreme cases of wind power

(high and low), to emphasise that wind is variable.
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5.5. Conclusion

The LCOA using tidal stream energy and onshore green ammonia production was determined
for six major tidal sites worldwide, covering the UK (Pentland Firth and Alderney Race), the
USA (Cook Inlet), Japan (Hayasaki Strait and Hayasui Strait) and Canada (Minas Passage).
The tidal sites with the lowest LCOA from tidal stream energy are the Pentland Firth and the
Minas Passage. Adding offshore wind at the location of the tidal sites to tidal stream energy
reduced the LCOA for the Pentland Firth (0-6%), Alderney Race (18-25%) and the Hayasui

Strait (7-23%) (Table 5.3).

For the tidal+wind cases, the tidal fractions utilised by the green ammonia model were
reported along with the CFs of the tidal, wind (high) and wind (low) power profiles at each
tidal site (Figure 5.3). Some tidal capacity is chosen over wind capacity in all sites despite the
higher tidal CAPEX compared to wind CAPEX (Table A.1) and the lower CF of tidal

compared to wind in the Alderney Race and the Hayasui Strait.

Both wake and blockage effects were incorporated (as a power reduction), as well as tidal
turbine spacing and depth constraints. A sensitivity analysis was performed on the product
collection frequency for both green ammonia production and green hydrogen production for
the Minas Passage (Figure 5.6). The frequency of ammonia collection has an insignificant
impact to the LCOA in comparison to the impact of the frequency of hydrogen collection to
the LCOH. A sensitivity analysis was also performed on the effect of blockage effects on the
LCOA for the Minas Passage (Figure 5.7). For low velocity reductions (2-7%), the blockage
effect does not increase the LCOA significantly, justifying the use of a 5% velocity reduction

used in this chapter.
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Overall, green ammonia production from tidal stream energy is promising in all tidal sites
analysed, even when the CF of tidal is lower than wind in the site. When the predictability
benefits of tidal over wind are incorporated, tidal stream energy could be even more
promising. However, better spatiotemporal resolution tidal data in more tidal sites worldwide

would be needed to better establish the benefit of tidal stream energy over offshore wind.
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Chapter 6: Conclusion

6.1. Thesis summary

The thesis has assessed the feasibility of utilising tidal stream energy for green ammonia
production, which has not been done before. Ammonia production from tidal stream energy
was compared to ammonia production from a cheaper and more established offshore energy
technology, offshore wind energy. The levelized cost of ammonia (LCOA) was compared,
and the optimal fraction of power capacity (tidal plus wind) that the green ammonia model
allocated to tidal stream energy was also compared. Firstly, the Pentland Firth was chosen as
a case study as it is a globally excellent tidal hotspot (Chapter 3). Then, many tidal hotspots
around the world were explored in Chapter 5. In Chapter 4, tidal stream phasing was used to
see if it could reduce the LCOA and LCOH (the levelized cost of hydrogen), which is a novel
concept. Offshore green ammonia production was analysed in Chapter 3, and onshore green

ammonia production was analysed in Chapter 4 and Chapter 5.

To address the thesis title, “Assessing the feasibility of utilising tidal stream energy for green
ammonia production”, the answers to the research objectives are explained:
1. To show that tidal stream energy is a useful energy source for green ammonia
production
The tidal-only LCOA in the Pentland Firth, the Alderney Race, and the Minas
Passage is shown to be competitive compared to the LCOA from conventional green
ammonia (Chapter 5).
2. To show that tidal stream phasing is beneficial for green ammonia production

The second research chapter (Chapter 4) demonstrated that incorporating tidal
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phasing can decrease the LCOA by 6% (and decrease the LCOH by 5%) in the

English Channel.

. To show that tidal stream energy is complementary to offshore wind energy for

green ammonia production

The first research chapter (Chapter 3) demonstrated that adding unphased tidal stream
energy to offshore wind energy for green ammonia production offshore decreased the
LCOA by up to 18% in the Pentland Firth.

The third research chapter (Chapter 5) demonstrated that some tidal stream energy
capacity is chosen over the cheaper energy resource, offshore wind energy (Figure
5.3), for green ammonia production in six tidal stream energy hotspots worldwide: the
Pentland Firth (UK), the Alderney Race (UK), the Cook Inlet (USA), the Hayasaki
Strait (Japan), the Hayasui Strait (Japan) and the Minas Passage (Canada).

Moreover, in the Pentland Firth, the Cook Inlet, the Hayasaki Strait and the Minas
Passage, the capacity factor is larger for tidal stream energy than for offshore wind
energy. Thus, at these sites, tidal stream energy is a better resource.

Therefore, the thesis has shown that tidal stream energy can be complementary to
offshore wind energy and competitive compared to offshore wind energy for green

ammonia production.

