
Academic Editor: Alireza

Dehghani-Sanij

Received: 12 February 2026

Revised: 9 March 2026

Accepted: 12 March 2026

Published: 17 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Sustainable Integration of Offshore Wind Energy with Green
Ammonia Production Systems
Dimitrios Apostolou 1,* and George Xydis 1,2

1 Department of Mechanical Engineering, University of the Peloponnese, 1 Megalou Alexandrou Str.,
26334 Patras, Greece; gxydis@uop.gr

2 Department of Business Development and Technology, Aarhus University, Birk Centerpark 15,
7400 Herning, Denmark

* Correspondence: d.apostolou@uop.gr

Abstract

Green ammonia is increasingly recognised as a sustainability enabler for decarbonising fer-
tiliser production, energy storage, and maritime transport, but offshore wind-to-ammonia
pathways remain subject to significant economic and operational uncertainty. This study
evaluated the techno-economic and sustainability performance of integrating power-to-
ammonia (PtA) with an operating offshore wind farm in Denmark under three supply-chain
scenarios (SCs): SC1, a fully offshore PtA with vessel-based ammonia transport; SC2, a
fully offshore PtA with pipeline export; and SC3, a hybrid offshore–onshore configura-
tion. An hourly dispatch framework allocated wind electricity between grid export and
ammonia production by comparing incremental operating margins, while accounting for
minimum-load, ramping, storage, and logistics constraints. Hourly wind generation and
DK1 electricity-price data for 2020–2025 are used to construct a deterministic base case
and a 30-year block-bootstrap Monte Carlo analysis. Sensitivity analysis is performed
by varying electrolyser rated power over 10–200 MW and ammonia selling price over
1400–3200 €/tNH3, with additional breakeven-price estimation and flexibility cases based
on reduced minimum-load requirements and faster ramping. A screening-level climate
indicator was additionally reported by estimating potential CO2 emissions avoided if
delivered green ammonia displaces conventional natural-gas-based ammonia. Results
indicated that SC3 is the most favourable configuration under the adopted assumptions,
while overall project viability remained highly sensitive to PtA sizing, ammonia market
value, operational flexibility, and the assumed infrastructure cost structure.

Keywords: offshore wind farm; ‘green’ ammonia; hydrogen; power to ammonia; power to
grid; sustainability

1. Introduction
During the last few decades one of the main environmental goals has been the decar-

bonisation of the energy sector, which is one of the main greenhouse gas (GHG) producers
globally. The conventional methods of producing energy from fossil fuels such as coal, oil,
and natural gas cannot keep up with the climate goals set by global agreements, such as
the Paris Agreement. Signed in 2015 by most countries, its main point was the limitation of
global warming to below 2 degrees Celsius—ideally, no more than 1.5 degrees. To meet
these goals, new clean, practical, and affordable energy technologies are required [1].

As a potential renewable energy vector, green ammonia is one of the key solutions
under investigation, showing the way to a more sustainable energy future. Beyond its
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traditional role in explosives, fertilisers, and industrial applications, ammonia has emerging
potential as a clean fuel and a hydrogen energy carrier. When produced via renewable
energy sources—such as wind or solar energy—green ammonia serves as a zero-carbon
alternative to fossil fuels. Ammonia offers a flexible and efficient method for capturing,
storing, and utilising renewable energy while significantly reducing global greenhouse gas
emissions [2].

Offshore wind energy is a particularly promising source for green ammonia produc-
tion, thanks to the vast untapped potential of sea-based wind resources. The electricity
generated by offshore wind farms can power water electrolysis systems to produce hydro-
gen, which can then be turned into ammonia—creating a carbon-neutral and renewable
energy cycle [3,4]. However, it is not quite the same trying to transform fossil-based hydro-
gen into green ammonia production, especially since traditional methods rely on natural
gas. Conventional ammonia synthesis cannot—at least at a reasonable cost—handle the
intermittency of renewable energy sources [5]; moreover, its reliance on fossil feedstocks
leads to substantial CO2 emissions, which is incompatible with long-term decarbonisation
of fertiliser production. While direct air capture (DAC) can reduce emissions in ‘blue’ am-
monia pathways, full decarbonisation ultimately requires renewable-powered electrolysis
for hydrogen supply [6]. Addressing these challenges requires significant initial invest-
ments, the advancement of efficient and affordable green ammonia production methods,
the establishment of robust transportation and storage systems, and the implementation of
supportive regulatory policies. A collaborative, multi-disciplinary strategy—integrating
insights from engineering, environmental science, economics, and policy studies—is es-
sential to overcome all these obstacles. Offshore wind energy leverages the strong and
consistent winds found at sea compared to those on land. This advantage leads to higher
energy output, making it a more reliable and efficient power source [7].

Green ammonia is synthesised by combining hydrogen (derived from water electroly-
sis powered by solar or wind energy) with nitrogen extracted from the air, earning its ‘green’
name from the carbon-free sources used for its production. By transforming renewable
power into ammonia, energy can be stored for extended periods and shipped globally,
overcoming, practically, a major hurdle in scaling up renewables.

Conventional ammonia production, known as ‘grey’ ammonia, relies on the fossil
fuel-powered Haber–Bosch process, with substantial CO2 emissions. In contrast, ‘blue’
ammonia incorporates carbon capture and storage (CCS) into traditional methods, reducing
its environmental impact. Yet only ‘green’ ammonia—produced via sustainable energy
sources—achieves full sustainability, despite issues remaining with regard to affordability
and large-scale adoption [8]. Figure 1 illustrates the evolution of ammonia production
(‘grey’, ‘blue’, ‘green’) in the last two decades based on estimations from International
Energy Agency (IEA), International Renewable Energy Agency (IRENA), and industry
white papers (e.g., US Geological Survey) [5,7,9], where it is apparent that although carbon-
based production of ammonia still remains the main generation method, less intensive CO2

emission methods have been introduced in the later years.
Studies reveal that green ammonia is cost-competitive in areas with abundant renew-

able energy. For example, a study optimising Saudi Arabia’s solar and wind resources
shows cost-competitive green ammonia and hydrogen production, positioning the region
as a key future exporter of green fuels [10]. This trend is also supported by the advance-
ments in electrolysis technology and the declining costs of renewable energy infrastructure,
both of which bolster the business case for green ammonia generation [11]. Furthermore,
as production globally scales up, economies of scale will enhance the green ammonia
market, reduce costs and narrow the price gap between carbon-based ammonia and green
ammonia [11]. Ammonia, as a fuel in the maritime sector, has greater energy density than
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hydrogen and easier liquefaction at manageable pressures; ammonia also provides more
practical handling, presenting significant advances compared to hydrogen transport and
storage [10].

Figure 1. Annual ‘gray’, ‘blue’ and ‘green’ ammonia production 2005–2024. Based on [5,7,9].

Several barriers still need to be overcome when moving forward with green ammonia.
Scaling up electrolysers, building ammonia plants, and creating trade systems for renewable
energy-based ammonia involves several obstacles—technical, economic, and regulatory.
Governmental assistance is crucial in addressing these challenges since it demands state
funding coupled with smart regulations that stimulate private investment and promote
innovation in the field [10].

Ishaq and Crawford conducted a detailed analysis of green ammonia production
methods, emphasising the critical role of renewable energy integration in achieving full
decarbonisation across the ammonia value chain—from production and storage, to different
end-use applications. The investigation assessed green ammonia’s various applications—as
an energy storage medium, zero-carbon fuel, and active component in carbon capture,
utilisation and storage systems [12]. Complementing this, Ishaq and Dincer proposed
an alternative option, a solar-based system that co-produces power and ammonia as a
fuel. Their study stressed the growing viability of ammonia-focused energy units in future
energy systems [13]. Fasihi et al. studied the global market potential with hybrid renewable
energy plants showing that green ammonia could undercut coal-based production costs
and its associated GHG emissions [10].

Akhtar and Liu conducted an economic assessment of importing green ammonia
from Australia to South Korea to meet the country’s hydrogen demand. Their findings
suggested that this scenario could become financially feasible by 2023 [11]. Allman and
Daoutidis developed a model to determine the optimal size of a wind-based ammonia unit.
In their study, they highlighted how deciding on the plant location and plant sizing could
reduce costs, optimising the ammonia generation and, ultimately, overall profitability [14].
Similarly, another study which focused on a hybrid solar-wind setup proved that the
ammonia production cost can be reduced to lower than 440 €/tNH3 and end up being rather
competitive compared to fossil fuels [15]. Cameli et al. moving forward with stochastic
optimisation—based on solar and wind resources—calculated how to lower the cost of
hydrogen and ammonia [16].

Optimisation models for green hydrogen and ammonia generation and export, such
as those announced by Saudi Arabia and other countries in the Middle East, assess the
economic competitiveness and technical feasibility of green ammonia as a sustainable fuel
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alternative for decarbonisation [10]. Campion et al. developed an analogous financial
model to investigate how varying solar and wind resources influence the green ammonia
generation costs. Their framework enables a systematic evaluation of different renewable
energy integration approaches for ammonia synthesis [17].

Turning to the financial literature, a recent analysis examined eight potential system
designs for synthesising ammonia using wind energy from a 12 GW offshore wind farm
in the North Sea. The research proved that a completely offshore production system
incorporating solid oxide electrolysis (SOEC)—electricity to produce hydrogen—managed
to achieve optimal energy efficiency and minimum capital expenditure (CAPEX). However,
the LCOA for all renewable-based scenarios remained elevated compared to traditional
fossil-fuelled ammonia production. The study concluded that achieving cost parity would
require substantial regulatory support, either through green certificate schemes or carbon
pricing mechanisms to become a viable option in the range of €129–336 per metric ton of
CO2 emissions [18]. The study by Singlitico et al., which focused on location optimisation
and setup, concluded that integrating electrolysis offshore can reduce green hydrogen costs
to 2.4 €/kgH2, which is a rather competitive price if it is compared to fossil fuel-based
hydrogen [19]. Durakovic et al. focused on transmission costs and offshore production
proving that offshore can become more viable when including hydrogen, since a hydrogen
hub in the long term can reduce the costs of building more transmission lines [20]. Therefore,
by converting wind energy into green ammonia, renewable energy can become more cost
efficient and can be stored and transported, enabling cross-sector decarbonization in sectors
beyond just energy.

