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Abstract: Green ammonia has potential as a zero-emissions energy vector in applications such as
energy storage, transmission and distribution, and zero-emissions transportation. Renewable energy
such as offshore wind energy has been proposed to power its production. This paper designed
and analyzed an on-land small-scale power-to-ammonia (P2A) production system with a target
nominal output of 15 tonnes of ammonia per day, which will use an 8 MW offshore turbine system
off the coast of Nova Scotia, Canada as the main power source. The P2A system consists of a reverse
osmosis system, a proton exchange membrane (PEM) electrolyser, a hydrogen storage tank, a nitrogen
generator, a set of compressors and heat exchangers, an autothermal Haber-Bosch reactor, and an
ammonia storage tank. The system uses an electrical grid as a back-up for when the wind energy
is insufficient as the process assumes a steady state. Two scenarios were analyzed with Scenario 1
producing a steady state of 15 tonnes of ammonia per day, and Scenario 2 being one that switched
production rates whenever wind speeds were low to 55% the nominal capacity. The results show that
the grid connected P2A system has significant emissions for both scenarios, which is larger than the
traditional fossil-fuel based ammonia production, when using the grid in provinces like Nova Scotia,
even if it is just a back-up during low wind power generation. The levelized cost of ammonia (LCOA)
was calculated to be at least 2323 CAD tonne ! for both scenarios which is not cost competitive in
this small production scale. Scaling up the whole system, reducing the reliance on the electricity grid,
increasing service life, and decreasing windfarm costs could reduce the LCOA and make this P2A
process more cost competitive.
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1. Introduction

Ammonia is an essential part of the modern chemical industry, with a multitude of
downstream uses including fertilizer, refrigerants, and chemical feedstock [1]. However, the
current fossil fuel-based ammonia production directly accounts for almost 2% of global CO,
emissions, which makes it the top emitter among all the industrial chemical-synthesizing
processes, even without accounting for the additional emissions associated with natural gas
and coal extraction for ammonia production [2]. The production of hydrogen is the most
carbon- and energy-intensive step is a state-of-the-art ammonia plant, which is usually from
steam methane reforming and water-gas shift reactions. The hydrogen is then combined
with nitrogen that is separated from air in a reactor at high temperatures of around 623 K
to 773 K and pressures of around 150 to 300 bar [3] filled with catalysts that are often iron
or ruthenium based [4]. This reaction is referred to as the Haber-Bosch process and is the
source of most ammonia used today [5,6].
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Recently, the industry has shown great interest in the field of green ammonia, which
is produced in a way that is sustainable and carbon-free. For example, deals between
Canadian companies such as Everwind and German companies such as Uniper and E.ON
Hydrogen were signed which aim to transport 500,000 tonnes of green ammeonia produced
in Canada to Germany each year to fulfill Germany’s energy needs [7]. Green ammonia
has a high potential as a clean energy vector for hydrogen [8,9], because ammonia contains
17.6 weight% of hydrogen, has a higher volumetric energy density than hydrogen, and can
be used as a fuel directly or cracked back into hydrogen [9,10].

The Haber-Bosch process has been the main pathway to produce ammonia. How-
ever, there have been ammonia production methods that are alternatives to the thermo-
chemical process. Producing ammonia include electrochemical methods and non-thermal
plasma-assisted ammonia synthesis methods which can operate at lower temperatures and
operating pressures than the Haber-Bosch [1]. However, since the other methods of pro-
ducing ammonia are less mature, this report focuses on the thermochemical process. In the
electrified Haber-Bosch process, the hydrogen can be made using electrolysis powered by
renewable sources such as wind or solar to eliminate greenhouse gas (GHG) emissions [11].
The capacity factor is found to be a critical parameter to reduce the cost of electrified
ammonia production [12]. Since offshore wind power has higher wind speed and capacity
factors than onshore wind [13], we focus on the offshore wind power-to-ammonia (P2A)
production in this paper. There are currently no offshore wind farms in Canada [13,14], but
a large quantity of offshore resources are available [13].

The objective of this paper is to design and analyze a small-scale P2A system that will
use offshore wind as the main power source. The targeted nominal output is 15 tonnes
of ammonia per day. The P2A system is on land and connected to an 8 MW offshore
turbine system (i.e., four 2 MW turbines) via submarine power cables. The P2A system
consists of a reverse osmosis (RO) system, a proton exchange membrane (PEM) electrolyser,
a hydrogen storage tank, a nitrogen generator, a set of compressors and heat exchangers,
an autothermal Haber-Bosch reactor, and an ammonia storage tank. The P2A system also
uses the electrical grid as backup when the wind energy is insufficient to power a steady
state production. We used historic wind data from Sable Island, Nova Scotia for the design,
and a technical, environmental, and economic analysis was performed.

The rest of this paper is organized as follows. Section 2 provides a literature review on
analyses done on methods of ammonia production that reduce carbon emissions. Section 3
details the P2A design and the methodologies for the system. Section 4 discusses the
performance, the emissions, and the economics of the P2A system. Lastly, Section 5
describes the resulting conclusions and recommendations.

2. Literature Review

Several papers have reported wind powered P2A green ammonia production systems.
Wang et al. [15] performed a comprehensive techno-economic analysis for green offshore
ammonia plants and determined the minimum achievable levelized cost for various wind
profiles, plant capacities, distances to shore and water depths. They found that it is costly
when the offshore wind turbine locations are too far from the mainland if the ammonia
plant is built on land. With their setup, they found that a proposed green offshore ammonia
plant setup is significantly more cost-effective than having an onshore ammonia plant
and that cost reductions of 50% can be achieved in comparison to the onshore plant if
wind turbine distances are further than 2000 km from the shore. They predicted that
with expected cost reductions in offshore wind turbines the system can become more
cost-competitive to land based green ammonia plants. Morgan et al. [16] summarized and
analyzed how offshore wind can be converted into liquid ammonia using an electrolyser,
air separation and an ammonia reactor. They found that the minimum levelized cost of
ammonia (LCOA) for an offshore wind powered facility in the Gulf of Maine is about
580 USD per metric ton and that it was most sensitive to wind speed, cost of wind power,
the cost of manufacturing synthesis gases and the lifetime of the system. Salmon et al. [17]
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provided a techno-economic analysis of offshore green ammonia production using offshore
turbines, solar panels, and offshore plants. They presented the first global heat map for
ammonia production which considers ocean production, land availability restrictions, and
transport to major demand centers. They claimed that producing some of the ammonia in
the ocean can result in cost savings because cost competition for land may limit onshore
capacity in the best locations. Jain et al. [12] conducted an analysis on the potential economic
risks and benefits of using electrified ammonia production in the food, energy, and trade
sectors, and found that if there is a drop in the levelized cost of ammonia to $225/tonne
then even the least-profitable energy storage sector can make profits. Lu et al. [18] discussed
the telecoupling of wind power-based ammonia for electric vehicles and hydrogen fuel cell
vehicles compared with EV transportation systems. The results showed that the transition
to ammonia-based fuels can reduce non-renewable energy consumption and greenhouse
gas emissions but the demand for energy sources (defined as a total amount of a specific
kind of energy for production) and biotic endpoint impacts increase. Verleysen et al. [19]
conducted an optimization of an ammonia synthesis plant powered by wind turbines
considering operational uncertainties with a methodology that measures production and
robustness. Using Aspen Plus and a multi-objective optimization approach they found
that the most productive design is most sensitive to wind speed measurement error and
temperature fluctuation in the ammonia reactor while the most robust design is only most
sensitive to the temperature variation in the ammonia reactor.