Each research chapter introduced more modelling complexity as the research developed over

The green ammonia model determined the minimum LCOA using a MILP model in Chapter

3 [1] and an LP model in Chapter 4 and Chapter 5. These two models were developed by

other DPhil students in the OXGATE group. The LP model has two major differences from

the first model — it incorporates a demand profile and finds the LCOH as well as the LCOA.
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Tidal turbine depth constraints and tidal turbine spacing constraints were introduced in
Chapter 4 and retained in Chapter 5.

Wake and blockage effects were introduced in Chapter 5, lowering the tidal/wind power
output.

In Chapter 3, the middle three sigma layers are used for tidal stream velocities, and a fixed-
bottom AR2000 turbine is used. In Chapter 4 and Chapter 5, sigma layers are selected based
on the mean position of the turbines in the water column in that region, which is more
accurate, and a floating Orbital O2 turbine is used. The use of a floating turbine enables
larger velocities to be used, as the turbines are higher up in the water column. Moreover, the
Orbital O2 turbine has a lower rated velocity of 2.5 m/s, compared to 3.05 m/s for the

AR2000, allowing more energy to be produced (both turbines have a rated power of 2 MW).

The main focus of the thesis is green ammonia, so green hydrogen was not included in every
part of the thesis. Green hydrogen is used as a comparison to green ammonia in Chapter 4 in
terms of the relative benefit of tidal phasing and in Chapter 5 in terms of the relative increase

in production cost when the product collection frequency is altered.

6.2. Main conclusions

Firstly, the main benefit of tidal stream energy for green ammonia production is likely to be
predictability rather than its ability to provide a consistent power profile through phasing.
While phasing is region-specific, tidal stream energy is predictable worldwide. Within the
English Channel (Chapter 4), phasing only has a slightly better cost benefit to ammonia
production (6%) versus hydrogen production (5%), as although the HB is inflexible, the
internal storage costs are not a major contribution to the LCOA or LCOH, but the cable costs

are. Tidal stream phasing analysis was not continued in other chapters as phasing is
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determined to be mostly useful for high-energy turbine locations that are close together. The
focus of the thesis was not to find where phasing has the most potential for green ammonia
production around the world but to show the effect of phasing on the LCOA and LCOH,

which is a novel concept.

Secondly, for global green ammonia production, the main useful offshore energy resource
would likely be offshore wind, as tidal stream energy is more geographically constrained
compared to offshore wind. However, the thesis has shown that tidal stream energy can
provide a competitive LCOA compared to conventional green ammonia, particularly when
combined with offshore wind. Furthermore, the tidal-only LCOA in the Pentland Firth is near
the historical brown ammonia market price. Moreover, tidal stream energy can be particularly
beneficial for regions where offshore wind has a lower energy potential, such as the Cook

Inlet.

Thirdly, ammonia is a useful green fuel as it is cheap to store in comparison with hydrogen. If
the product collection frequency (demand) varies, this does not have a major impact on the
LCOA but does have a major and significant impact on the LCOH (section 5.3.2.). Tidal
stream energy tends to be in relatively remote locations, so the product collection at a nearby
site for a green fuel produced by tidal stream energy may be infrequent, favouring ammonia.
Moreover, tidal stream energy may be far from grid connections or in a grid-constrained
region, such as Orkney. Thus, an energy vector such as ammonia could be essential in

enabling that energy to be utilised.

Fourthly, onshore green ammonia production from tidal stream energy is likely to be more

cost-effective than offshore green ammonia production from tidal stream energy, which
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requires an offshore platform. This is because tidal hotspots tend to be close to shore,

requiring a relatively short cable.

Overall, this thesis has shown that tidal stream energy is a cost-effective way to produce
ammonia and is particularly promising in the Pentland Firth, the Alderney Race and the
Minas Passage. Tidal stream energy is different from other renewable energy sources as it is
predictable and has the ability to produce a consistent power profile by utilizing phase (time)
differences of tidal currents in nearby locations, which is beneficial for inflexible green
ammonia production. The remoteness of tidal stream energy makes green ammonia an ideal
energy vector for these locations, as it is cheap to store and transport. Methods of
decarbonisation, such as green ammonia, are essential to help combat climate change. Tidal

stream energy provides a novel and valuable pathway for green ammonia production.
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6.3. Main limitations and further work

The limitations of each research chapter are presented at the end of each research chapter. In
this section, the main limitations of the thesis as a whole are discussed, and further work is

addressed.

In the green ammonia model used in the latter two research chapters, the cable cost is a post-
optimization addition to the LCOA and is not incorporated within the minimum cost
optimization of the LCOA.