This paper aims to investigate green ammonia as an essential part of a sustainable
energy system that can be produced by offshore wind energy. Although coupling offshore
energy with green ammonia production seems very promising towards decarbonisation,
there is limited research on the viability of such projects in regard to energy dispatch,
location of the different components, logistics, and PtA system sizing. It needs to be noted
that, certainly, high initial costs challenge green ammonia’s viability, but the decrease in
renewable energy prices, future carbon taxes, technological advances, and the option for
various revenue streams support it. As global energy systems evolve, green ammonia
offers a way to combine economic growth with environmental sustainability. Therefore,
the present work aims to answer the following three research questions (RQs):

• Under what electricity price conditions is it economically optimal to divert wind-
generated electricity from grid export to PtA production, when PtA can be configured
as offshore, hybrid offshore–onshore, or offshore with pipeline export?

• How does the incremental economic value of adding PtA to an existing wind farm
(relative to selling all electricity to the electricity market) differ across alternative PtA
supply-chain configurations?

• How do the optimal PtA capacities and operational flexibility options (e.g., electrol-
yser/synthesis sizing and storage) interact with transport infrastructure choices to
affect utilisation, and the project’s incremental financial performance?

This paper is structured into three main sections: the methodology used to develop
the scenario of implementing a PtA system into an operational offshore wind farm, the data
analysis conducted to derive the results, and the discussion of findings to evaluate whether
the research questions were answered and how the study contributes to existing knowledge.

2. Materials and Methods
To ensure that the outcome of this study will provide adequate data for answering the

respective RQs, three SCs have been considered (Figure 2):
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• SC1: The first SC included an entirely offshore ammonia production supply chain.
In this case, hydrogen and ammonia production is located on-site at the offshore
wind site. It stresses the benefits of reducing energy waste during transportation and
optimal organisation of production schemes.

• SC2: This case is similar to SC1 but focused on the transport logistics and costs that
come with NH3 transport through pipelines.

• SC3: The third SC comprised a hybrid offshore–onshore model. An SC where electricity
is produced offshore, while hydrogen and ammonia are produced onshore.

 

 

 

Figure 2. Schematic representation of the three investigated SCs.
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Wind Farm: The proposed wind asset is assumed to be an operational offshore wind
farm located in the Danish North Sea, 20 km off the coast of Esbjerg’s port. The wind farm
is represented as 20 identical Vestas V164-8.3 MW turbines (Vestas Wind Systems A/S,
Aarhus, Denmark), corresponding to a nominal installed capacity of 166 MW, with a hub
height of approximately 100 m. The hourly electrical energy output of the wind farm is
computed from reanalysis wind data and a turbine-specific power curve, producing an
hourly generation time series that is subsequently coupled with hourly electricity market
prices and scenario-specific PtA conversion and transport representations. The available
wind energy can either be sold to the grid at the spot price or diverted to a PtA facility to
produce ammonia for sale.

Hourly reanalysis fields were obtained from the Copernicus Climate Change Service
ERA5 “hourly data on single levels” dataset [21]. The variables used were the 100 m
eastward wind component u(t) and 100 m northward wind component v(t) (in m/s).
The assumed wind-farm centroid is located approximately 20 km offshore from Esb-
jerg, Denmark; for data extraction the centroid was represented by WGS84 coordinates
(lat, lon) = (55.48◦ N, 8.13◦ E), and the nearest ERA5 grid point (0.25◦ × 0.25◦) was selected.

The hourly wind speed (VWF) is calculated by Equation (1) [21].

VWF(t) =
√

u(t)2 + v(t)2 (1)

To calculate the hourly production of the wind farm, wind speed is mapped to single-
turbine electrical power using the turbine-specific power curve for the Vestas V164 plat-
form [22]. The power curve is represented as a discrete set of points between the wind
speed and Pi in MW representing the corresponding turbine output. For each hour, single-
turbine power output (Pturb) in MW is obtained via piecewise-linear interpolation between
the two curve points that bracket the observed wind speed [23]:

Pturb(t) = interp(VWF(t); {VWFi}, {Pi}), (2)

with output set to zero outside the operating range (below cut-in and above cut-out speeds)
and held constant in the rated region according to the curve plateau. Total wind farm power
(PWF) in MW is computed by scaling single-turbine power by the number of turbines (NT):

PWF(t) = NT ·Pturb(t) (3)

The energy production of the wind farm (EWF) in MWh, is given by Equation (4).

EWF(t) = PWF(t)·∆t, (4)

with ∆t = 1 h
The produced energy supplied to the grid (EGR) in MWh is given by Equation (5),

where ηGr is the efficiency of the transmission (corresponds to the cable and transformer
losses ≈ 3%) [18].

EGR(t) = EWF(t)·ηGr (5)

Floating Platforms: The floating platforms consist of critical structures that are used for
placing the offshore key components including the balance of plant (BoP) components of
the wind farm (e.g., offshore transformers), the hydrogen, and the ammonia production
facilities with each respective auxiliary equipment (e.g., storage, compressors, air separation
unit—ASU).

The proposed SC topologies included the main technical equipment required for the PtA
processes. The topologies development was based on several assumptions consisting of the
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rated power of the electrolysis plant, and consequently the sizing of the hydrogen—ammonia
production outputs.

Hydrogen Production Plant: It includes a 100 MW proton exchange membrane (PEM)
water electrolysis generator with its BoP components (e.g., desalination of seawater for
SCs 1, 2, H2 compressor and storage). Hydrogen generation (mH2) in tH2 is calculated
based on the energy input of the electrolyser (EEL), the efficiency of the plant (ηEL) and the
low heating value (LHV) of hydrogen (see Equations (6)–(8). ER in MWh is the electricity
demand for the production of N2 and the Haber–Bosch synthesis process that equals to
approximately 5% of the entire electricity used for ammonia production [5,24]. However,
in the case of SC3, the energy supplied to the PtA facility is given by Equation (7).

EEL,SC1,2(t) = EWF(t)− ER (6)

EEL,SC3(t) = EGr(t)− ER (7)

mH2(t) = EEL(t)·ηEL·LHV−1
H2 (8)

Cryogenic Air Separation Unit and Ammonia Production Plant: The ASU is a key compo-
nent of the ammonia supply chain as it supplies the N2 reacting with H2 to produce NH3

through the Haber–Bosch process. Based on the Haber–Bosch reaction, 1 mole of N2 reacts
with 3 moles of H2 to produce 2 moles of NH3 [25,26].

N2 + 3 H2 ⇌ 2 NH3

Therefore, by considering the molar masses of the reactants and the product (i.e.,
MH2, MNH3), and conversion efficiencies comprising losses in the synthesis loop (equi-
librium limitation, purge, incomplete reaction) and incomplete ammonia recovery in the
condenser/separator (i.e., ηHB, ηsep respectively), the mass of ammonia was calculated as:

mNH3,prod(t) =
2·MNH3

3·MH2
·mH2(t)·ηHB·ηsep, (9)

with ηHB = 0.97 [27] and ηsep = 0.99 [28].
Subsea Infrastructure: It consists of the NH3 pipeline installation of SC2. The length of

the pipeline installation has been assumed to be approximately 20 km offshore, similar to
the wind farm location, with a pipeline diameter of 25 cm.

Transportation and Logistics: The transportation and logistics account for transporting
ammonia in SC1 to shore via an ammonia vessel.

For SC1, ammonia produced offshore is buffered in an intermediate storage tank
and transported to shore by a dedicated ammonia carrier (vessel). For SC2, ammonia is
exported continuously through a subsea pipeline. For SC3, ammonia is produced onshore
and therefore offshore ammonia transport is not required.

To ensure hourly feasibility, the model tracks ammonia inventory and limits exports
by scenario-specific transport capacities (pipeline capacity or vessel loading events), so that
revenue is based on delivered ammonia rather than unconstrained production.

The three SCs were investigated for an existing wind farm where for each ∆t the PtA
operating point is selected by comparing the incremental operating margin of grid export
and ammonia production (Equations (16) and (17) and margin definitions below), subject to
plant capacity, operational flexibility constraints (Equations (18)–(21)), and scenario-specific
logistics and storage feasibility constraints (Equations (10)–(15)).

Logistics feasibility and inventory balance: For SC1, ammonia produced offshore is
buffered in storage before delivery to shore. For SC2, it is assumed that the pipeline consists
of the buffer storage, and no additional onshore storage is required.
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Let S(t) in tNH3 denote the ammonia inventory at the end of hour t, mNH3,prod(t) in tNH3

the ammonia produced in hour t (Equation (9) after operational feasibility constraints), and
mNH3,del(t) in tNH3 the ammonia delivered to the market in hour t. The inventory evolution
is calculated by:

0 ≤ S(t) ≤ Smax (10)

0 ≤ mNH3,del(t) ≤ mtrans,max (11)

S(t) = S(t − 1) + mNH3,prod(t)− mNH3,del(t), (12)

with Smax being the maximum ammonia storage capacity in tNH3.
For SC2, the delivery limit is mtrans,max = ṁpipe,max · ∆t, where ṁpipe,max is the maximum

pipeline transport rate (tNH3/h). For SC1, deliveries occur as discrete loading events:

mNH3,del(t) = yv(t)·mvessel (13)

S(t − 1) ≥ yv(t)·mvessel (14)

t

∑
k=t−τv+1

yv(k) ≤ 1, (15)

where mvessel is the vessel cargo capacity (tNH3 per voyage), yv(t) ∈ {0,1} indicates a vessel
departure/loading in hour t, and τv (h) is the minimum turnaround time capturing sailing
and port operations. For SC3, the same balance applies but with production and delivery
co-located; hence, mNH3,del(t) = mNH3,prod(t).