Solar powered or combined wind and solar powered green ammonia production
systems were also studied. Fasihi et al. [20] investigated the global potential for green
ammonia production using hybrid photovoltaic (PV)-wind power plants utilizing a cost-
optimization method and hourly weather data with 0.45° x 0.45° spatial resolution. They
predicted that by 2030 onsite renewable electricity-based ammonia could be generated
for a cost range of 345-420 euros per tonne, competitive with the decade-average price
of ammonia of around 300-350 euros per tonne. Pawar et al. [21] investigated India’s
potential for green ammonia using onshore wind and solar energy sources. They found that
the energy source potential for solar was over six times more than that for wind in India.
Both wind and solar powered systems fail to be cost-competitive with the conventional
fossil fuel-based ammonia production methods, but a carbon tax of 224-335 euros per
tonne of CO; could make solar powered systems cost competitive. Ozturk et al. [22]
analyzed an integrated system for ammonia production using solar energy with electrolytic
hydrogen in Istanbul, Turkey, and found that the maximum energy and exergy efficiencies
for their specific system at the minimum solar radiation intensity are 26.08% and 30.17%,
respectively. However, the efficiencies drop with an increase of solar radiation intensity
due to low energy and exergy output. Armijo et al. [23] performed a techno-economic
study to produce hydrogen and ammonia using combined solar and wind energy from
four locations within Chile and Argentina. They found that the hybridization of wind and
solar can reduce costs of production of hydrogen and ammonia significantly—with the
gains from hybridization in ammonia production substantially larger. This is because the
hybridization reduces the power variability which positively impacts ammonia synthesis
because the reactor works best with low variability. They estimated that the near-term
cost for green ammonia could be below 500 USD/tonne. Palys et al. [24] reviewed the
possibilities for renewable ammonia production with electrolytic hydrogen and some
challenges such as solar and wind’s intermittent availability and the lack of research in
dynamic modeling and optimization.

There are also alternative attempts of producing cleaner ammonia such as using
biomass and carbon capture. Zhang et al. [25] performed a techno-economic comparison
between P2A and biomass to ammonia processes and found that P2A with a solid oxide
electrolyser achieves the highest system efficiency of over 74%, followed by the conven-
tional methods (methane to ammonia) of a ~61% efficiency and biomass to ammonia of a
44% efficiency. While P2A using a solid oxide electrolyser is currently not economically
feasible, it can be competitive with a payback time of less than 5 years with drops in cost in
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electrolyser stacks [25]. In addition, although it is feasible to eliminate carbon emissions
within a P2A plant in a certain region (e.g., the Antwerp-Rotterdam-Rhine-Ruhr Area [26]),
it may still be difficult to eliminate total life-cycle emissions from the grid if the grid electric-
ity is used to power the P2A process. Khademi et al. [27] modelled an ammonia production
process derived from steam reforming of biomass-derived glycerol in a thermal-integrated
intensified process. This intensified process can reduce capital cost by removing certain
equipment (e.g., desulphurizer, steam reformer, water gas-shift converter, and condenser),
simultaneously produce ammonia and synthesis gas, provide auto-thermality in the reac-
tors, mitigate environmental pollution because it emits no flue gas, and use the greenhouse
gas as a feedstock for methane tri-reforming [27]. A cradle-to-gate environmental assess-
ment of conventional and greener hydrogen production methods to produce ammonia was
performed using the ReCIPe impact assessment method, and results show that natural gas-
based ammonia synthesis integrated with chemical looping hydrogen production gives the
highest reduction in global warming potential in comparison to electrolysis methods [28].
Furthermore, unless carbon-free electricity is used, electrolytic hydrogen production for
ammonia synthesis could result in significant overall emissions to air, water, and soil [28].

Although there have been many papers regarding ammonia production using various
types of green energy and alternatives, previous literature specifically on using offshore
wind and combining it with ammonia production has been few. There have been broad
generalized papers that describe offshore wind on a global scale such as the one with
Wang et al. [15] and Salmon. et al. [17]. Additionally, there have been papers that are rele-
vant to specific locations such as regarding the Gulf of Maine written by Morgan et al. [16].
This paper is similar to the one written by Morgan et al. [16] as it focuses on a specific
location however in a different region. Results will contribute to the scientific community
by analyzing the potential costs, emissions, and performance of a P2A system on the coast
of Nova Scotia. We also conducted analysis on how varying production modes can affect
the overall cost and emissions of the P2A system.

3. P2A System Design: Component Sizes and Operation Strategies
3.1. Electricity Input

The small-scale P2A system was designed to be powered by an 8 MW offshore wind
farm that consists of four 2 MW wind turbines and backed up by electrical grid to maintain
steady output. Hourly wind data from the year 2020 from a weather station on Sable Island,
Nova Scotia was used for the simulations [29]. This wind recorded from a land station on
Sable Island was assumed to be identical to wind offshore. We assumed the wind farm
is located around 50 km off the shore, the same as that in reference [30] to determine the
costing estimates (the average distance from the shore is 47 km [31]). The wind farm was
assumed to be supported by a monopile structure with an average water depth of 34 m
which is similar to characteristics in the North Atlantic [30]. The electricity from the wind
farm will be transmitted to the onshore P2A system using high voltage submarine power
cables. Submarine power cables were chosen as they are the usual type of cable used for
offshore wind. The backup electricity grid in the province of Nova Scotia will be used when
the energy from the wind farm is insufficient.

Weather data is available for Sable Island and due to its distance from the shore, it
is expected to resemble realistic wind speeds for offshore wind power. The historic wind
data used in this report contains 2782 h of continuous hourly wind speed profile from the
year 2020. For the hours without the historic wind speed data, values were replaced with
the average wind speed over the 2782 h. The power generation for the four 2 MW wind
turbines were determined based on the wind speed, using a typical power curve [32] with
an additional 7% power losses to account for the imperfectly head-on landing of the wind
to the turbines and other potential unaccounted losses in the wind turbine system.