Further work should incorporate the cable cost within the optimization of the LCOA.

The green ammonia model uses perfect forecasting. This is not a problem for tidal as it is
predictable, but it will underestimate the LCOA for wind.
Further work could use an imperfect forecasting model to quantify the impact of the

unpredictability of wind on the LCOA in each region analysed (with MPC).

A single year of tidal power data is incorporated into each chapter. Although 30 years of tidal
power were incorporated in Chapter 3, this was the same yearly power profile repeated 30
times.

Further work could quantify the impact of the 18.6-year lunar cycle on the LCOA, ideally

with tidal power data over 18.6 years or more.

In general, if available, better spatiotemporal resolution tidal power data and wind power data
over a longer time period (> 1 year) would increase the accuracy of the LCOA. For tidal
stream velocity data, incorporating more tidal constituents would increase the accuracy of the

LCOA.
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The equipment CAPEX values have a degree of uncertainty, particularly the tidal turbine
CAPEX value (as previously discussed).

Further work could incorporate a sensitivity analysis on all CAPEX values (not just the tidal
turbine CAPEX value as in Chapter 3) and the discount rate, resulting in an LCOA range for
each case.

Further work could also incorporate CAPEX costs in the future. A lower tidal turbine
CAPEX value is expected in the future (as tidal deployment is expected to increase), which
may result in a more competitive LCOA compared to wind or solar-powered green ammonia
as well as to grey ammonia.

If CAPEX costs in the future are incorporated, climate change should also be incorporated
using a future climate scenario for both the wind and tidal power data. In particular, the
frequency and duration of wind droughts should be addressed, as this could cause a large

increase in LCOA if there is no power input to the plant for extended periods of time.

A constant power coefficient was incorporated for both wind power and tidal power (Appendix
B). However, as mentioned in Chapter 3, the power coefficient could be a function of velocity.

More advanced power modelling code for tidal turbines would provide a more accurate LCOA.

It is out of the scope of this thesis to determine an accurate power profile accounting for the
interaction between all tidal turbines in the arrays in each region analyzed, as this would be
very computationally expensive (3D hydrodynamic modelling, such as O’Hara Murray

and Gallego [2], is likely required), and also a research area under development. Moreover,
there is very little publicly available data on power production from operating tidal stream

arrays. It should be noted that other tidal stream energy studies, such as Neill et al. [3] and
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Giorgi and Ringwood [4] did not explicitly incorporate wake effects or blockage effects in
their modelling of tidal energy.

However, further work could incorporate more accurate and spatially variable wake effects
and blockage effects for both tidal stream energy and wind energy, as this would provide a

more accurate LCOA and LCOH.
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Appendix A: Equipment CAPEX details

Table A.1: CAPEX values for equipment used in the technoeconomic Python model for green

ammonia production. 2020 USD is used. (*) denotes that the CAPEX value is justified in

Appendix A.

Equipment CAPEX Reference

HB+ASU 7,444 USD kW-! [1]

Hydrogen storage 500 USD kg'! [2]

Fuel cell 960 USD kW-! [2]

Electrolyser 770 USD kW-! [3]

Battery interface (Lithium Ion) 271 USD kW-! [4]

Battery storage (Lithium Ion) 500 USD kW-'h"! [1]

Offshore platform* 120 M USD [5]

-1

Tidal stream turbine* (Generic 2 MW) 52588 ggg 11§¥1 &(;ngg [6]

Wind turbine* (Generic Offshore) 2,372 USD kW-! [7]

Ammonia storage 2,100 USD/t [8]

Tidal turbine CAPEX

The tidal turbine CAPEX estimate is from Goss et al. [6] and is dependent on the number of
turbines in the array and the capacity of each turbine. For 50-100, 2 MW turbines, the average
typical and conservative CAPEX/MW is 2.2 and 2.9 M USD/MW, respectively. It is
acknowledged that current tidal CAPEX values are higher than these values due to the current
low deployment of tidal stream in the UK (on the order of 10 MW) [9]. However, for 100-200
MW, the tidal CAPEX is expected to be considerably less than current values (due to the high

learning rate of 26% below 100 MW [9]).

Wind turbine CAPEX

Fixed-bottom wind turbines are appropriate for water depths <60 m [5]. There are locations in

the Pentland Firth with water depths of <60 m (Figure C.2 — Appendix C). Thus, the wind
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turbine CAPEX is estimated from the worldwide average installed cost of fixed-bottom

offshore wind turbines [7] (cabling, representing ~17% of the total CAPEX is not included).

Offshore platform CAPEX

The capital cost of an offshore platform for ammonia production is difficult to estimate, due to
its novelty. Wang et al. [5] use a cost correlation, altered from newbuild, jackup platform
offshore oil rigs in Kaiser et al. [10] (in the region considered, the water depths are < 168 m,
thus fixed jackup platforms are appropriate).