If the storage upper bound would be violated (S(t) > Smax), PtA operation is curtailed,
so that Equation (10) is satisfied; similarly, delivery cannot exceed the available inventory
(Equation (14)). This ensures the operating schedule and associated revenue stream are
feasible under the assumed logistics limits.

The hourly revenues of selling electricity in the day-ahead market (TGr) is calculated by
Equation (16), while the revenues from ammonia sale (TNH3) are provided by Equation (17).

TGr(t) = λGr(t)· EGr(t) (16)

TNH3(t) = λNH3·mNH3,del(t), (17)

where TGr represents the revenues from selling electricity to the grid in €, TNH3 represents
the revenues from ammonia sales in €, λGr is the spot market price in €/MWh, and λNH3 is
the ammonia selling price in €/tNH3.

Hourly day-ahead prices were retrieved from Energinet’s Energi Data Service, dataset
“Elspotprices” [29]. Records were filtered to the DK1 bidding zone (PriceArea = DK1) and
the SpotPriceEUR field (€/MWh) was used as the hourly electricity price series λGr(t). The
timestamp HourUTC was used for time alignment.

ERA5 timestamps (i.e., wind speed data) are provided in UTC and the Elspotprices
dataset provides both HourUTC and local-time HourDK fields; all analyses in this study
used HourUTC to avoid daylight-saving ambiguities. The two datasets were merged on
HourUTC. Any duplicate timestamps were removed; if missing timestamps occurred in
either series, the corresponding hours were excluded from the paired wind–price dataset
to maintain consistent hourly alignment.

To avoid overestimating PtA operation, the dispatch decision is formulated on an
incremental profit basis rather than a revenue-only comparison. The hourly operating
margin of electricity export is defined as:

MGr(t) = TGr(t) − CGr,var(t),
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and the hourly operating margin of ammonia production as:

MNH3(t) = TNH3(t) − CNH3,var(t).

CGr,var(t) denotes any variable export-related costs (assumed negligible beyond the
electrical losses already captured by ηGr), while CNH3,var(t) refers to variable costs that
scale with operation, such as variable O&M/consumables and scenario-specific marginal
logistics (e.g., pumping/compression for SC2 or vessel operation for SC1), expressed per
hour (or equivalently per tonne of NH3 produced). Because the decision compares MNH3(t)
with MGr(t) for the same available wind energy, the opportunity cost of electricity consumed
by PtA is endogenously accounted for in the switching criterion.

Operational Dispatch with Flexibility Constraints: The baseline dispatch compares the
hourly value of electricity export (MGr, based on Equation (16)) and ammonia production
(MNH3, based on Equation (17)). However, PtA is not assumed to be fully flexible on
an hourly basis: the down-stream air-separation and Haber–Bosch synthesis topology is
typically constrained by minimum stable load and ramping limits to avoid thermal/catalyst
stress and loss of stability. Therefore, hourly dispatch is computed using the margin-based
rule but is enforced to be feasible through reduced-order flexibility constraints [30–33].

Let PPtA(t) be the aggregate electrical power allocated to PtA in hour t (including
electrolysis, nitrogen separation and synthesis auxiliaries), PPtA,max the installed PtA elec-
trical capacity, and u(t) ∈ {0,1} the PtA on/off state. The feasible operating region is
represented as:

0 ≤ PPtA(t) ≤ u(t)·PPtA,max (18)

PPtA(t) ≥ u(t)· fmin·PPtA,max (19)

PPtA(t)− PPtA(t − 1) ≤ rup·PPtA,max (20)

PPtA(t − 1)− PPtA(t) ≤ rdown·PPtA,max, (21)

where fmin is a dimensionless fraction of rated PtA load that must be maintained whenever
the plant is online. Therefore Equation (19) poses a constraint for a minimum stable load
that indicates a PtA operation below the f stated fraction and hence its operation cannot
follow high-frequency price signals by deep part-load operation. Ramp-up and ramp-
down limits (rup, rdown respectively) show the maximum increase and decrease in PtA load
allowed from one hour to the next, expressed as a fraction of the rated load (Equations (20)
and (21)). These parameters prevent unrealistic hour-to-hour switching and represent the
limited turndown and dynamic response of the ammonia synthesis process compared with
the electrolyser, while retaining a tractable rule-based dispatch model at hourly resolution.

The operating strategy is implemented as a net-margin-based dispatch rule subject to
explicit feasibility constraints. The hourly margin comparison identifies whether ammonia
production or grid export is economically preferred in hour t; however, actual operation is
restricted by the PtA dynamic constraints, including the minimum stable operating level
and ramp-up/ramp-down limits (Equations (18)–(21)), as well as the storage and logistics
feasibility constraints (Equations (10)–(15)).

Flexibility parameterization: In the base-case (‘existing industrial synthesis process’), fmin

is set to 0.60, consistent with the turndown understood to be achievable with existing am-
monia reactor technology [30], and ramp limits are set to rup = 0.05 h−1 and rdown = 0.20 h−1,
consistent with flexibility constraints used in recent green-ammonia scheduling studies [31].
A ‘flex-ready’ sensitivity set is also tested (fmin = 0.20; rup = rdown = 0.20 h−1) to repre-
sent modified designs that sustain deeper turndown; dynamic simulations of modified
Haber–Bosch configurations report stable operation down to approximately 10% load
with minute-scale ramping [33]. Cryogenic ASU designs can also reach at least 40% load
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with rapid ramping under appropriate control, so the synthesis loop typically remains the
limiting unit [32].

Accordingly, the hourly operating rule is updated as follows: PtA operates in hour t if
MNH3(t) > MGr(t) and a feasible setpoint PPtA(t) exists under Equations (18)–(21), and the
implied ammonia inventory and delivery remain feasible under Equations (10)–(15). In
practice, the unconstrained dispatch signal selects PtA (on/off) and a desired PtA load; the
final PPtA(t) is then obtained by applying the minimum-load and ramp constraints and, if
needed, curtailing PtA to prevent storage overflow. If wind availability is insufficient to
satisfy the minimum-load constraint, PtA remains off and wind energy is exported to the
grid (or curtailed in negative-price hours, when grid export is not allowed).

The hourly dispatch rule is based on a direct comparison between the net operating
margin of diverting wind power to the PtA chain and the net operating margin of exporting
electricity to the grid. Under the modelling assumptions adopted in this work—namely that
(i) wind availability and market prices are exogenous inputs, (ii) the conversion of electricity
to ammonia is represented through constant yield factors (linear mapping), and (iii) there
is no explicit long-term arbitrage objective associated with intermediate inventories be-
yond feasibility—the optimal operational decision at each hour reduces to selecting the
option with the higher net margin. Therefore, the switching condition (MNH3(t) > MGr(t))
corresponds to the per-hour profit-maximising solution of the relaxed (uncoupled) dis-
patch problem. However, in practice the operation is temporally coupled due to minimum
stable load, ramp-up/ramp-down limits, and logistics feasibility (inventory balance and
delivery constraints). For this reason, the final dispatch is not implemented as a purely
‘on/off’ decision. Instead, the margin-based switching signal is used as an operational
target and is subsequently adjusted to remain feasible under the dynamic constraints of
Equations (10)–(15) and Equations (18)–(21). In other words, the algorithm follows the
margin-based preference whenever feasible, and curtails or modifies the PtA load when
required by ramping, minimum-load limits, and storage/transport feasibility.

Project Development: Across studies, project development costs typically account for
10–18% of the total project’s CAPEX in offshore ammonia projects. These values include,
among others, front-end engineering and design, permitting and offshore deployment,
regulatory compliance, and construction management [18,34].

The components used in the investigated SCs with the respective rated power and
cost parameters are described in Table 1.

Table 1. Components used in the SCs with their corresponding specific CAPEX.

Component Units Value Reference

Floating Platforms—CAPEXPL M€/MWel 0.44 [35]
PEM Water Electrolysis Plant (including

BoP)—Offshore—CAPEXEL,off
M€/MWel 1.7 [35,36]

PEM Water Electrolysis Plant (including
BoP)—Onshore—CAPEXEL,on

M€/MWel 1.5 [37]

Cryogenic Air Separation Unit—CAPEXAirS M€/tNH3/y 1.3 × 10−4 [38]
Ammonia Synthesis Plant—CAPEXAmSy M€/tNH3/y 9.2 × 10−4 [39]

Subsea Infrastructure (Pipelines)—CAPEXpipe M€/km 1.4 [40]
Transportation and Logistics (via

vessel)—CAPEXLog
M€/tNH3 14.4 × 10−4 [40]

Onshore Ammonia Storage Tank—CAPEXASt M€/tNH3 17.9 × 10−4 [40]
Project Development - 13% of total CAPEX [34]

Cost inputs were taken as reported in the cited sources and expressed in euros. Where
a currency year was not explicitly stated, the publication year of the source was assumed.
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Values were interpreted on a real (constant euro) basis and were not escalated to a common
currency year. No endogenous learning effects were modelled.

Technoeconomic analysis (TEA) is a critical research tool for evaluating ‘green’ am-
monia production, as it systematically assesses both economic and technical performance
across various production methods. By calculating metrics like LCOA, TEA offers a com-
prehensive way to compare the cost efficiency of various technologies and energy sources.