The offshore windfarm was costed using a relationship of 4077 USD/kW that was
retrieved from a National Renewable Energy Laboratory (NREL) report [30]. Since the
windfarm was 8 MW, the total cost in CAD was estimated to be 42 million CAD. However, to
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adjust the price from 2019 to 2021, the Chemical Engineering Plant Cost Index (CEPCI) was
used. This resulted in the cost estimation to be around 46.5 million CAD. This price includes
the decommissioning of the windfarm and the cables and other miscellaneous electrical
generation equipment, as well as other contingencies and fees regarding construction. This
relationship was based off 6.1 MW offshore turbines that had a windfarm of around 100
wind turbines. It was assumed that the offshore wind turbine cost estimates used in this
report is directly comparable to the ones used in the NREL report [30] although real costs
may be slightly more expensive due to economies of scale.

3.2. P2A Components

The P2A system was placed on shore for the system. An offshore P2A system that
transports ammonia by ship or by pipe to the land can also be a viable consideration.
Despite the advantages such as low ammonia shipping costs, low electrical losses, not
taking up land space onshore, and potential refuel locations for ammonia-powered marine
ships [15], offshore P2A systems on an offshore platform have significant economic com-
plexities for an accurate analysis. For example, the cost of building these offshore platforms
are usually confidential but were estimated to be around 100-500 million USD [17] which is
a significantly large range. The logistics and costs of operating and maintenance of offshore
P2A systems are difficult to estimated. In addition, repurposing existing oil rigs could have
a variable cost depending on the types of processing equipment on the rigs. Therefore, an
onshore plant was chosen to have a more accurate capital expenditure (CAPEX) estimation.

A simplified flow diagram of the P2A system is shown in Figure 1. The system consists
of an RO system, a PEM electrolyser, compressors, nitrogen generator using pressure
swing adsorption (PSA), autothermal Haber-Bosch reactor, separator, and storage. The
components were sized based off the basis of 15 tonnes of ammonia per day using public
vendor details and process analysis techniques as discussed in the following sections.

Sea
Water
——| Reverse Osmosis
Hy, N,
Electrolysis H, 1
1 —
H,0 — H; + E 0,
0,
Autothermal Ammonia Ammonia
Haber-Bosch Separator Storage
N, Reactor
3H, + N, = 2NHs
Air
— Nitrogen Generator —— NH,, Hy, N, NH,

3

Figure 1. Process Flow Diagram for the Power to Ammonia (P2A) Production System.

3.2.1. RO and Electrolyzer

The RO and electrolyser subsystem have inputs of seawater and electricity and outputs
oxygen and hydrogen. Seawater will be inputted into the RO system which will remove
salt and impurities so that it is suitable for use in the electrolysis. The PEM electrolyser
uses electrical power to convert water into hydrogen and oxygen.

The sizing of the subsystem was based on 15,000 kg of ammonia per day. The electrol-
yser was sized first and the RO system second. Using overall mass balances and assuming
an 97% overall conversion in the ammonia reactor (details in Section 3.2.4), the amount of
hydrogen required for that basis would be about 2743 kg day ! from an electrolyser that
can output around 1271.5 Nm3 h~! of hydrogen. A company by the name of Nel with the
electrolyser model M2000 met this requirement with a possible volumetric hydrogen output
of 2000 Nm® h~1 [33]. Nel was chosen over other vendors as that had the most available
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specifications. According to the product specifications, the electrolyser unit would result in
average power consumption of around 4.5 kWh/Nm? of hydrogen [33]. This means that
about 5.7 MW of power would be required for each ton of ammonia. With a safety factor of
about 20%, the power that the electrolyser was sized to handle was 6.86 MW. The capital
cost of the electrolyser was estimated using an article that stated the cost of an electrolyser
stack as around 400 USD/kW [34] and using a power of 7 MW. With the assumption that
50% of the total cost of the electrolyser goes to the stack, the calculated capital cost of the
electrolyser was estimated to be around 7.2 million CAD.

With the electrolyser information above, it was calculated that about 27,417 kg day !
of processed water would be required in the RO system which is about 7128 gallons per
day. A 10,000 gallon per day capacity RO system by ForeverPure [35] was selected for this
report. With a 26% recovery rate, the amount of seawater inputted into the reverse osmosis
system was about 105,000 kg of water per day [35]. The power consumed on the RO system
was based off a consumption of around 3 kWh m~3 of water [36] which is typical for many
seawater RO systems. The cost of the RO system was taken to be 23,056 CAD which was
an average of three RO systems that have similar capacities [37-39].

A hydrogen storage tank will be placed at the end of the subsystem. The hydrogen
storage will have a holdup time of about 15 min. The size of the storage tank will have
a volume of around 12 m® and will hold the hydrogen at 25 °C and 30 bar. Using Ulrich
and Vasudevan methods [40], the cost of a stainless steel cylindrical hydrogen tank with a
length of 6 m and a diameter of 2 m would be about 500,000 CAD.

3.2.2. Nitrogen Generation

The nitrogen generation subsystem will contain a PSA module and a dryer. PSA uses
the concept of selective permeation that allows nitrogen to pass through while oxygen is
adsorbed onto a membrane [41]. This membrane is then depressurized to let go of the
oxygen. This process is required to separate the nitrogen component from the rest of the
air (mainly oxygen). However, there are other methods such as cryogenic distillation and
membrane filtration that were considered. PSA was chosen as the system as it provided
the throughput required at a lower energy input. This subsystem will contain a set of
compressors to get the nitrogen from a pressure of 10 bar to 30 bar which is required to
match with the hydrogen that goes into the multi-stage compression subsystem that goes
into the reactor. The flow through the system was designed to output 15 tonnes of nitrogen
per day at a purity of 99.99%.

It was difficult to find literature or vendors that had prices for nitrogen generation.
However, Sanchez and Martin [42] related the price of nitrogen production with the scale
required for renewable ammonia production for a purity of 99.3%. Using their relationships,
the investment required for a scale of around 15 tonnes of nitrogen feed per day was
around 400,000 CAD. Accounting for the higher purity and design flows, it was estimated
to cost 500,000 CAD for the entire nitrogen generation subsystem. This would include the
compressors and the heat exchangers required for the process.