The capital cost (C in USD) varies with water depth (b in metres) and plant capacity (D in

t/day) as shown in Eqn. A.1.

0.25D
3000

€ =(1+322)x(7.37 x 107 + 861 x 10°b?) (Eqn. A.1)

D = 285 t/day for 100,000 ton NHs/year (1 operational year is 8,424 hours). b = ~70 m in

the region of the Pentland Firth considered. Thus, C = 120 M USD.

Cable CAPEX
Wang et al. [5] use a fixed and variable capital cost for a subsea HVAC cable (for power
capacities between 0 and 1,200 MW), as shown in Eqn. A.2:

Costeape = 2.77 X 107 4+ 7.36 x d X P, x 1,000 (Eqn. A.2)

Costcapie 18 the cable cost in USD, d is distance in km and P; is power capacity in MW.
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Appendix B: Power calculation for Wind and Tidal turbines

Tidal Turbine power calculation

The power curve for an AR2000 2 MW tidal turbine (Figure B.1) is determined from the
following constraints:

Ifus<u<u,P= %pACpu3

fu<ug, P=0W,

Ifu>u,.,P=PF

Where P, is maximum power, u,. is rated velocity and ug is cut-in velocity. For the AR2000 2
MW tidal turbine: u,, = 3.05m/s and ug = 1 m/s [11]. The parameters values are:
p=1,027kg/m3[11]and A = nr? = n(22—0 m)? (radius, r, of the turbine is 10 m [12]) and

C, = 0.437 as calculated below:

B 2 MW
A S kg _ 1 ) me MW
7PAW3 5% 1,027 2 x (7 x (20 m)?) X (3.05?) X 1076777

= 0.437 (3dp)

The power coefficient, C,, is assumed to be the same from the cut-in velocity to the rated

velocity. The cut-out velocity is not always required for tidal stream turbines but is required

for wind turbines since the range of tidal current speeds is not as large as wind speeds [13].

161



2.0 1

1.8+
1.6}
1.4}
212
S

=

51.0

S

Sos;
0.6
0.4

0.2

0.0 : ' : '
00 05 10 15 20 25 30 35 40 45

Velocity (m/s)

Figure B.1: Power curve for an AR2000 2 MW tidal turbine

The power curve for an Orbital O2 2 MW tidal turbine (Figure B.2) is determined from the

following constraints:
fu;<u<u,P=2 (% pACpu3), note the multiplier ‘2’ is used to account for 2 rotors.

fu<u,P=0W,

Ifu, <u<u,P =2(P)

fuzu,, P=0W

Where u, is cut-out velocity. For the Orbital O2 2 MW tidal turbine: u,, = 2.5m/s, ug, =
1m/s and u,=45m/s [14]. The diameter of each rotor is 20 m [14].

C, = 0.397 as calculated below:

c__ B 1MW
P 1 1 k 1 m\3 _ MW
2PAWS 5% 1,027 2 x (37 x (20 m)?) X (2.5?) x 106
= 0.397 (3dp)
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Figure B.2: Power curve for an Orbital O2 2 MW tidal turbine

Wind Turbine power calculation

The power curve for a DTU 10 MW wind turbine (Figure B.3) is determined according to the

following constraints:

Ifus<u<u,P= %;{)ACPu3

fu<u,P=0W,

Ifu-<u<u,,P=P~F,

fuzu,,P=0W

where u,, is cut-out velocity. For the DTU 10 MW wind turbine: u,, = 11.4 m/s,us = 4m/s
and u, = 25m/s [15]. The parameters values are: p = 1.225 % (the density of air is
assumed to not vary with time which is typical in wind power literature [16]), A = nr? =

7'[(—1728'3 m)? (radius, 7, of the turbine is %m [15]) and C, = 0.441 as calculated below:
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23 10 MW
C. =

PTT .71 kg _ 1 m3 _ MW
7PAUS 5% 1225 x (g7 x (1783 m)2) x (11.4?) x 10-6 7

= 0.441 (3dp)

For both the tidal turbine and the wind turbine, the velocity is determined using u =

\/ Unorth? + Uegst > Unortn, aNd Uqs; are the velocity values in the northern and eastern
directions, respectively.
The power coefficient, C,, is assumed to be the same from the cut-in velocity to the rated

velocity.
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Figure B.3: Power curve for a DTU 10 MW wind turbine
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Appendix C: Lavout of Tidal Turbines and Water Depth in Pentland Firth (Chapter 3)
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Figure C.1: Tidal turbine layout for the wind+tidal scenarios of Study 1 and Study 2 (Chapter