This study adopts a positivistic, deductive approach, relying on secondary data from
credible sources such as academic journals, industry reports, and government publications.
The main TEA data—including investment costs, operational expenses, energy outputs,
and market prices—are analysed to compute financial indicators like LCOA, NPV, and
internal rate of return (IRR).

The aforementioned multiple production scenarios were used to identify the most
cost-effective pathways for ‘green’ ammonia. Each case addressed CAPEX and operational
expenditure (OPEX), covering costs for facility setup, maintenance, and ammonia synthesis
technologies. Financial modelling within TEA calculated the NPV, and IRR along with
the breakeven price of NH3 to get positive NPV and IRR (in case of negative results) and
LCOA through sensitivity analysis, helping investors identify potential returns and risks
for each production scenario.

The calculation of the financial parameters to assess the above-mentioned economic
tools was based on the following equations (Equations (22)–(25)) for the capital cost (ICo) in
M€, the NPV, and the LCOA [18,37].

ICo = ICEL + ICPL + ICAmSy + ICAirS + ICS.In f r + ICLog + ICst + ICdevelop, (22)

with
ICEL = PEL·CAPEXEL

ICPL = PEL·CAPEXPL

ICAmSy = mNH3,an·CAPEXAmSy

ICAirS = mNH3,an·CAPEXAirS

ICLog = mvessel ·CAPEXLog(SC1)

ICLog = Lpipe·CAPEXpipe(SC2),

where ICPL is the floating platforms cost in M€, ICEL represents the hydrogen production
plant cost in M€, ICAmSy is the capital cost of the ammonia synthesis plant in M€, ICAirS is
the cost of the cryogenic air separation unit in M€, ICS.Infr is the subsea infrastructure cost in
M€, ICLog represents the transportation via pipeline, (pipeline CAPEX and respective BOP)
or logistics cost (CAPEX of the vessel) depending on the SC in M€. ICst is the ammonia
storage tank in M€, while ICdevelop consists of the development costs (i.e., development of
the project) in M€. mNH3,an represents the annual mass of ammonia in tNH3/y. mvessel is the
ammonia’s mass capacity of the vessel for SC1 in tNH3, and Lpipe represents the pipeline’s
length in km for SC2.

The NPV was calculated using a standard annual equity cashflow (FCFE) formulation.
Hourly dispatch outputs are aggregated to annual incremental operating value Ty (M€),
where Ty represents the incremental annual revenues from ammonia sales and electricity
export minus the baseline annual revenues obtained by exporting all available wind elec-
tricity to the day-ahead market without PtA. All monetary values are expressed in constant
(real) euros; therefore, discount rates are interpreted as real rates.
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The project is taken to be financed with equity fraction fe and debt fraction fd (Table 2),
such that the year-0 equity outlay is Eo = fe · ICo and the initial loan principal is Do = fd · ICo.
The equity NPV is computed as:

NPV = −Eo +
N

∑
y=1

FCFEy

(1 + re)
y , (23)

with

Table 2. Data used for the calculation of the NPV formula.

Parameter Symbol Value Units Source

Income tax coefficient Φ 0.22 - [37]
Labour wage PO 0.084 M€/y [37]

OPEX SCs OMcs 1.5% (ICo − IClog) M€/y [37,41]
OPEX Vessel OMv 4% IClog M€/y [40]

Replacement cost of stacks at 11th
and 21st year of operation OMst

50% ICEL + 30%
(ICAmSy + ICAirS) M€ [18,42]

Variable cost due to vessel’s fuel costs CNH3,var 2 × 10−5 mNH3,an M€ [43]
Insurance cost In 1.0% ICo M€/y [37]

Land-lease Rn 1.3 × 10−6 Footprint M€/y [44]
Depreciation rate (declining) δ 10% - [45]

Loan rate of interest i 3.5% - [46]
Weighted average cost of capital r 3.0% - [47]

Equity fraction fe 30% - Assumption
Debt fraction fd 70% - Assumption
Loan tenor nL 20 y Assumption

Project lifetime N 30 y Assumption

Annual free cashflows to equity:

FCFEy =
(
EBTy − Taxy

)
+ Depy − Priny

Earnings before taxes:

EBTy = EBITy − Inty, Taxy = Φ·max
(
0, EBITy

)
Interest, Principal, remaining balance:

Inty = i·Dy−1 , Priny = A − Inty , Dy = Dy−1 − Priny for y > nL, Inty = Priny = 0

Loan annual payment:

A = Do·
i·(1 + i)nL

(1 + i)nL − 1

Earnings before interest and taxes:

EBITy = Ty − OPEXy − Depy

Depreciation and book value:

Depy = δ·BVy−1 , BVy = BVy−1 − Depy , BVo = ICo

Annual cash OPEX:

OPEXy = PO + OMCS + 1SC1OMv + In + Rn + OMst,y
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To maintain consistency with the weighted average cost of capital (WACC) r reported
in Table 2, re is derived as:

r = fe·re + fd·i·(1 − Φ) ⇒ re =
r − fd·i·(1 − Φ)

fe
(24)

LCOA =
ICo + ∑

y
y=1

OPEXy

(1+r)y

∑N
y=1

mNH3,dely

(1+r)y

(25)

The IRR is the value of re that sets NPV = 0 for the series {-Eo, FCFE1-,. . ., FCFEN}.
Table 2 summarises the financial parameters used to compute the equity NPV of each

scenario. The total initial investment at year 0 is ICo (Equation (22)), which represents
the complete upfront CAPEX of the offshore wind-to-ammonia system, including the
electrolyser, ammonia synthesis and air separation units, infrastructure, storage, and
logistics (pipeline or vessel depending on the scenario). The project lifetime is N years.

The techno-operational model provided, for each year y, an annual incremental oper-
ating value Ty (in M€). Ty is obtained by aggregating the hourly dispatch results over the
year (electricity export and delivered ammonia) and subtracting the annual revenues of the
electricity-only baseline (i.e., exporting all available wind electricity to the day-ahead mar-
ket without PtA). In this way, Ty represents the annual value created by the PtA pathway
relative to the baseline.

Annual cash operating expenditure OPEXy is computed using the parameters in
Table 2. PO is the annual personnel/labour cost (in M€/y). OMcs is the fixed annual O&M
of system components (in M€/y). OMv is the annual vessel O&M cost (in M€/y) and is
included only for the vessel-based logistics case (SC1). In is annual insurance (in M€/y)
and Rn is annual land lease/rent (in M€/y). Degradation is represented in a reduced-order
manner through scheduled stack replacement outlays OMst,y (in M€), treated as discrete
one-off costs in the specified replacement years (e.g., years 11 and 21). This approach
captures the main financial impact of component ageing over the project lifetime, but
it does not explicitly model short-term degradation as a function of hourly cycling or
ramping intensity. Therefore, the dispatch results should be interpreted as valid under the
assumption that cycling-related wear is reflected in the replacement schedule rather than
being penalised directly on an hour-to-hour basis.

Depreciation is modelled using a declining-balance rate δ applied to the asset book
value BV. BVo is set equal to ICo at year 0. The annual depreciation amount Depy is a
non-cash accounting cost that affects taxable income but is added back when computing
cashflows. Corporate income tax is represented by the tax coefficient Φ and applied only to
positive earnings before tax, using max(0,·) to avoid negative taxes.

The capital structure is defined by the equity fraction fe and debt fraction fd, with
fe + fd = 1. Debt carries an annual interest rate i and is repaid over the loan tenor nL (in y).
The loan tenor is the length of time over which the debt is amortised; for example, with
nL = 20 years, interest and principal repayments occur only in years y ≤ 20 and are set
to zero for y > 20 because the loan is fully repaid. The constant annual debt payment A
is computed from i and nL and is split each year into an interest component Inty and a
principal component Priny.

Discounting uses two related rates. The WACC r is the project-level discount rate
associated with the assumed capital structure and is used for levelised cost metrics (e.g.,
LCOA). Equity cashflows are discounted with the equity discount rate re. This ensures the
NPV calculation is internally consistent with the chosen debt/equity split, interest rate,
and corporate tax rate.
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To calculate equity NPV, the following steps were applied for each year y = 1, . . ., N.
First, annual cash OPEX was computed. Second, depreciation (Depy) was computed and the
book value (BVy) was updated using the declining-balance rule with rate δ and initial BVo.
Third, earnings before interest and tax were calculated followed by the annual debt service.
Using the constant annual payment A, interest (Inty) and principal (Priny) were computed
and the outstanding debt balance was updated for y ≤ nL. Subsequently, earnings before
tax and corporate tax were calculated. By taking all the above into consideration, the
free cashflow to equity was computed. This formulation subtracted taxes on earnings
after interest, added back depreciation because it is non-cash, and subtracted principal
repayment because it is a cash outflow to debt holders. The NPV was computed by
discounting the FCFE series at re and subtracting the initial equity outlay. The internal
rate of return (IRR) was obtained as the value of re that set NPV equal to zero for the
cashflow series.

Hourly dispatch decisions are computed using the operating rule defined above: PtA
operates in hour t if MNH3(t) > MGr(t), a feasible PPtA(t) setpoint exists under the minimum-
load and ramping constraints (Equations (18)–(21)), and the resulting ammonia production
and delivery are feasible under the inventory and logistics constraints (Equations (10)–(15));
otherwise, electricity is exported to the grid (or curtailed in negative-price hours, when grid
export is not allowed). Hourly cashflows are aggregated to annual incremental revenues
Ty, where Ty represents the incremental annual revenues from ammonia sales and electric-
ity export minus the baseline annual revenues obtained by exporting all available wind
electricity to the day-ahead market without PtA (see financial model and NPV formulation).