3.2.3. Multi-Stage Compression

The multi-stage compression subsystem is the process that compresses the mixtures of
nitrogen and hydrogen to prepare it for the autothermal ammonia reactor. The multi-stage
compression must take a feed of about 75 mol% hydrogen and 25 mol% nitrogen with a
pressure of about 30 bar and a temperature of about 30 °C to produce an output of the same
mixture at a pressure of about 86 bar and 325 °C. This would require two compressors with
one intercooling stage. The centrifugal compressors were sized using ASPEN and resulted
in a motor power of around 280 kW each which assumed a polytropic efficiency of 65% and
a motor efficiency of 93% [43]. The cooling duty required from the intercooling stage would
be around 110 kW. The estimated cost of the compressors using costing charts from Ulrich
and Vasudevan [40] and the power consumptions above was about 2.1 million CAD each.
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3.2.4. Ammonia Reactor

The ammonia reactor synthesizes ammonia by taking hydrogen and nitrogen as inputs.
Modern Haber catalysts such as ruthenium and iron oxide operate at moderate conditions
(380 °C and 86 bar), compared with the traditional Haber magnetite catalysts at 450 °C
and 300 bar [44-46]. Iron oxide was selected as the catalyst due to its lower cost compared
to ruthenium. A typical radial flow bed reactor was chosen, because it reduces pressure
drop across the catalyst bed [3,46-48]. The reactor was designed according to main design
specifications required, i.e., recycle rate and the size of the catalyst beds. Typical large-scale
systems achieve up to 26% single-pass conversion and between 97-99% overall conversion
with the recycle stream [44,45]. Yet, the small modular scale of our design is uncommon
in the literature, so more conservative specifications, i.e., 20% single-pass conversion and
97% overall conversion with recycling were chosen. The conversion for the first bed is
calculated by dividing the amount reacted in the first bed by the amount inputted into
the first bed. The overall conversion is calculated by dividing the total amount that was
reacted in both beds by the total amount of input to the two reactor beds. This is significant
because there is an interstage quench stream which is inputted into the process in between
the two beds.

As the offshore wind power is intermittent [3], it is important to understand the
operating flexibility of the process to function under different production rates. Once
the reactor is sized and built, the bed size will not change but the production rates could
change. The inlet flow rate of reactants can vary depending on the power available to
produce hydrogen and nitrogen. The chosen configuration was based on the work by Igbal
Cheema et al. [3] where they designed a multistage ammonia synthesis reactor that uses
the heat generated in the exothermic reaction to heat the feed to the reactor and make
the reaction self-sustaining. Following their work, the assumption was made that heat
losses were negligible. Figure 2 is a process diagram of the ammonia reactor depicting the
multiple catalyst beds and the interstage quench stream.

C

A - Input
B - Heat Exchanger
E C - Output
D D - Quench Stream
> G E-Bed1l
F-Bed2
A F G - Recycle Stream

Figure 2. Schematic diagram of the ammonia synthesis step, depicting the multiple stages and
interstage quench stream for cooling.

The designed output of the reactor is 15 tonnes ammonia per day. The maximum
reactor temperature is 480 °C. The feed is a stoichiometric mixture at 325 °C and 86 bar.
The reactor has two beds: the first one is 0.40 m3 and the second bed is 0.74 m>. The
catalyst properties which were used in the sizing the reactor (i.e., rate constant, activation
energy, etc.) were based on the industrial catalyst ZA-5 described by Liu et al. [46]. These
parameters are summarized in Table 1. These parameters were used in Equations (5) and (6)
which describe the reaction kinetics.
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Table 1. Ammonia Synthesis Catalyst parameters.

Item Value Source
o in kinetic equation 0.5
Activation Energy of reverse 2
reaction “E” (kJmol~1) 1.59 %10 Liu et al. [46]
Pre-exponent factor “ky” 12
(MPaO'szl) 4973 x 10

The reactor packed beds were modelled as ideal packed bed reactors with the following
reaction: [3,46,49].

1 3
>MNa(8) + 5 Ha(g) = NHs(g) 1)
The mass and energy balances are:
ar,
dmear L @
A aT /
;cmp,z(T)dth = —ryp, AHR(T) 3)

where F; is the molar flow rate of species 7 in mol s71 my is the catalyst weight in kg, r§\, Hy
is the rate of reaction mol kg~! s~1, v; is the stoichiometric coefficient, T is the temperature
in°CorK, Cp,l- is the specific heat capacity of species i in k] mol ! K~! and AHp is the heat
of reaction in k] mol 1.

The reaction kinetics are modelled using the Temkin equation described by
Equations (4)-(6) [3,46,49,50]; where kT is the rate constant in atm%° g1, Q¢ is the catalyst
bulk density in kg m~3, K £ is the equilibrium constant in atm~!, a is a parameter specific to
the catalyst, dimensionless, kg is the pre-exponential factor in atm®> s~1, E, is the activation
energy in k] mol !, and R is the ideal gas constant. The fugacity, f;, of each component is
calculated using Equation (7), where y; and ¢; are the mole fraction and fugacity coefficient
of component i respectively and P is the pressure in atm. F4 is not meant to be confused
with the molar flowrates of a species but is a simplifying term to represent the large kinetic
term in (5). For the selected catalyst size (2-3 mm), the rate of reaction can be taken without
corrective factor and the pressure drop can be neglected [3].

/ kTFA

— 4
T'NH; (0-0224msn(17i1TP))PC 4)

3 ® 2 1—a
o ) - ()
kr =k Ea 6
T = koexp (_RT> (6)
fi =vyi¢piP )

Liu et al. [46] and Gillespie et al. [51] provide correlations for calculating the heat
capacity of each reactive component, the Arrhenius parameters and the equilibrium con-
stant. Panahandeh et al. [47] provides a correlation for computing the heat of reaction.
Dyson et al. [50] provide correlations for calculating the fugacity coefficients. A summary
of the correlations utilized by the modelling of the reactor can be found in Table 2 below:
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Table 2. Summary of Correlations used in Modelling the Synthesis Reactor.

Item

Value

Source

Chi, [ 528l | with T (K) and P(atm)

1.986847 + 4.66 + 04T
2(0.1975)
+ (1.9868477‘2

12(0.0504x10*
4 2005040 ))P

Gillespie et al. [51]

Cn, [%} with T (K) and P(MPa)

(7.371 — 0.145 x 1072T +0.144 x 107°T?
+0.00661Py; — 0.755 x 107°TPyy) x 4.184

Liu et al. [46]

Cni, Mjﬁ} with T (K) and P(MPa)

If T > 500 K
(9.330 — 0.299 % 10T 4 0.876 x 10°T?2
+ 0.0945Py g, +0.119
*1073TPyp, ) *4.184
If T <500K
(56.853 — 0.2646T + 0.3565 x 10> T2
+ 0.0988Pyp, + 0.117 1072 Pg .

—2.168 % 107 2TPyp, ) +4.184

Liu et al. [46]

$H,

exp £(—3.8402T%154+0.541) p _ ,(—0.1268T"~15,980) p2 +

300 e(—0-011901T _ 5_941” (e—P/soo _ 1) }
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Pananandeh [47]

Temperature (K)

The modeling Equations (2) and (3) were solved using MATLAB’s solver ode45.
Figure 3 shows the nominal profile of temperature and conversion along the reactor beds.
The nominal profile is based on a constant output of 15 tonnes of ammonia per day.