3)
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Figure C.2: Water depth in a region of the Pentland Firth (depth data from the PFOW model

[17], [18])
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Appendix D: Overview of the green ammonia and green hydrogen model (Chapter 4 and

Chapter 5)
DTU 10 MW Equipment
Wind velocity ---+{  Wind turbine - CAPEX
Curve '
' Hourly power
----» profiles
Tidal stream Orbital 022 MW | |
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- Tidal + wind turbine
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Figure D.1: Overview of the green ammonia model used in Chapters 4-5

DTU 10 MW Equipment
Wind velocity ---+{  Wind turbine - CAPEX
Curve '
! Hourly power
----» profiles
Tidal stream Orbital 022 MW | |
el r---»  Tidal turbine -- Equipment
Heely Curve Efficiencies
Product

demand profile

Technoeconomic Model

LCOH minimization
constrained by:
- Tidal + wind turbine
- Electrolyser
- Hydrogen Storage
- Battery operation
- Fuel cell operation

L---»

Figure D.2: Overview of the green hydrogen model used in Chapters 4-5
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Appendix E: Techno-economic model

E.1. Main points

e The verification of the ammonia model is outlined in this section. The flow diagram
for the ammonia model is displayed in Figure 4.1 (and Figure 3.4).

e The differences between the ammonia models used in Chapter 3 and Chapters 4/5 are
already discussed in Section 4.2. The equations and efficiencies stated in Appendix E
are for the model used in Chapters 4/5. For the model used in Chapter 3, the equations
are equivalent, but there is no ammonia storage, so Eqn. E.8 and Eqn. E.9 are not
incorporated.

e Pentland Firth: Tidal + Wind (High) (as analysed in Chapter 5) is chosen as an
example for verification of the model (as this has the lowest LCOA).

e Power supply units: Tidal Stream and Offshore Wind

e Storage units: Battery storage, hydrogen storage and ammonia storage

e Conversion units: Electrolyser, Fuel Cell and HB+ASU

e Energy flows (kWh) represent either electrical energy, hydrogen or ammonia.

¢ Ammonia and hydrogen energy flows are on a HHV basis.

Where HHVy, = 39.4 kWh/kg and HHVyy; = 6.25 kWh/kg [8].

e Water, oxygen and air flows are not directly modelled

e Balance equations are shown in equations E.1, E.2, E.7 and E.9:

To verify that the left-hand side equals the right-hand side, the values of each term are
summed over an operational year and plotted in a bar chart (Figures E.1, E.2, E.7 and
E.9). The left bar represents the left-hand side of the equation, and the right bar

represents the right-hand side of the equation.
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e Capacity constraints are shown in equations E.3-E.6, E.8, E.10-14:
To verify that these constraints are met, hourly profiles over an operational year are
shown in Figures E.3-E.6, E.8, E.10-13.

e The flow diagram for the hydrogen model used in Chapters 4/5 is displayed in Figure
4.2. The main difference from the ammonia model is that no HB+ASU or ammonia

storage is required.

E.2. Power supply

The electricity flow at any time from wind and tidal combined (minus curtailment, {(t)) must
equal the total electricity consumed by the HB+ASU, battery and electrolyser minus the

electricity produced by the fuel cell and battery:

CFa(Wind,t) - ogp(Wind) + CFa(Tidal,t) - og(Tidal) — {(t) = Electricity;,(HB + ASU, t) +
Electricity;, (Battery,t) + Electricity;, (Electrolyser, t) — Electricityy,. (Fuel Cell, t) —

Electricity,,.(Battery,t) VteES, (Eqn. E.1)

CFa is the hourly capacity factor (power/rated power). CFa(Wind, t) and CFa(Tidal, t) are
inputs to the techno-economic model.

There is no curtailment, {(t) = 0, for chapter 4 and chapter 5.
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Figure E.1: Power supply verification. Total value of the left-hand side terms (left) and right-
hand side terms (right) of Eqn. E.1 over an operational year for the Pentland Firth: Tidal +
Wind (High) example.

E.3. Battery storage

Energy flow in: Electrical energy
Energy flow out: Electrical energy
Efficiency: 0.98 kWh/kWh [1]

Discharge loss: 5% a month [1], which is 0.0000694 fraction/hour

The battery storage (kWh) at any time, storage(Battery, t), is equal to the storage at the
previous time step multiplied by the storage loss, plus the electricity flow in, minus the

electricity flow out:

storage(Battery,t) = (1 — 0.0000694) - storage(Battery,t — 1) + 0.98 - Electricity;,(Battery,t) —

Electricity,,:(Battery,t) VtE€S; (Egn. E.2)

As a sense check, it should be noted that the bar representing the total electricity flow out of
the battery in Figure E.2 (-6.29E+06) is the same as the bar representing the total electricity

flow out of the battery in Figure E.1 (-6.29E+06).
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Figure E.2: Battery storage verification. Total value of the left-hand side term (left) and right-
hand side terms (right) of Eqn. E.2 over an operational year for the Pentland Firth: Tidal +

Wind (High) example.