Hourly wind generation and spot prices are available for the years 2020–2025. Initially,
a base-case trajectory that represents a deterministic cumulative NPV pathway obtained
under the reference techno-economic assumptions and without stochastic resampling has
been studied. Because only a limited number of historical years are available, the observed
annual incremental revenue and ammonia production series is repeated to span the full
30-year project lifetime. To avoid using this limited window as a deterministic forecast
for a 30-year project lifetime, a block-bootstrap Monte Carlo procedure is applied [48].
The initial base-case economic analysis served as a benchmark against which the Monte
Carlo results quantified inter-annual variability and uncertainty. For each Monte Carlo
realisation, complete historical years are sampled with replacement from the set 2020–2025
and concatenated until a synthetic 30-year hourly trajectory is formed. Wind generation and
electricity prices are sampled as paired years (i.e., wind and price from the same sampled
calendar year are kept together), preserving seasonality and the empirical wind–price
dependence embedded in the data. For each realisation, the dispatch is recomputed hour-
by-hour using the same operating rule, and annual equity cashflows are then evaluated
over the 30-year lifetime using the financial model parameters in Table 2. Because intact
calendar years are resampled, the method retains the intra-year seasonal structure and
the observed within-year wind–price co-variability. However, it implicitly assumes that
the available years are representative draws from a stationary joint wind–price process;
therefore, it does not capture structural market shifts or long-term trends beyond the
historical window.

Financial outputs are reported as distributions rather than single-point estimates,
using percentile statistics (e.g., P10/P50/P90) for NPV, IRR, and LCOA. Additionally,
cumulative NPV charts are constructed by computing cumulative discounted cashflows
per year across the Monte Carlo ensemble and reporting the median trajectory together
with percentile bands.

The dispatch rule is unchanged under the uncertainty analysis; the Monte Carlo
procedure only changes the sequence of historical wind–price years used to construct
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long-term hourly inputs, after which the same hourly decision rule is applied. The number
of Monte Carlo realisations was selected to ensure convergence of percentile estimates
(NPV P10/P50/P90), verified by monitoring changes in percentile values with increasing
sample size.

To address the research question on sizing and flexibility, the financial evaluation is
repeated across a parametric set of PtA capacities and ammonia-price flexibility options
through a sensitivity analysis. For each configuration, the hourly switching/dispatch
logic produced annual ammonia output, and electricity export, which are translated
into NPV, IRR, and LCOA. In cases where the project is non-profitable under a given
ammonia price assumption, the breakeven ammonia price is computed by solving
for the constant ammonia selling price that yields NPV ≈ 0, with dispatch updated
endogenously at each trial ammonia price, producing a breakeven price distribution
across Monte Carlo realisations.

Comparing the resulting distributions (e.g., P10/P50/P90 of NPV/IRR/LCOA) across
scenarios and configurations provided the basis for identifying economically preferred
supply-chain designs and quantifying how plant sizing and operational flexibility affected
utilisation and incremental financial performance.

Concisely, the workflow could be summarised as follows:

i. ERA5 u100 and v100 were downloaded at the specified coordinates for 2020–2025 and
VWS(t) was computed (Equation (1)).

ii. VWS (t) was mapped to single-turbine power using the Vestas V164-8.3 MW power
curve via piecewise-linear interpolation (Equation (2)), and wind-farm power and
energy were computed (Equations (3) and (4)).

iii. El-spotprices for DK1 for 2020–2025 were downloaded and merged with wind-farm
output on HourUTC.

iv. For each scenario and hour, the grid-export value and ammonia net margin were
computed (Equations (16) and (17) and margin definitions), operational feasibility
constraints were applied (Equations (18)–(21)), storage/inventory and logistics fea-
sibility were updated (Equations (10)–(15)), and delivered ammonia mNH3,del(t) and
exported electricity were recorded.

v. Hourly results were aggregated to annual incremental operating value Ty and annual
delivered ammonia.

vi. Annual equity cashflows and financial metrics (NPV/IRR/LCOA) were computed
using Equations (22)–(25) and Table 2.

vii. For uncertainty analysis, synthetic 30-year sequences were generated via block-
bootstrap resampling of complete historical years (2020–2025), and steps (i)–(vi) were
repeated for each realisation.

Screening-level sustainability indicator (CO2avoidance): While the scope of this work is
primarily techno-economic, a simple environmental indicator was included to contextualise
sustainability implications. Potential direct CO2 emissions avoided were estimated by
assuming that each tonne of produced green ammonia displaces conventional natural-
gas-based ammonia. A benchmark emissions intensity of EFconv = 1.8 tCO2 per tNH3 was
adopted for efficient natural-gas plants, consistent with values used in recent European
decarbonisation analyses [49]. Annual avoided emissions were computed as:

CO2, y = mNH3,prod,y·EFconv

This screening metric excludes lifecycle/embodied emissions and does not represent
system-wide marginal grid effects from diverting wind electricity; results are therefore
indicative and attributional.
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3. Results and Discussion
The dispatch algorithm and financial evaluation of the SCs described in the previous

section of this research, have been executed in the ‘Spyder’ version 6 software platform
through a developed ‘Python 3.12.11’ code for each SC able to calculate the respective
economic factors.

The wind speed data used for modelling the operational SCs include hourly values
between 2020 and 2025 calculated via Equation (1) and are shown in Figure 3.

Figure 3. Wind speed at 100 m at wind farm area. Based on [21].

The wind-farm energy production, computed from Equations (2)–(4), is presented in
Figure 4.

Figure 4. Energy produced by the wind farm.

The dispatch decision is determined by comparing the incremental operating mar-
gin from exporting electricity to the grid with the incremental operating margin from
diverting wind power to ammonia production, subject to PtA operational feasibility, stor-
age/inventory feasibility, and logistics constraints. To this end, it was essential initially to
calculate the potential hourly electricity exported to the grid and the hourly production of
ammonia for all SCs.

The potential electricity exported to the grid is calculated by Equation (5) as it is subject
to losses stemmed from transformers and cables. It follows the same pattern of energy flow
from the wind farm (see Figure 4) discounted by the ηGr factor.

To calculate the revenues from selling that electricity to the grid, the spot prices for the
time range 2020–2025 for the region DK1 where the assumed wind farm and PtA topology
is located, are used [29]. Figure 5 indicates the retrieved price data.
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Figure 5. Day ahead prices for DK1 2020–2025 [29].

Based on Figure 5, it can be observed that there are many cases where the electricity
spot price is negative. At these periods the wind energy production is directed towards the
PtA configuration, while any surplus produced by the wind farm energy has been curtailed.

3.1. Dispatched Energy for All SCs

As mentioned above, the hydrogen production system consisted of a 100 MW PEM
electrolyser (along with its BoP). The overall chain efficiency of the electrolysis system has
been taken to be 65% (low heating value–LHV based), corresponding to 51.2 MWh/tH2 [50].
The energy input to the hydrogen production system is dependent on the SC topology
whereas in SCs 1 and 2, the energy input is calculated from Equation (6), and for SC3 from
Equation (7).

Hence, the hourly maximum production of hydrogen and ultimately ammonia based
on the wind farm’s energy input were calculated by Equations (8) and (9). The results
showing the potential hydrogen and ammonia production if the entire wind farm’s energy
yield would be directed to the PtA configuration are presented in Figures 6 and 7 respec-
tively. Maximum hourly hydrogen and consequently ammonia production for all SCs is
the same, with the only difference between SCs 1, 2 and 3 documented on the total amount
of produced hydrogen and ammonia. Table 3 shows the differences in the annual amount
of produced hydrogen and ammonia per SC.

Figure 6. Maximum potential of hydrogen production 2020–2025.
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Figure 7. Maximum potential ammonia production 2020–2025.

Table 3. Maximum potential of H2 and NH3 annual production prior dispatch.

Year SC H2 Annual Production (tH2) NH3 Annual Production (tNH3)

2020
SC1,2 3922.1 21,342.9
SC3 3881.4 21,121.6

2021
SC1,2 3442.8 18,734.6
SC3 3402.9 18,517.7

2022
SC1,2 4109.5 22,362.9
SC3 4068.7 22,140.6

2023
SC1,2 3658.4 19,907.9
SC3 3618.4 19,690.5

2024
SC1,2 3849.9 20,950.1
SC3 3812.9 20,748.8

2025
SC1,2 2772.1 15,085.2
SC3 2739.7 14,908.7

To define the dispatch rule for the wind farm—PtA topology and Equations (16) and (17)
were applied to compare the incremental operating margin of electricity export with that of
ammonia production and thus identify the preferred dispatch option in each hour, subject
to the feasibility constraints of the system. In this context, data depicted in Figure 5 were
combined with the discounted wind farms energy to the grid (EGr) for Equation (16).

For Equation (17) a constant selling price of ‘green’ ammonia product for Europe
has been taken to equal to 1200 €/tNH3 [51], and combined with the hourly production of
ammonia as shown in Figure 7.

Figure 8 shows the final wind-energy dispatch between the grid and the PtA configu-
ration for SC2 after applying the margin-based decision rule and the associated feasibility
constraints. For SCs 1 and 3, the figures are similar with small differences stemmed
from applying the SCs’ dispatch rules. However, this variation is not observable on
the respective plots and thus they were not included in the research. The cumulative
energy dispatched to the PtA and the electricity grid has been found to equal 737.4 GWh,
713.1 GWh for SCs 1, 740.6 GWh, 710.1 GWh for SC 2, and 747.4 GWh, 703.9 GWh for
SC3 respectively.
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Figure 8. Energy produced by the wind farm, dispatched to provide maximum profit (SC2).