Temperature and Conversion v. Catalyst
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Figure 3. Temperature and conversion profiles along the reactor beds. The red vertical line shows

where the quenching takes place.
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The ammonia reactor is an autothermal reactor. The heat generated by the reaction
in both beds are used to preheat the feed through heat exchangers before bed 1 to sustain
the overall reaction, and the system exhibits multiple steady states. Figure 4 shows the
dependence of conversion in the reactor on the inlet flow rate to the reactor, using the
method by Igbal Cheema et al. [3] for this autothermal reactor set-up. Firstly, the operating
line of the beds was found by solving the ordinary differential Equations (2) and (3) at a
given inlet T while flowrate is held constant. This will solve for the temperature at the
reactor outlet at a given temperature at the inlet. Secondly, operating lines of the heat
exchanger is obtained by using the effectiveness equation from Igbal [3]. Then, one can
find where the operating lines intersect, and each intersection represents one steady state.
The upper and lower ones are considered stable. This process is repeated with different
flowrates until a graph like Figure 4 is made where all the steady states are plotted at a
range of flowrates.

Single pass conversion dependence on
inlet flowrate
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Figure 4. Single pass conversion dependence on the reactor inlet flow rate with the upper and lower
steady states displayed. The chart also displays the nominal flow.

When the flow rates are higher than the nominal design flow rate, there is not enough
catalyst available to achieve high conversions. As a result, less heat is generated in the
reactor, which results in a further decrease in conversion because there is not enough heat
available to sustain the reaction. Thus, Figure 4 shows that the system drops to a lower
steady state where conversion is very low and considered not viable for production. This
means that it would not be possible to ramp-up production when there is excess wind
power beyond the nominal operating point. The reactor is quite flexible for inlet flow rates
below the nominal point. The system can remain at an upper steady state without causing
a shutdown.

The lower production bound is then limited by other components in the P2A process.
According to Nel, the M2000 PEM electrolysis systems can operate down to 10% of their
maximum production capacity [52]. The lower operating bound of the compressors is usu-
ally limited by the surge boundary which is the minimum operable flow for a compressor.
This depends on parameters such as the type of compressor, the shape of the impeller, the
impeller speed, etc. [53]. This boundary is usually located 45 to 65% of the nominal flow
rate, but this could also be varied by using variable speed compressors or compressor trains
in parallel [53]. In this study, 55% was chosen as the lower production rate.

The ammonia reactor’s cost was analyzed by estimating the cost of two stainless steel
process vessels and the catalyst required. The two stainless steel process vessels would



Energies 2022, 15, 9558

11 0f 23

hold the two beds. The first vessel would have a bed length of 1.519 m, a vessel radius
of around 0.47 m, and a length of 1.719 m. The second vessel would have a bed length of
1.783 m, a vessel radius of around 0.56 m, and a length of 1.98 m. The cost of the vessels was
estimated using the costing charts from Ulrich and Vasudevan [40] be around 340,000 CAD
and 680,000 CAD each. The catalyst bed’s cost was estimated to be around 1.8 euros per
kilogram of catalyst [45] and there was in total about 3700 kg of catalyst within the two
beds combined. This would mean that it would cost about 9500 CAD. Summing it all up,
the ammonia reactor is expected to cost around 1 million CAD.

3.2.5. Ammonia Separation and Storage

A flash distillation separator unit is used to isolate the ammonia from the remnants of
hydrogen and nitrogen. The vessel selected would have a diameter of around 0.5 m and a
height of around 2.5 m. This would be made of stainless steel as well to prevent hydrogen
cracking. Using the Ulrich and Vasudevan costing charts [40], and the dimensions above,
the cost of the ammonia flash distillation vessel was estimated to be around 166,400 CAD.

Regarding storage, the ammonia will be stored in five different carbon-steel vessels
to have a one-week holdup time at a pressure of 14 bar and a temperature of 30 °C. This
would result in a total volume required of around 175 m® of ammonia to hold 105 tonnes
of ammonia. The diameter of these storage units would be 3 m and the length would be
around 8 m. The splitting into five different storage units was done with respect to Canadian
ammonia safety laws [54] which state that each tank must hold less than 25,000 gallon
capacity. Each storage tank was estimated to cost around 400,000 CAD using the Ulrich
and Vasudevan costing charts [40].

3.2.6. Other Miscellaneous Items

Some other costs not mentioned in the previous sections include three heat exchangers
in the process, and the water pumps [55] before the RO system and a water tank [56]
that holds processed water. This is due to the relatively small amount of CAPEX they
contribute. The costs of the heat exchangers were obtained using the Ulrich and Vasudevan
methods [40] while the others used vendors. The heat exchangers were estimated to cost
around 130,000 CAD. For safety factors the estimate was increased to 150,000 CAD. The
water pumps and water tank was estimated to be around 4000 CAD. The costs of these
items are summarized below in Table 3:

Table 3. Miscellaneous Items Capital Costs.

Item Notes Cost Estimate ($CAD) Source
Water Pumps 4 pumps. .6 gallons $2000 [55]
per minute.
Water Tank Plastic. 2000 gallon tank. $2000 [56]
Cooling system between Double pipe. Area of
compressors (HX02) 1.72 m?2 $19,518 [40]
Heat Exchanger recycling Double pipe. Area of
heat in reactor (HX03) 415 m?2 $78,071 [40]
Cooling system at output Double pipe. Area of
of reactor (HX04) 11.7 m2, $32,529 [40]

3.3. System Operation Strategy

To mitigate the impact of low wind speeds and to avoid constant process shutdowns,
a few solutions were considered: Adding a large buffer to store the feed (i.e., hydrogen
and nitrogen) to the ammonia reactor, adding a large battery to store energy as a back-up
power source, using the grid as back-up power source.

The required hydrogen for a 24 h operation (i.e., 15 tonnes ammonia per day) is 2736 kg.
If the hydrogen is stored at 80 bar which is relatively close to the required hydrogen pressure
for the Haber-Bosch and 30 °C, a 427 m? storage tank is required for a 24 hold up, which
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would be the single largest process unit in this design. Additional safety measures are
needed to be considered with storing bulk amounts of pressurized hydrogen. Moreover,
there are significant efficiency losses in pressurizing hydrogen to low enough volumes,
especially when storing to very high pressures like 700 bar which is the usual storage
pressure [5]. Igbal Cheema [3] claims that storing reactant in bulk for over a day can be
up to 3 times more expensive than storing ammonia. Therefore, storing large quantities
of buffer reactants is not considered in our design although there is a small amount of
hydrogen storage in the design before the ammonia synthesis.

Meanwhile, if the P2A system is backed up with batteries, it would occupy even larger
space than pressurized hydrogen because batteries have lower volumetric energy density.
In the P2A system, it was approximated that 6.5 MW of power are needed which is detailed
in Section 3.4. Thus, a 5 h back-up system will need batteries with a capacity of 32.5 MWh.
That is comparable to some of the largest grid battery systems such as the Deltro Energy
Battery Energy Storage System (BESS) in Ontario which has a capacity of 53 MWh [57]. The
investment required for such a BESS would be significant.