The battery storage capacity, ggc(Battery), should be larger than or equal to the battery

storage at any time:

storage(Battery,t) < asc(Battery)
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Figure E.3: Battery storage capacity verification. Representation of Eqn. E.3 over an
operational year for the Pentland Firth: Tidal + Wind (High) example
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The power capacity of the battery, a.(Battery), should be larger than or equal to the

electricity flow into the battery:

Electricity;, (Battery,t) < oc(Battery) VtE€S, (Eqn. E.4)
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Figure E.4: Electricity into the battery. Representation of Eqn. E.4 over an operational year
for the Pentland Firth: Tidal + Wind (High) example

The power capacity of the battery should be larger than or equal to the electricity flow out of

the battery:

Electricity,,.(Battery, t) < oc(Battery) Vt € S; (Egn. E.5)
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Figure E.5: Electricity out of the battery. Representation of Eqn. E.5 over an operational year
for the Pentland Firth: Tidal + Wind (High) example

E.4. Hydrogen storage

Energy flow in: Hydrogen

Energy flow out: Hydrogen

Efficiency: 1 — 2210 Wh/ke _ g 49 KWh
HHVpy, KWh

2.016 kWh/kg [8] accounts for hydrogen compression.

The hydrogen storage capacity, as.(H2 store), should be larger than or equal to the

hydrogen storage at any time:

storage(H2 store,t) < gsc(H2 store) vVt € S; (Egn. E.6)
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Figure E.6: Hydrogen storage capacity verification. Representation of Eqn. E.6 over an
operational year for the Pentland Firth: Tidal + Wind (High) example

The hydrogen storage (kWh) at any time, storage(H2 store, t), is equal to the hydrogen

storage at the previous time step, plus the hydrogen flow in, minus the hydrogen flow out:

storage(H2 store,t) = storage(H2 store,t — 1) + 0.949 - Hydrogen;, (H2 store,t) —

Hydrogen,,;(H2 store,t) VtEeES,

(Eqn. E.7)

Hydrogen;,(H2 store, t) is from the electrolyser and Hydrogen,,;(H2 store, t) goes to

either the fuel cell or the HB.
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Figure E.7: Hydrogen storage verification. Total value of the left-hand side term (left) and
right-hand side terms (right) of Eqn. E.7 over an operational year for the Pentland Firth: Tidal
+ Wind (High) example.

E.5. Ammonia storage

Energy flow in: Ammonia
Energy flow out: Ammonia

Efficiency: 1

The ammonia storage capacity, asc(NH3 store), should be larger than or equal to the

ammonia storage at any time:

storage(NH3 store,t) < gsc(NH3 store) VvVt € S; (Egn. E.8)
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Figure E.8: Ammonia storage capacity verification. Representation of Eqn. E.8 over an
operational year for the Pentland Firth: Tidal + Wind (High) example
The ammonia storage (kWh) at any time, storage(NH3 store, t), is equal to the ammonia

storage at the previous time step, plus the ammonia flow in, minus the ammonia flow out:

storage(NH3 store,t) = storage(NH3 store, t — 1) + Ammonia;,, (NH3 store,t) —

Ammoniay,; (NH3 store,t) VteES; (Egqn. E.9)

Ammonia;, (NH3 store, t) is the ammonia output from the Haber-Bosch reactor, i.e.
Ammonia,,;(HB + ASU, t).

Ammonia,,;(NH3 store, t) is the ammonia demand profile.
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Figure E.9: Ammonia storage verification. Total value of the left-hand side term (left) and
right-hand side terms (right) of Eqn. E.9 over an operational year for the Pentland Firth: Tidal
+ Wind (High) example.

E.6. Electrolyser

Energy flow in: Electrical energy
Energy flow out: Hydrogen

Conversion: Hydrogen,,,(Electrolyser,t) = 0.7874 - Electricity;, (Electrolyser,t) VtE€ S,

HHVy, KWh H2

Conversion value: — —~ = 0.7874 ————
kWh Electricity (9 kg H20 0.0042 kWh Electrtctty) KWh Electricity
kg H2 kg H2 kg H20
kWh Electricity .
50 — gHz [1] accounts for the electrolyser efficiency.
kg H20 kWh Electricit, .. .
ﬁ [8] and 0.0042 kgTOy [8] account for the electricity requirement for water

The electrolyser capacity, o.(Electrolyser), should be larger than or equal to the electricity
flow (kWh) in at any time:

Electricity;, (Electrolyser,t) < oc(Electrolyser) Vte S, (Egn. E.10)
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Figure E.10: Electrolyser capacity verification. Representation of Eqn. E.10 over an
operational year for the Pentland Firth: Tidal + Wind (High) example

E.7. Fuel Cell

Energy flow in: Hydrogen

Energy flow out: Electrical energy

Conversion: Electricity,.(Fuel Cell,t) = 0.5 - Hydrogen, (Fuel Cell,t) Vt €S,

kWh Electricity
kWh H2

Conversion value: 50% efficiency, i.e. 0.5 [8].
The fuel cell capacity, oz, should be larger than or equal to the electricity flow (kWh) out at

any time:

Electricity . (Fuel Cell,t) < opc VtES; (Egn. E.11)
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Figure E.11: Fuel cell capacity verification. Representation of Eqn. E.11 over an operational
year for the Pentland Firth: Tidal + Wind (High) example

E.8. HB+ASU

Energy flow in: Electrical energy and hydrogen

Energy flow out: Ammonia

Hydrogen required: Hydrogen;,(HB + ASU,t) = (0.284 - HHVy,) - Electricity;,(HB + ASU,t) VtE€ S,
Ammonia produced: Ammonia,,.(HB + ASU,t) = (1.61 - HHVyys3) - Electricity;,(HB + ASU,t) VtE€S,
Conversion values: 1.61 kg NH3/kWh Electricity [1] and 0.284 kg H2/kWh Electricity

(using stoichiometry: 17/3 kg NH3/kg H2)

The HB+ASU capacity, a.(HB + ASU), should be larger than or equal to the electricity flow
(kWh) in at any time:

Electricity;, (HB + ASU,t) < 6.(HB + ASU) VtE€ES, (Eqn. E.12)

HB+ASU minimum load constraint:

Electricity;, (HB + ASU,t) = Gyp,, - 0c(HB + ASU) VtE€S, (Eqn. E.13)
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Figure E.12: HB+ASU capacity and minimum load verification. Representation of Eqn. E.12
and Eqn. E.13 over an operational year for the Pentland Firth: Tidal + Wind (High) example

HB+ASU ramping constraint:

~GHBgampaown * 9c(HB + ASU) < Electricity;, (HB + ASU,t) — Electricity, (HB + ASU,t — 1) <
GhiBrampey * Oc(HB + ASU) VtES; (Eqn. E.14)
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Figure E.13: HB+ASU ramping constraint verification. Representation of Eqn. E.14 over an
operational year for the Pentland Firth: Tidal + Wind (High) example
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The ramp down and ramp up limits are Gyp Rampdown = 2% of rated capacity

= GHBRampup

per hour. The minimum load is Gyg,,, = 20% of rated capacity [1].

ZtESt Ammonia,,;(HB+ASU,t)
k
1000 =2+ HHVyys

The yearly ammonia production in tonnes is: F =
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To check the operation of the ammonia plant on an hourly basis, the input tidal + wind profile
battery storage level, hydrogen storage level, ammonia production from the HB and ammonia

is shown in Figure E.14 with the corresponding hydrogen output from the electrolyser,

E.9. Variable Correlation
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Figure E.14: Ammonia plant variable correlation for the first 700 hours of the Pentland Firth:

Tidal + Wind (High) example



Due to the ramping constraints of the HB, the ammonia production doesn’t follow the input
power profile exactly (that is, it is smoother), whereas the hydrogen output from the
electrolyser follows more closely the input power profile, as no ramping constraints are
incorporated for the electrolyser. The ammonia production never reaches zero due to the
minimum load restriction of the HB, whereas the hydrogen output from the electrolyser does
reach zero, as no minimum load restriction is incorporated for the electrolyser.

The hydrogen and battery storage are used to back up the HB system. Their levels generally
decrease when the input power profile decreases, and their levels generally increase when the
input power profile is steady or increasing. The battery storage is distinct from the other
variables as it has many charging and discharging cycles. The hydrogen storage follows a
similar trend to the hydrogen output from the electrolyser, but it is slightly delayed since it
functions as a storage component. The ammonia storage is external — it does not back up the

HB system (Figure 4.1), so it does not correlate as closely with the input tidal + wind profile.
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E.10. Levelized costs definitions

For Chapter 3: Eqn. 1 (p.65) represents the LCOA, Eqn. 2 (p.65) represents the CAPEX and

Eqn. 3 (p.66) represents the OPEX.

For Chapter 4 and Chapter 5: Eqn. 1 (p.65) also represents the LCOA, but the CAPEX and
OPEX equations are slightly altered to reflect the different scenarios modelled in these
chapters.