The dispatched energy to the PtA system to optimise the revenue stream of the
wind farm—PtA topology is then used to calculate the final ammonia product during
the investigated period. Figure 9 shows the hourly production of ammonia for SC2. The
respective figures for SC1 and SC3 are not included for the same reasons as for Figure 8,
but the cumulative data are presented in Table 4.

Figure 9. Ammonia production after dispatch algorithm application (SC2).

Table 4. NH3 annual production prior (potential) and after the dispatch algorithm application.

Year SC Prior Dispatch NH3
Production Potential (tNH3)

After Dispatch Total NH3
Production (tNH3)

2020
SC1 21,342.9 16,574.0
SC2 21,342.9 16,574.0
SC3 21,121.6 16,360.6
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Table 4. Cont.

Year SC Prior Dispatch NH3
Production Potential (tNH3)

After Dispatch Total NH3
Production (tNH3)

2021
SC1 18,734.6 12,633.8
SC2 18,734.6 12,642.3
SC3 18,517.7 12,332.0

2022
SC1 22,362.9 6869.7
SC2 22,362.9 6916.4
SC3 22,140.6 7009.3

2023
SC1 19,907.9 13,206.6
SC2 19,907.9 13,341.8
SC3 19,690.5 12,876.5

2024
SC1 20,950.1 15,329.2
SC2 20,950.1 15,370.6
SC3 20,748.8 15,076.2

2025
SC1 15,085.2 9734.1
SC2 15,085.2 9824.7
SC3 14,908.7 9441.5

Table 4 summarises annual ammonia production for the observed period 2020–2025
before and after the application of the dispatch algorithm (see also Figure 10) and illustrates
inter-annual variability in the historical sample. The after-dispatch algorithm application
values are not treated as a deterministic forecast for the 30-year lifetime; instead, the
underlying paired hourly wind–price years (2020–2025) are used as empirical building
blocks in the block-bootstrap Monte Carlo procedure described in methodology section to
produce distributions of NPV, IRR, and LCOA.

Figure 10. Annual ammonia production before and after applying dispatch algorithm.

The produced ammonia based on the input supplied by the wind farm’s output
is almost similar between all SCs, with a small deviation among SC1, 2 and SC3 due
to the electricity offshore grid connections and transformer losses. In contrast, when
the incremental dispatch rule was applied, ammonia production occurred only in hours
when the net operating margin from PtA exceeded that of electricity export to the grid
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and operation remained feasible under the imposed constraints, resulting in much lower
ammonia production than the theoretical maximum. Furthermore, according to Table 4
and Figure 10, SCs 1 and 2, although their topology in terms of production allocation
facilities is similar, deviate in annual ammonia production. This occurs because the dispatch
decision is formulated as a net-margin comparison between electricity export and ammonia
production. In SC1, the additional per-tonne vessel cost reduces the netback value of
ammonia, so fewer hours satisfy the condition where ammonia production yields a higher
margin than grid export. Consequently, the algorithm diverts less wind energy to the PtA
chain in SC1, resulting in lower realised annual NH3 production.

Screening avoided emissions: Using the benchmark EFconv = 1.8 tCO2/tNH3 and the
after-dispatch delivered ammonia volumes (Table 4), the analysed 100 MW reference case
corresponded to approximately 12–30 ktCO2/y (Figure 11) of potential direct emissions
avoided across the historical years 2020–2025, with mean values of about 22.4 ktCO2/y for
SC1–SC2 and 21.9 ktCO2/y for SC3. When the observed year-to-year sequence is repeated
to span the 30-year project lifetime in the deterministic base case, this translates to roughly
0.67 MtCO2 avoided (SC1–SC2) and 0.65 MtCO2 avoided (SC3). These values are reported
as a screening indicator and should be interpreted alongside the stated limitations (no
embedded emissions and no marginal-grid assessment).

Figure 11. Annual avoided emissions per SC.

3.2. Financial Analysis for All SCs

To assess the viability of a coupled offshore wind energy and PtA facility, the proposed
methodology initially focused on the allocation of the available energy produced by an
operating wind farm between the electricity grid and the sustainable ammonia production
facility. The dispatch algorithm applied for a specific timeframe between 2020 and 2025 and
was developed accordingly to provide the highest economic profit for the wind farm—PtA
investor, based on a margin-based switching criterion and operational feasibility constraints.

Within the modelling resolution adopted in the present TEA—namely constant conver-
sion factors and simplified operational/logistics feasibility constraints—the corresponding
fully co-optimised formulation can be interpreted in reduced form as a low-complexity
dispatch representation. Under these assumptions, the proposed margin-based switching
strategy serves as an approximate co-optimisation rule, while feasibility is enforced explic-
itly through the temporal coupling constraints (minimum load and ramp-rate limits) and
the logistics constraints (inventory balance and delivery limits).

The storage and transport capacities used in the financial assessment (Table 5) and
derived following the dispatch algorithm application and data from Table 1, are treated
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as scenario design parameters consistent with the selected supply-chain topologies
(vessel capacity and onshore storage for SC1; pipeline transport and reduced onshore
storage for SC2). Table 5 is used to illustrate historical production variability rather than
to deterministically size the system for the full 30-year lifetime. It presents the size of
the respective technical components used in the financial assessment of SCs 1 and 2
under investigation.

Table 5. Calculated data of the main key components for all SCs.

Component SC1 SC2 SC3 Units

PEM Water Electrolysis Plant 100 100 100 MW
Cryogenic Air Separation Unit 2.1 2.1 2.1 M€

Ammonia Synthesis Plant 15.2 15.2 15.0 M€
Vessel CAPEX 2.6 - - M€
Vessel OPEX 0.3 - - M€/y

Vessel Capacity (mvessel) 1783 - - tNH3
Vessel turnaround time (τv) 168 - - h

Pipeline CAPEX - 28.0 - M€
Ammonia Storage Tank CAPEX 29.7 29.7 29.2 M€

Offshore NH3 Storage Capacity (Smax) 1783 - - tNH3
Onshore Footprint 994 994 11,153 m2

The required onshore footprint includes the storage of ammonia onshore for
SCs 1 and 2, and the ammonia and hydrogen production plants in SC3. It is assumed
equal to 95 m2/MW for the production of hydrogen process, 15 m2/tNH3/d for the ammo-
nia production plant, and 0.06 m2/tNH3 for the NH3 final product tanks [18,52].

The financial evaluation of the project was based on calculations concerning the NPV,
IRR, and LCOA of the project. A block-bootstrap Monte Carlo was implemented using
historical calendar years (i.e., 2020–2025) as the resampling block. The hourly dispatch
decisions presented in the previous section, were used in conjunction with CAPEX, OPEX,
and the aggregated annual incremental revenues based on the annual ammonia production
and electricity sales, calculated via Equations (22)–(25). For each simulation, a 30-year
sequence was created by sampling historical years with replacement, preserving each
sampled year as an intact block. Plant sizing (NH3 capacity, storage, and logistics where
applicable) is fixed per scenario based on the design assumptions in Tables 1–4; the Monte
Carlo resampling only changes the sequence of wind–price years used to compute dispatch
and annual cashflows.

Initially, in the base-case (deterministic) assessment, annual incremental revenues
and ammonia outputs derived from the historical dispatch simulation are extended to
the full 30-year project lifetime by repeating the available year-by-year sequence. Using
this repeated operating profile, the scenario-specific CAPEX, and the resulting financial
indicators (NPV, IRR, and LCOA) are documented in Table 6.

Table 6. Financial results of the base-case assessment for all SCs.

SC1 SC2 SC3

CAPEX (M€) 303.0 322.3 225.8
OPEX (M€/y) 4.5 4.9 3.4

NPV (M€) −419.7 −455.3 −298.3
IRR N/A N/A N/A

LCOA (€/tNH3) 2329.8 2492.8 1832.4
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In Figure 12, the corresponding base-case cumulative NPV trajectory shows how dis-
counted equity value evolves over time under reference assumptions, with visible step-
changes at major scheduled stack-replacement years (e.g., years 11 and 21) due to one-off
maintenance expenditures. The base-case cumulative NPV trajectories show the discounted
equity value of each configuration over the 30-year project life, starting from the initial equity
outlay at year 0. All three scenarios remain below zero throughout the project’s lifetime,
indicating that under the base assumptions the project does not payback its upfront equity
investment in discounted terms. SC3 consistently performs best (least negative cumulative
NPV), while SC1 and SC2 follow very similar paths and remain more negative.

Figure 12. Base-case cumulative NPV trajectories.

The results of the base-case assessment have been extended by applying a block-
bootstrap Monte Carlo to the annual data, expressed as percentile bands (P10–P90) and a
median (P50) of cumulative NPV over the project lifetime for each scenario.

Figure 13 shows the results of analysis. In each simulation, the model constructs
a synthetic 30-year sequence by resampling historical years, preserving the within-year
correlation between production and revenues, and then recomputes the discounted equity
cashflows and the cumulative NPV path. For each scenario, the solid line represents
the median cumulative NPV across simulations, while the shaded envelope (P10–P90)
quantifies uncertainty due to year-to-year fluctuations in revenues and production.

Figure 13. Monte Carlo cumulative NPV trajectories.
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According to Figure 13, it can be observed that the percentile bands widen over time
because annual variability accumulates as cashflows are discounted and summed, while
longer-term structural changes in market conditions are not captured by the resampling
approach. The same pronounced downward steps around years 11 and 21 as in Figure 12,
remain in every scenario because the stack-replacement schedule is deterministic in the
model; uncertainty mainly affects the slope between these step changes rather than their
timing. Across the full horizon, the uncertainty bands for SC1 and SC2 overlap strongly,
implying similar risk–return profiles, whereas SC3 is consistently shifted upward (less
negative) with its own uncertainty range. Importantly, even the upper (P90) trajectories
remain below zero over the full life in the displayed results, suggesting a low likelihood
of achieving a positive cumulative NPV under the assumed price/cost structure and
the variability captured by the bootstrap. It is also apparent that for SC3, at the 21st
year onward, the trajectory slope presents a positive angle suggesting that the project is
generating positive discounted annual equity cash flows.