In addition, the energy storage, either the buffer feedstock or batteries in the P2A
system requires additional wind turbines beyond those required for the nominal operation.
As wind turbines are the biggest capital expense in the P2A system, additional wind
turbines would make the system less economically feasible. Based on the wind data, a
single wind turbine produces an average of 0.80 MW, 40% of the rated capacity. This
means that at least than nine turbines are required to produce enough reactants to have an
average production of 15 tonnes ammonia per day (total power consumption of the P2A
system is 6.48 MW), and the storage capacity would need to be at least 50 h produced to
overcome the long periods of time with low wind speeds, resulting in significant CAPEX
investment. Therefore, using the electrical grid as a back-up power source when the wind
power generation is low is a more economically viable solution. Hence, the P2A system
in this paper considers a solution using an offshore wind farm as the main power with
the grid as a back-up. Note that a small buffer would still be necessary for the dynamic
transitions between production rates, but it was not considered in-depth in this paper.

3.4. Energy Consumption

The energy consumption per unit mass of ammonia produced in the system was as-
sumed to be constant for each piece of equipment at a given basis of 15 tonnes of ammonia
per day (for Scenario 2, the energy consumption proportions remained the same but were
scaled down). It was assumed that the process always operates near steady-state, and that
the dynamics can be ignored. The energy consumption for components such as compres-
sors was determined from Aspen Plus simulations. Vendors and journal articles provide
nominal energy data for components such as electrolysers [52] and reverse osmosis [36].
For example, the power consumption of the electrolyser was determined using the number
of 4.5 kWh/Nm? of hydrogen produced from the vendor [33]. This number was then
multiplied by how much hydrogen is used per tonne of ammonia. Rouwenhorst et al. [45]
provide energy consumption data for PSA systems in their Supplementary Information.
Gordonnat and Hunt [58] provide a rough estimate of 3% power losses per 1000 km for
undersea cables. The total energy consumption was estimated to be around 37.4 GJ per
metric ton of ammonia for plant which is comparable to Morgan’s value of 41.76 GJ per
metric ton of ammonia [59]. Table 4 below shows the energy consumption for each of the
ammonia plant’s components.
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Table 4. Power consumption of each component in P2A system.
. Energy Usage (G] Fraction of Total
Device Tonne ! NHj3) Reference Energy Usage (%)
Reactor Feed 3.24 Aspen Plus Simulation 8.65
Compressors
Hydrogen Gen.eratlon 32.97 Vendor (Nel) 88.07
(electrolysis)
Nitrogen Compressor 0.18 Aspen Plus Simulation 0.47
PSA 0.92 Rouwenhorst et al. [45] 2.45
Reverse Osmosis 0.02 Bartels and Andes [36] 0.05
Undersea Cable
(100 km) 0.12 Gordonnat and Hunt [58] 0.31
Total 37.4 100

3.5. Methodology for Economic Calculations
3.5.1. Cost Estimation

The capital expenditures (CAPEX) and operational expenditures (OPEX) were based
upon three methods of retrieving costs: The Ulrich—Vasudevan method [40], scientific
journal articles, and vendors. These were based on the reactor sizes that were calculated
by specifying the system as performed in the previous sections. The results are meant to
provide approximate estimates, but it must be considered that it is often difficult to get
the costs to a very high accuracy as there are many variations and difficulties in pricing
of design [40]. This is often due to confidentiality and the fact that there are often no
duplicates of the same design. This paper used a Chemical Engineering Plant Cost Index of
677.1 from April 2021 [60]. The conversion factor from USD to CAD was assumed to be
1.28. The conversion factor from euros to CAD was taken to be 1.42.

The analysis to get the capital costs for each of the equipment is described in
Sections 3.1 and 3.2. The ammonia plant capital costs were then multiplied by 18% for
contingency and fee, 30% for the greenfield fee, and 15% for the additional working capital
required to complete the project. The windfarm’s contingencies were assumed to be already
added into the windfarm capital costs as the NREL has included it into their calculations
already for their windfarm cost [30]. The contingency and fee are added to the ammonia
plant to consider the installation costs and permits. The greenfield fee is the consideration
of the cost of starting up a building in a new location. The components that make up the
CAPEX are summarized in Table 5 below. These would be the same in both Scenarios 1 and 2.

Table 5. CAPEX summary for the P2A system design.

Item Capital Costs ($CAD) Source Used

Windfarm $46,569,844 [30]
Ammonia Storage $2,000,000 [40]
Multi-stage Compression $4,200,000 [40]
Electrolyzer $7,168,000 [34]
Hydrogen Storage $500,000 [40]

Ammonia Reactor $1,026,000 [40,45]
Nitrogen Generation $500,000 [42]

Other (Water tank, heat exchangers) $344,056 [40,55,56]
Subtotal $62,307,900
Working Capital (15% of ammonia plant cost) $2,360,708 [43]
Contingency and Fee (18% of ammonia $2,832,851 [40]
plant cost)

Greenfield Fee (30% of ammonia plant cost) $4,721,417 [40]

Total $72,222,876
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The OPEX was determined by summing up the wind farm’s operational costs, the
ammonia plant’s operational cost, and the cost of grid used. This paper assumes that both
scenarios had the same OPEX for the windfarm and the ammonia plant’s operational cost.

The wind farm’s operational cost was retrieved by using an estimate from the NREL [30]
that stated that the OPEX was 158.72 CAD/kW /year. This resulted that the wind farm
would have an operational cost of approximately 1.6 million CAD per year.

The ammonia plant’s cost was retrieved by taking 10% of the subtotal of the CAPEX
of the ammonia plant. 6% is accounted for maintenance, taxes, rent, and environmental
fees, while the other 4% is allocated for the supervision and labour. This means that
approximately 1.6 million CAD OPEX per year is required for the ammonia plant.

The grid cost was calculated by multiplying the averaged Nova Scotian grid electricity
cost of 0.156 CAD/kWh [61] by the total energy that was used in both scenarios 1 and 2
which are further described in Section 4.2.

3.5.2. Levelized Cost

To analyze the economics of the design, a levelized costing formula to determine
the levelized cost of energy from the United States Department of Energy was used [62].
However, in this paper, instead of energy, the mass of ammonia produced was analyzed.
This resulted in an equation for the LCOA as:

n Cf

=0 T
_ (147)
LCOA =5 ®)

=0 (14r)

In the equation, # is the service life of the system, [year], C; is the expenditures in
year t, [$], v is the discount rate, [dimensionless], assumed to be 5.29%, which was the
discount rate used by the NREL for an offshore wind project [30], A; is the mass of ammonia
produced in year ¢, [tonnes], and ¢ is the number of years since the initialization of the
system [years]. The discount rate used was assumed to be valid for the green ammonia
plant as well.

The capital expenditures were all taken to be invested at year 0. The assumed service
life of the system was 25 years. This is around the average expected lifespan of a wind
turbine [63]. The operating costs were added to each year starting at year 1 to year 25. The
revenue from excess wind was added as a revenue (or as a ‘negative cost’) each year, sold
at the average price of Nova Scotia’s grid electricity.