In the CAPEX equation (Eqn. E.15), the offshore platform cost is removed as it is not
required, and the offshore cable cost, Cost yp1e, 1s added:

CAPEX = Y. oy Costg + Y, 0¢ Cost; + X, as¢ Costsc + pcCostpc + CoSteapre (Eqn. E.15)
In the OPEX equation (Eqn. E.16), the cost of water is removed as it is instead incorporated
into the electrolyser energy conversion value (Section E.6. in Appendix E). This results in a
negligible difference to the LCOA.

The operating and maintenance cost, Costy,, is 2% of the CAPEX per year [1][2]. This could

i(1+i)PL
(1+i)PL-1

be interpreted as Costy, CAPEX (as in Chapter 3). The annuity factor ( ) is added to

the OPEX equation in Chapter 4 and Chapter 5 to explicitly make the CAPEX an annual cost.

i(1+i)PL
(1+i)PL-1

OPEX = Costgp <( ) x CAPEX) (Eqn. E.16)

In Chapter 3, the ammonia production is fixed at 100,000 t/year. In Chapter 4 and Chapter 5,

the ammonia production per year is variable.

184



Glossary

Acronyms

ASU Air separation unit

CAPEX Capital cost

CF Capacity factor

CfD Contracts for Difference

Cv Coefficient of variation

ERAS ECMWF (European Centre for Medium-Range Weather
Forecasts) Reanalysis v5

FORWARD2030 Fast-tracking Offshore Renewable energy With Advanced
Research to Deploy 2030MW of tidal energy before 2030

FPV Floating photo voltaic

FVCOM Finite Volume Community Ocean Model

HB Haber-Bosch

HVAC High voltage alternating current

LCOA Levelized cost of ammonia

LCOE Levelized cost of energy

LCOH Levelized cost of hydrogen

LP Linear programming

MILP Mixed-integer linear program

MPC Model Predictive Control

OPEX Operating cost

OTEC Ocean thermal energy conversion

PFOW Pentland Firth and Orkney Waters
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SSM

Scottish shelf model

Symbols
A Swept area of turbine (m?)
Ammonia;, Ammonia flow into/out of plant equipment at each hour (kWh)
Ammonia,,,;
b Water depth (m)
C Capital cost of offshore platform (USD)
CF(x,y) Conversion factor for the mass ratio of x to 'y

CFa(Wind,t)

CFa(Tidal,t)

Hourly capacity factor of wind/tidal at each hour

Cost, Cost of the component (USD/MW)
Costcapie Cable cost (USD)
Costgc Cost of fuel cell (USD/MW)
Costoy Operating and maintenance costs (% of CAPEX)
Costp Cost of offshore platform (USD)
Costy Cost of renewable power (USD/MW)
Costgc Cost of the storage component (USD/MWh for battery, USD/t
for hydrogen)
Costy, Cost of desalinated water (USD/t)
Gy Power coefficient
cv Coefficient of variation (no unit)
d Distance (km)
D Plant capacity (t/day)
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Electricity;, Electricity flow into/out of plant equipment at each hour (kWh)
Electricityy;
F Y early ammonia production (tons/year)
Gy Minimum load of the HB (% of rated capacity)
Gy Brampup HB ramp up and down limits (% of rated capacity per hour)
GHBRampdown
h Wind turbine hub height (m)
Rref Reference height (m)
HHVy, Higher heating value of hydrogen and ammonia (kWh/kg)
HHVyps
Hydrogen;, Hydrogen flow into/out of plant equipment at each hour (kWh)
Hydrogen,,;
i Discount rate (%)
n Number of turbines in a farm (no unit)
P Power (MW)
PL Plant lifetime (years)
P. Maximum power (MW)
Py Total power (MW)
r Radius of turbine (m)
St Time steps — 8,424 hours

storage(Battery,t)

Level of battery storage, hydrogen storage and ammonia storage

storage(H?2 store,t) | ateach hour (kWh)
storage(NH3 store, t)
u Fluid velocity (m/s)

187



Unorth Ueast

Velocity in the northern and eastern directions (m/s)

U, Cut-out velocity (m/s)
U, Rated velocity (m/s)
Uref Reference velocity (m/s)
Uy Cut-in velocity (m/s)
a Hellmann exponent
Oc Installed capacity of the component (MW)
Opc Installed capacity of the fuel cell (MW)
Op Standard deviation (MW)
OR Installed capacity of the renewable energy source (MW)
Osc Installed capacity of the storage component (MWh for battery, t
for hydrogen)
p Density of fluid (kg/m?)
Up Mean (MW)
n Wake effect correction factor (no unit)
y Blockage effect correction factor (no unit)
(1) Curtailment at each hour (kWh)
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