3.3. Sensitivity Analysis

To investigate the influence of PtA sizing and product-price uncertainty, a sensitivity
analysis over (i) the electrolyser rated power and (ii) the ammonia selling price is performed.
The same methodology to identify the dispatch pattern and the financial evaluation have
been followed for each configuration, from which NPV, IRR and LCOA are computed
for each scenario and sensitivity case. Where the financial parameters indicated a non-
profitable business case, a breakeven price of the ‘green’ ammonia product to get a positive
NPV was estimated.

In regard to the electrolysis system rated power, the sensitivity analysis has been
performed under various power outputs beginning from a relatively small system of
10 MW, scaling up to 200 MW. The results are presented in Table 7. Figure 14 shows how
the NPV alters among the different sized configurations.

Table 7. Sensitivity analysis results on electrolysis system’s rated power.

Electrolysis Rated
Power (MW) SC Max. Annual NH3

(tNH3) NPV (M€) IRR LCOA (€/tNH3)

10
SC1/2 2854.1 −40.9/−85.6 - 1486.6/2565.5

SC3 2844.6 −28.7 - 1198.8

25
SC1/2 6360.6 −101.6/−144.3 - 1588.2/2055.9

SC3 6321.8 −71.2 - 1270.9

50
SC1/2 10,741.3 −204.4/−244.3 - 1826.0/2093.7

SC3 10,614.6 −143.4 - 1449.7

75
SC1/2 14,001.8 −311.3/−348.9 - 2078.3/2275.9

SC3 13,887.7 −219.8 - 1640.7

100
SC1/2 16,574.0 −419.7/−455.3 - 2329.8/2492.8

SC3 16,360.6 −298.3 - 1832.4

125
SC1/2 18,470.7 −528.2/−561.9 - 2606.7/2745.7

SC3 18,117.3 −373.0 - 2060.5

150
SC1/2 19,418.8 −636.4/−668.7 - 2941.1/3064.9

SC3 18,889.2 −452.4 - 2320.6

200
SC1/2 17,442.1 −869.4/−899.4 - 4090.9/4210.9

SC3 16,549.3 −624.4 - 3256.7
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It is worth noting that at low electrolyser rated power, the plant can often operate at
higher effective utilisation, so the LCOA can end up close to the assumed selling price. As
rated power increases, utilisation tends to fall (limited wind energy and dispatch constraints
are spread across a larger installed electrolyser), which raises the cost per tonne and pushes
LCOA away from the assumed selling price.

Figure 14. Project’s NPV under sensitivity analysis of electrolysis rated power.

Figure 14 as mentioned above indicates the project’s NPV as a function of the elec-
trolyser rated power while keeping the remaining assumptions fixed and re-applying the
same hourly dispatch rule at each capacity. Across all three scenarios, NPV decreases as
electrolyser capacity increases. This indicates that, under the assumed wind supply and
price-driven operating logic, additional PtA capacity is not sufficiently utilised to recover its
added CAPEX/OPEX: the marginal benefit of installing more electrolysis capacity is limited
by the available hours in which PtA is dispatched and by the finite wind-energy input
that can be diverted to ammonia production, whereas costs scale more directly with rated
power. Scenario SC3 consistently yields the least negative NPV over the entire capacity
range, while SC1 and SC2 track each other closely and remain more penalised as capacity
grows. Moreover, it is important to observe that in the low-capacity range (≈10–50 MW),
SC1 shows a higher NPV compared to SC2 at higher rated power values, meaning it is
economically less penalised at small scale.

Overall, the sensitivity highlights that oversizing the electrolyser relative to the ef-
fective operating window and available feed energy can significantly worsen financial
performance, and that the economically preferable region is towards lower rated capacities
in this parameterisation.

Following the sensitivity analysis of electrolyser rated power—which quantified how
PtA sizing affects capital intensity, utilisation, and the value captured through the dispatch
rule—the assessment next examined the influence of ammonia market conditions. Whereas
rated power primarily determined the volume of NH3 that can be produced (and therefore
the utilisation and cost structure of the plant), the NH3 selling price determined the value
per tonne of output shifting and also the hourly dispatch decision between ammonia
production and electricity export. Accordingly, the financial evaluation is repeated over
a range of constant NH3 selling prices (1400 to 3200 €/tNH3), with the dispatch logic re-
optimised at each price level and the resulting annual production and revenues translated
into NPV, IRR, and LCOA. Table 8 includes the results of the analysis, while Figure 14
demonstrates how sensitive the NPV is to the selling price of the ammonia output.
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Table 8. Sensitivity analysis results on ammonia selling price.

NH3 Selling Price (€/tNH3) SC NPV (M€) IRR LCOA (€/tNH3)

1400
SC1 −375.7 - 2227.5
SC2 −410.7 - 2375.8
SC3 −254.9 - 1752.4

1600
SC1 −329.7 - 2152.6
SC2 −364.7 - 2306.3
SC3 −211.4 - 1696.7

1800
SC1 −283.8 - 2121.1
SC2 −318.3 - 2273.8
SC3 −167.7 - 1669.5

2000
SC1 −237.6 - 2085.6
SC2 −271.7 - 2238.5
SC3 −123.6 - 1641.8

2200
SC1 −192.6 - 2048.9
SC2 −226.6 - 2197.9
SC3 −79.9 - 1615.2

2400
SC1 −146.9 −0.067 2029.6
SC2 −180.0 −0.079 2179.6
SC3 −36.9 −0.002 1595.3

2600
SC1 −101.8 −0.037 2006.5
SC2 −134.5 −0.050 2153.9
SC3 5.8 0.043 1581.1

2800
SC1 −55.5 −0.005 1996.2
SC2 −87.7 −0.021 2143.6
SC3 48.5 0.09 1569.3

3000
SC1 −10.7 −0.002 1979.7
SC2 −41.6 −0.007 2125.3
SC3 91.4 0.151 1560.0

3200
SC1 34.3 0.064 1971.5
SC2 3.9 0.035 2118.2
SC3 133.5 0.204 1549.5

The sensitivity analysis confirms that the economics are strongly driven by the as-
sumed NH3 selling price: increasing the price systematically raises NPV and improves
IRR across all three scenarios. At lower prices all scenarios remain unprofitable (negative
NPV), but SC3 consistently performs best, exhibiting substantially less negative NPVs than
SCs1 and 2. SC3 reaches profitability first—its NPV turns positive at around 2600 €/tNH3

(with IRR moving from slightly negative to clearly positive), whereas SC1 and SC2 remain
negative and only become marginally profitable at approximately 3100 €/tNH3.

Concerning the LCOA, SC3 shows the lowest LCOA throughout under the assumed
techno-economic parameterisation (Table 1), followed by SC1 and then SC2, indicating a more
favourable cost–revenue balance for SC3 within the adopted cost inputs. Moreover, LCOA
declines as the selling price increases, reflecting that higher NH3 prices trigger more hours of
PtA operation under the dispatch rule, which spreads largely fixed costs over more tonnes.

Figure 15 reports NPV as a function of the assumed constant ammonia selling price,
similarly recomputing dispatch, annual production, and discounted cashflows for each
price level. In contrast to the rated power sensitivity, the relationship here is strongly
positive and close to linear: increasing the NH3 selling price leads to a nearly proportional
improvement in NPV for all scenarios. As the selling price increases the curves approach
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and—for sufficiently high prices—cross the zero-NPV threshold. Visually, SC3 reaches
profitability at a lower ammonia price than SC1 and SC2 and maintains a higher NPV
throughout the explored price range, indicating a more favourable cost–revenue balance in
that configuration. The crossing points represent the breakeven ammonia price required
for a non-negative NPV under each scenario equalling to 3047, 3182, and 2572 €/tNH3 for
SC1, SC2, and SC3 respectively.

Figure 15. Project’s NPV under sensitivity analysis of ammonia selling price.

The figure therefore shows that market value of ammonia is the dominant driver of
financial viability within the tested range, with scenario ranking remaining stable (SC3 best,
SC1/SC2 broadly similar) while absolute viability is governed by the achievable product price.

Additionally to the above, a flexibility sensitivity analysis was conducted by re-applying
the hourly dispatch under ‘flex-ready’ operating constraints—lower minimum stable load
and higher ramp-up/down limits—while keeping all techno-economic parameters (CAPEX,
fixed OPEX, financing assumptions, and prices) identical to the base case, so that only the
operational benefit of increased flexibility is isolated. Figure 16 compares the equity cumu-
lative NPV trajectories for the base operating constraints and the flex-ready case across all
three scenarios. In all cases, the flex-ready configuration produces a consistently higher (less
negative) cumulative NPV than the corresponding base case, indicating that enhanced opera-
tional flexibility improves the project’s ability to capture value from variable wind generation
and price signals. The benefit is most pronounced for SC1 and SC2, where the PtA plant is
exposed to offshore logistics constraints; relaxing the minimum stable load and increasing
ramping capability allows the system to operate profitably over a larger set of hours and
reduces periods of non-optimal operation imposed by inflexibility. SC3 also benefits from
flex-ready operation, but the improvement is comparatively smaller, reflecting its structurally
higher baseline performance and reduced exposure to offshore export/logistics limitations.