4. Results and Discussions
4.1. Wind Power Generation

Figure 5 shows the historic wind speed data and the corresponding power generated
for a selected time interval of around 100 h for the four turbines. The entire set of data can
be found in the Supplementary Information. Even for an offshore location with high wind
power potential, like Sable Island, the variable wind speed leads to unstable power outputs.
For example, there are long periods of time, up to 50 h, where barely any wind power is
produced. In Figure 5 there is an example of this between 30 and 70 h where there was
barely any wind energy produced.

4.2. Grid Connection Scenarios

As the wind power output varies significantly, two grid-connection scenarios were
studied to minimize the system shutdowns. The P2A system size (summarized previously
in the methodology) is fixed for both scenarios. In Scenario 1, the ammonia production
is held constant at the nominal value, while in Scenario 2, the production rate switches
between the nominal rate and a fixed lower production rate when wind power is low. The
lower production rate is set to be the minimal production rate to maintain auto-thermal
operation of the ammonia production (i.e., 55% of the nominal production rate as shown in
Section 3.2.4) whenever the wind power generation was below 60% of the nominal power
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required. Scenario 2 aims to maximize wind power utilization and reduce the emissions
and costs associated with the grid electricity consumption, while maintaining the operation
within operating limits and avoiding system shutdowns. In addition, it was assumed that
any excess wind power could be sold at the average grid electricity price. About 1580 MWh
of wind each year was sold to the grid in both scenarios. This is small relative to the
28,032 MWh of wind energy that is used to produce ammonia.

Wind speed and Wind Power
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Figure 5. Wind speed and wind power change with time on the Sable Island in a 100 h duration.

Figure 6 shows the grid power consumption for both scenarios at the same time
interval shown in Figure 5. There is around a 57.6% reduction in the grid power usage
when the system switches between operating modes. Table 6 shows a comparison of
the power consumption between the two production scenarios. Scenario 2 significantly
decreases the average share of total power required from the grid but leads to a decrease in
the average production rate which is concerning from an economical perspective. This is
because Scenario 2 would then have a higher calculated LCOA as shown in Table 6 (later
described in Section 4.4.3).

Scenario 1 Scenario 2

Power
(MW)
Power
(MW)

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (h) Time (h)
m Excess Wind Power = Grid power mWind power m Excess Wind Power = Grid power mWind power

Figure 6. Sample of power usage distribution for Scenario 1 and Scenario 2 during the same 100 h
duration in Figure 5.
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Table 6. Production and power comparison for the two scenarios.

Scenario 1 Scenario 2
Average Production Rate (tonnes NHj3 dayfl) 15 10.6
Average Wind Energy Usage (MWh tonne ! NH3) 5.12 7.23
Average Grid Energy Usage (MWh tonne ! NHj) 524 3.13
LCOA (CAD tonne~! NHj) 2323 2613

4.3. Emissions

In this paper we only considered the operational GHG emissions during ammonia
production. The emissions of the process will depend on the grid mix when the electrical
grid is used as the backup power for the P2A system. This is because the electricity grid
that is used to backup the power for the electrolysis may be produced using fossil fuels
which would indirectly produce GHG emissions. The GHG emissions for the P2A system
were analyzed using grid intensity factors in Nova Scotia and compare with those from
conventional ammonia plants. The grid’s carbon intensity is 680 g of CO,-eq/kWh for the
province of Nova Scotia [64]. The results in Figure 7 showed that the GHG emissions was
around 3.56 kg of CO,-eq per 1 kg of ammonia for Scenario 1. This is significantly higher
than the conventional ammonia plant in Canada which has a carbon dioxide emission
rate of around 1.07 kg of CO,-eq per 1 kg of ammonia [65]. This is also higher than the
global conventional ammonia plant emissions which is around 2.14 kg of CO;-eq per 1 kg
of ammonia [65]. On the other hand, Scenario 2 have an emission of around 2.13 kg of
CO;y-eq per kg of ammonia which is slightly less than global conventional production.

Carbon Dioxide Emissions per tonne of Ammonia
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Figure 7. Greenhouse gas emissions from the P2A system’s two scenarios.

To reach the level where the GHG emissions from the P2A system in Scenario 1 is
equal to the conventional Canadian production, the grid’s carbon intensity must be reduced
by 70% from Nova Scotia’s average value. Yet, in Scenario 2, the grid’s carbon intensity
needs to be reduced by around 50% to reach the same conventional Canadian ammonia
production levels. This means that it is important to consider the carbon intensity of the
electricity for a grid connected P2A process. Lower the emissions of the electricity grid
or having a reliable form of energy storage for intermittent renewables are critical for
low-carbon P2A production.

4.4. Economics

The economics was analyzed with the concept of levelized costing using Equation (8)
as prescribed in the methodology
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4.4.1. Capital Costs

The total CAPEX of the P2A system would be around 72 million CAD including
the contingencies, and the percentage breakdown is shown in Figure 8 and summarized
in Table 5. The offshore wind farm covers the most, i.e., 64.5%, of the total capital cost
at about 46.5 million CAD. The largest contributions to the cost of the ammonia plant
are the electrolyser and multi-stage compressors which would cost about 7.2 million and
4.2 million, respectively, before the additional contingencies.

CAPEX Distribution

35.5%

1.1%
0.8%
= Windfarm = Ammonia Storage
m Multi-stage Compression ® Electrolyzer
= Hydrogen Storage = Ammonia Reactor
Nitrogen Generation Other

Figure 8. CAPEX distribution for the P2A system.

4.4.2. Operational Costs

The OPEX for the P2A system changes for each scenario. The OPEX would be around
7.7 million CAD and 5.1 million CAD per year for Scenario 1 and 2, respectively. The
difference between the two scenarios is the amount of grid energy that they each use.
Scenario 2 has a 58% lower grid energy usage which results in a much lower OPEX per
year. Figure 9 summarizes the OPEX results for each scenario. It shows that the ammonia
plant and windfarm OPEX are estimated to be the same for both scenarios, but the grid
electricity makes a big difference for the operational conditions.

OPEX per year by Scenario
$9,000,000

$8,000,000
$7,000,000
$6,000,000
g $5,000,000
& $4,000,000 $1,897,858
S 3,000,000
$2,000,000
$1,000,000
$_

ear

$4,478,063

Scenario

# OPEX Ammonia Plant ®OPEX Wind farm = Electricity Grid Cost

Figure 9. Annual OPEX of the P2A system for Scenarios 1 and 2.
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4.4.3. Levelized Cost of Ammonia

The LCOA was determined to be around 2323 CAD/tonne for Scenario 1 and
2613 CAD/tonne for Scenario 2. This is significantly larger than the decade-average price
of ammonia which is around 426-500 CAD/tonne [20]. This paper’s specific design does
not result in price competitive ammonia. However, adjustments to the design and costs of
the design could make it more price competitive. Scaling up may provide reductions in
the LCOA. This is due to economies of scale which lowers production rate costs as more is
ammonia is produced [42].