Figure 16. Cumulative NPV under flexibility sensitivity analysis for all SCs.
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The consistently higher performance of SC3 under the above sensitivities is mainly
driven by the assumed cost structure of the supply chain. In SC3, the electrolysis plant is
onshore and therefore avoids offshore-specific CAPEX elements and uses the lower onshore-
electrolysis-specific cost compared to offshore (Table 1), while SC1 and SC2 carry offshore-
electrolysis and platform-related cost components. At the same time, SC3 experiences
transmission losses, which reduce the usable energy delivered to the PtA system, meaning
that its advantage is not purely technical but emerges from the balance between reduced
offshore CAPEX and additional conversion/export losses. Importantly, the electrolysis
rated power and NH3 selling price sensitivities indicate that SC3 remains favourable within
the explored ranges of rated power and product price, while acknowledging that alternative
transport/infrastructure cost assumptions could alter the ranking.

The breakeven ammonia prices reported above (approximately 2500–3200 €/tNH3) are
substantially higher than recent benchmark prices for conventional (fossil-based) ammonia
in Europe and are also above many published estimates for early renewable-ammonia
supply in favourable locations. For example, Platts assessed freight cost for NW Europe
ammonia routes on the order of a few hundred €/tNH3 [53]. In contrast, recent decarboni-
sation analyses and industry reporting commonly discuss renewable-ammonia cost/price
levels around 800–1200 €/tNH3 depending on electricity price, utilisation, and CAPEX
assumptions [49]. The high breakeven levels in this study are primarily driven by the
offshore CAPEX burden and limited PtA utilisation under the margin-based dispatch
rule (many hours remain more valuable for grid export). Bridging the remaining gap
in early markets would therefore likely require policy support in addition to continued
technology cost reductions, such as capital grants, production premiums or contracts-for-
difference for renewable hydrogen/ammonia, and carbon pricing or Carbon Contracts
for Difference for hard-to-abate industrial demand [49]. As an order-of-magnitude illus-
tration, an EU ETS allowance price in the order of 60–90 €/tCO2 [54] would correspond
to 110–125 €/tNH3 of avoided CO2 value if green ammonia displaces efficient natural-gas
ammonia at 1.8 tCO2/tNH3; this alone would not close a multi-hundred €/tNH3 gap but can
contribute when combined with other support mechanisms.

3.4. Final Outcome and Novelty

The results quantify when it is economically preferable to allocate offshore wind genera-
tion to a power-to-ammonia (PtA) pathway rather than export to the electricity market, and
how this decision propagates into incremental value relative to a “grid-only” baseline.

In the context of the stated RQs, the results showed that hourly diversion from grid
export to PtA is optimal when the ammonia value per MWh of wind input exceeds the
grid-export value per MWh and, additionally, whenever electricity prices are negative (PtA
acts as an energy storage system to avoid uneconomic export). This rule applies across
offshore, pipeline-export, and hybrid configurations. However, the threshold effectively
shifts by configuration because each has different losses and cost burdens, which changes
the net value comparison.

Concerning RQ2, the financial analysis indicated that adding a PtA produced negative
incremental value relative to selling electricity to the market for all three configurations, but
the magnitude differs: the hybrid offshore–onshore configuration consistently yielded the
least negative incremental performance, while the two offshore configurations generated
similar negative results.

Furthermore, in relation to RQ3, the outcome outlined that the optimal PtA capacity
is jointly determined by how often PtA is dispatched under the electricity-vs-ammonia
value rule, and the transport-chain cost/efficiency of each configuration. At low utilisation
(i.e., when PtA is selected only in negative-price or low-opportunity-cost hours), smaller
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electrolyser capacities perform better because CAPEX is spread over limited operating
hours, while increasing rated power mainly added underused capacity and weakened
incremental NPV. Although higher utilisation could in principle improve the economics
of larger systems, this effect was not sufficient to reverse the observed trend under the
assumptions adopted. NH3 price is the dominant driver of this interaction as higher
NH3 prices expand the set of hours where PtA is preferred over grid export, raising
utilisation and shifting the optimum toward larger capacities and greater flexibility, while
lower NH3 prices constrain PtA to a narrow operating window and favour smaller, more
selective designs. These effects differ across infrastructure choices because each supply-
chain configuration changes the effective delivered energy, logistics burden, and cost
base, which in turn shifts the capacity optimum and the breakeven conditions for positive
incremental performance.

Beyond ammonia-specific studies, the decision paradigm adopted in this research is
structurally comparable to integrated energy system scheduling frameworks that allocate
variable renewable generation among competing sinks under operational constraints. For
example, Li et al. formulated an optimal scheduling model for an integrated energy
system with uncertain renewables that leverages building thermal inertia to improve
operational flexibility and renewable utilisation [55]. In a similar spirit, the present work
aimed to evaluate how operational flexibility and infrastructure choices shape the value
captured from variable offshore wind. The key difference is that, to retain transparency and
tractability for a multi-scenario TEA with hourly data, a margin-based rule to generate an
unconstrained dispatch signal was employed and then enforced feasibility using explicit
flexibility and logistics constraints.

In summary, this work provided a comparative techno-economic assessment of inte-
grating PtA as an incremental add-on to an operating wind farm, explicitly distinguishing
between three realistic supply-chain configurations under the same wind and electricity-
price time series. The novelty of the work lies therefore in the evaluation of three PtA
supply-chain options, using the same wind-resource and day-ahead electricity price time
series while determining operation endogenously through an hourly dispatch rule. Rather
than prescribing fixed utilisation, the framework lets grid export and PtA conversion
compete hour by hour, so that production profiles reflect real market conditions and the
technical constraints of each configuration (e.g., transmission losses and transport route).
This delivers a transparent comparison of incremental value (relative to electricity-only
operation) in terms of NPV, IRR, and LCOA, and it clarifies how electrolyser sizing and
NH3 price flexibility interact with infrastructure to shape utilisation and financial perfor-
mance. From a sustainability perspective, the approach also quantifies how often renewable
electricity is diverted into a storable, transportable energy carrier instead of being curtailed
or exported, linking economic decision-making to the broader goal of converting variable
wind output into lower-carbon ammonia pathways.

4. Conclusions
This study evaluated three offshore wind-to-ammonia (PtA) supply-chain

configurations—offshore production with vessel logistics (SC1), offshore production with
pipeline export (SC2), and a hybrid offshore–onshore pathway (SC3)—using an hourly,
price-responsive dispatch rule that endogenously selects between electricity export and
ammonia conversion. By framing PtA as an add-on to an existing offshore wind farm and
benchmarking against an electricity-only baseline, the analysis quantified the incremental
value of electrifying ammonia production under realistic wind and day-ahead market vari-
ability. The results showed that diversion to PtA is economically justified primarily during
hours with low or negative electricity prices or when the implied value of ammonia per
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diverted MWh exceeded the value of grid export, highlighting the central role of electricity
price conditions in determining optimal operational switching. In addition, a screening CO2

indicator suggested that the 100 MW reference case could avoid in the order of 0.65 MtCO2

over a 30-year lifetime if delivered green ammonia displaces efficient natural-gas-based am-
monia (1.8 tCO2/tNH3). This estimate is indicative and does not include life-cycle emissions
or marginal grid impacts.

Across the three configurations, incremental financial performance differed due to
infrastructure and loss mechanisms (e.g., export losses and transport options) and their
effects on utilisation and cost structure. Sensitivity analyses demonstrated that PtA capacity
and ammonia selling price jointly govern economic outcomes. The electrolysis rated-power
sensitivity showed that, across the tested range, increasing electrolyser capacity made NPV
more negative in all scenarios, indicating that the additional CAPEX of larger PtA systems
was not offset by sufficient utilisation under the available wind supply and dispatch pattern.
On the other hand, higher ammonia prices expand the set of hours in which PtA is selected
over grid export and improve NPV and LCOA across all scenarios. Conversely, at lower
ammonia prices, dispatch shifted toward electricity export and the incremental benefit of
PtA declined, leading to higher breakeven price requirements for positive NPV. Overall,
the findings clarify how sizing, operational flexibility, and transport choices interact to
shape both the achievable ammonia output and the incremental project economics.

Beyond profitability, the study provides decision-relevant insights for sustainability-
oriented system design by identifying the market conditions under which variable offshore
wind generation is preferentially converted into a storable and transportable energy carrier
rather than being curtailed or exported. This supports the role of green ammonia as a path-
way for integrating renewables, enabling long-duration energy storage and contributing to
decarbonised ammonia supply for fertiliser and energy applications.

Future work can strengthen both the economic and sustainability assessment by:
(i) incorporating additional value streams and system credits (e.g., utilisation of oxygen
by-products where feasible and ancillary service revenues where market access exists);
(ii) extending the framework with explicit life-cycle accounting to quantify embedded
emissions and sustainability trade-offs across offshore, hybrid, and pipeline logistics; and
(iii) testing alternative market participation and flexibility strategies (e.g., storage sizing,
ramping constraints, and different electricity market products) thereby supporting the
multiple end uses of ammonia. These extensions would improve the robustness of the cash-
flow estimates and provide a clearer, quantified linkage between economic performance
and sustainability outcomes.
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ASU Air Separation Unit
BoP Balance of Plant
CAPEX Capital Expenditure
CCS Carbon Capture and Storage
DAC Direct Air Capture
DK1 Nord Pool bidding zone DK1 (Western Denmark)
EU ETS European Union Emissions Trading System
FCFE Free Cash Flow to Equity
GHG Greenhouse gas
IEA International Energy Agency
IRENA International Renewable Energy Agency
IRR Internal Rate of Return
LCOA Levelised Cost of Ammonia
LHV Lower Heating Value
NPV Net Present Value
OPEX Operating Expenditure
PEM Proton Exchange Membrane
PtA Power-to-Ammonia
RQ Research Question
SC Scenario
SOEC Solid Oxide Electrolysis Cell
TEA Techno-Economic Analysis
WACC Weighted Average Cost of Capital
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