The price distribution across its lifetime can be shown Figure 10.

Scenario 1 Lifetime Cost Scenario 2 Lifetime Cost
Distribution Distribution

30.8% 32.8%

34.6% 18.3% 18.1%

= Windfarm = Windfarm
B Ammonia Plant

Use of Electricity Grid
B Operations and Maintenance Cost

= Ammonia Plant
Use of Electricity Grid
m Operations and Maintenance Cost

Figure 10. Lifetime expenditure distribution of the P2A System.

The total lifetime costs for Scenario 1 would be around 177 million CAD while Sce-
nario 2 would be around 142 million CAD. However, the LCOA is larger for Scenario 2
because of the reduced ammonia production or lower capacity factor relative to Scenario 1.

The levelized cost also considered the amount of excess wind sold back to the grid.
However, the value was very small as it averaged to be around 231,000 CAD a year. The
total net lifetime costs would be around 174 million and 138 million if one were to consider
the excess wind sold back to the grid.

For Scenario 1, it is shown that the OPEX take up about 59% of total lifetime costs
while the other 41% is taken up by the CAPEX. It is also shown that Scenario 1 has about
35% of the lifetime costs going to paying the electrical grid. The use of the electricity grid
takes up the largest portion of the lifetime costs. For Scenario 2, the OPEX and CAPEX
contribute to 49% and 51% of the total lifetime costs, respectively. Instead of the use of the
electricity grid, the windfarm takes up most of the lifetime costs. This is because of the
reduced grid usage.

A sensitivity analyses was also conducted by seeing how increasing and decreasing
certain parameters by 20% would change the LCOA. The parameters chosen were service
life, discount rate, windfarm cost, ammonia plant cost, and the cost of electricity from the
grid. Figure 11 shows bar graphs on how each parameter’s change affects the LCOA.

Figure 11 displays that changes in the cost of the windfarm cost would result in the
largest difference in the LCOA. By decreasing the windfarm cost by 20%, the LCOA can
decrease by around 8-10%. Another major consideration for LCOA reductions would be to
increase service life of the design from 25 years to 30 years. This would result in a 7-10%
lower LCOA. Lastly, Scenario 2 seems to be more sensitive to the changes than Scenario 1
except for the sensitivity regarding the grid cost of electricity. A change in the grid cost of
electricity would pose smaller changes in Scenario 2.
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Sensitivity Analysis for Scenario 1 (S1) and Scenario 2
(S2)
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Figure 11. Sensitivity analyses of Scenario 1 and Scenario 2's LCOAs.

5. Conclusions and Recommendations

This paper designed and analyzed a conceptual P2A system powered by a small-scale
wind turbine system off the coast of Nova Scotia with grid integration. We compared the
operational GHG emissions and LCOA for two different grid connection scenarios for the
P2A system.

To use intermittent renewables such as wind or solar power, it is critical to consider the
reliable outputs of the P2A system by using energy storage or connecting the electrical grid.
However, it is found that using the carbon-intense grid in provinces like Nova Scotia, even
if it is just a back-up during low wind power generation, has very significant emissions,
often larger than the traditional methods to synthesize ammonia. Therefore, reducing the
grid’s carbon intensities by switching to stable low-carbon energy sources such as nuclear
and hydro is recommended to reduce GHG emissions in the P2A process.

It was found that the P2A system in this study provides a LCOA of approximately
2323 CAD/tonne for Scenario 1 and 2613 CAD/tonne for Scenario 2. Both are significantly
higher than the decade-average price of ammonia of around 426-500 CAD per tonne. The
biggest effect on the LCOA was the price of the windfarm. However, scaling up the process
may also provide benefits to the costs due to economies of scale. With the development and
maturing of technologies, such as electrolysers and offshore wind, increasing the service
life, and reducing the reliance on the electricity grid, the P2A cost may come down in
the future.

For future studies, power generation technologies different from wind should be
considered and or combined with it. Other low emission technologies such as nuclear
and hydro could be potential solutions to producing clean ammonia. Furthermore, for
future modelling of this system, considering a full dynamic model of the process that can
capture the full dynamic effect of changing between operating modes would be beneficial.
In addition to the dynamic modelling, a reactor design that considers heat losses within
the modelling would be required for a real-life design. This would all be beneficial for the
design of controllers and equipment that would be required in a final design. To add on,
in this paper, it was not considered what would happen to the ammonia once it reached
mainland. Future studies should consider how this type of system will connect to the
supply chain and if additional transportation methods are needed. There should also be
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greater research on the costs of floating wind and offshore ammonia plant platforms. Lastly,
the safety implications of having large quantities of ammonia as energy storage should
be addressed in a country’s standards and policy as ammonia production accelerates.
Although wind power is not a reliable power source for this system, the process still has
significant potential to become a viable method to produce ammonia if other energy sources
are used and design adjustments are made that significantly reduce the costs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en15249558 /s1.

Author Contributions: Conceptualization, C.J.C., C.A.E.C., M.Y., M.F. and X.-Y.W.; methodology,
CJ.C,C.AE.C. and MY, formal analysis, C.J.C., C.A.E.C. and M.Y. investigation, C.J.C., C.A.E.C.
and M.Y.; writing—original draft preparation, C.J.C., C.A.E.C. and M.Y. writing—review and editing,
CJ.C,CAEC, MY, MF and X.-Y.W,; supervision, M.F. and X.-Y.W,; funding acquisition, M.F. and
X.-Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Departments of Mechanical and Mechatronics Engineering
and Chemical Engineering at the University of Waterloo. We acknowledge the support of the Natural
Sciences and Engineering Research Council of Canada (NSERC), [funding reference number RGPIN-
2021-02453 and RGPIN-2020-04149], and the Waterloo Interdisciplinary Trailblazer Fund (90578).
M.F. was supported by the Canada Research Chair Tier [ —Zero-Emission Vehicles and Hydrogen
Energy Systems, Grant number 950-232215. C.J.C. was supported by the Deans Entrance Award of
the Faculty of Engineering.

Data Availability Statement: The data presented in this study are available in the article and the
Supplementary Material.

Acknowledgments: Special thanks to the Chemical Engineering department at the University of
Waterloo and the capstone course instructors Jason Grove and Lena Ahmadi for helping in the early
stages of this project.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Variable Description

Cpi Specific heat capacity, ] mol~* K1

E, Activation energy, ] mol !

fi Fugacity, atm

F; Molar flow rate, mol s~!

Ky Fugacity equilibrium constant, atm !

ko Arrhenius pre-exponential factor, atm®? s~
kT Reaction rate constant, atm09 g1

Meat Catalyst mass, kg

P Pressure, bar or atm

r?\IH3 Catalyst mass-based rate of reaction, mol g1 kg*1
T Temperature, °C or K

1% Reactor Volume, m>

Yi Mole fraction in the gas phase

AHR(T)  Heat of reaction, ] mol~!
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