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Cost competitiveness of green ammonia via solid oxide electrolysis in 
Europe: A region-specific analysis

Alessandro Magnino * , Paolo Marocco , Massimo Santarelli , Marta Gandiglio
Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi 24, Torino, 10129, Torino, Italy

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Impact of RFNBO requirements on 
electrolytic ammonia production in 
Europe.

• Detailed modelling of SOEC efficiency 
curve for more accurate plant 
modelling.

• Heat integration with Haber-Bosch en
hances SOEC system performance.

• Windy regions emerge as the most cost- 
effective for ammonia production.

• Grid electricity lowers costs and storage 
needs, especially in sunny regions.

A R T I C L E  I N F O

Keywords:
Solid oxide electrolysis cell
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A B S T R A C T

Ammonia is a vital commodity for both agriculture and industry, with global demand projected to exceed 680 
million tonnes annually by 2050. However, conventional ammonia production via the Haber-Bosch process, 
which relies on fossil-derived hydrogen, is highly carbon intensive. Decarbonising ammonia production is 
therefore essential to achieve net-zero targets and reduce fossil fuel dependency. This study develops a 
comprehensive Mixed Integer Linear Programming model to optimise green ammonia production across Europe 
based on high-efficiency solid oxide electrolysis. The model incorporates a detailed efficiency curve of the 
electrolyser together with its specific thermal requirements, effectively capturing operational synergies between 
the electrolysis system and the Haber-Bosch reactor through integrated heat management. The analysis evaluates 
the optimal Levelised Cost Of Ammonia (LCOA) under different configurations – islanded and grid-connected – 
highlighting the implications of the revised EU Renewable Energy Directive (RED III) on renewable energy use, 
system design and costs. The results identify regions with high wind potential (e.g., northern France, Denmark, 
England) as the most cost-competitive for ammonia production, achieving LCOA values of around 1000 €/tNH3. 
These regions benefit from higher average capacity factors and better temporal alignment between renewable 
generation and plant electricity demand compared to solar-dominated regions. In contrast, areas with limited 

* Corresponding author.
E-mail address: alessandro.magnino@polito.it (A. Magnino). 

Contents lists available at ScienceDirect

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

https://doi.org/10.1016/j.jclepro.2026.148079
Received 29 August 2025; Received in revised form 20 January 2026; Accepted 19 March 2026  

Journal of Cleaner Production 554 (2026) 148079 

Available online 25 March 2026 
0959-6526/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0009-0000-1226-9320
https://orcid.org/0009-0000-1226-9320
https://orcid.org/0000-0002-1238-8175
https://orcid.org/0000-0002-1238-8175
https://orcid.org/0000-0003-4821-7121
https://orcid.org/0000-0003-4821-7121
mailto:alessandro.magnino@polito.it
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2026.148079
https://doi.org/10.1016/j.jclepro.2026.148079
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


wind resources and high solar availability, such as southern Europe, are less competitive, with LCOA values 
exceeding 1800 €/tNH3, mainly due to the day-night shift in energy production. Grid electricity integration is 
shown to reduce costs by enabling the downsizing of both storage systems and renewable generation capacity; 
however, it also introduces additional variability related to local grid electricity prices and carbon intensity. 
Overall, this work provides actionable insights for the development of cost-effective, region-specific green 
ammonia plants, supporting the transition towards sustainable ammonia production in line with European en
ergy and climate goals.

1. Introduction

Ammonia (NH3) is a fundamental commodity and a precursor to 
nitrogen-based products, particularly fertilisers (IEA, 2021; IRENA, 
AEA, 2022), whose use is expected to increase with global population 
(Gabrielli et al., 2023). Additionally, NH3 is utilised in various other 
applications, such as refrigeration, mining, pharmaceuticals, water 
treatment, and plastics (IRENA, AEA, 2022; Zumdahl, 2024), with 
increasing attention to its uses as a fuel and energy carrier (Herbinet 
et al., 2022; Liu and Fu, 2025; Wang et al., 2025). Consequently, the 
International Renewable Energy Agency (IRENA) estimates that global 
NH3 demand, currently around 180 million tonnes per year 
(International Fertilizer Industry Association, 2024), could exceed 680 
million tonnes per year by 2050 (IRENA, AEA, 2022).

Industrial-scale NH3 production is predominantly carried out via the 
Haber-Bosch (HB) process, which synthesises NH3 from hydrogen (H2) 
and nitrogen (N2) feedstocks. Today, H2 is mainly produced from fossil 
fuels (coal and natural gas (IEA, 2021)), making NH3 synthesis a major 
carbon dioxide (CO2) emitter: about 500 Mt annually, corresponding to 
roughly 1% of global emissions and 15–20% of the chemical sector 
(IRENA, AEA, 2022). In Europe, about 36 MtCO2/y originate from NH3 
plants, as over 85% of hydrogen still comes from Steam Methane 
Reforming (SMR) (Mingolla et al., 2024). Therefore, the decarbonisation 
of NH3 production is essential for achieving carbon neutrality by 2050 
(European Commission, 2020) and ending the dependence of the Eu
ropean Union (EU) on Russian natural gas (European Commission, 
2022).

Researchers are exploring the possibility of replacing the HB process 
with more sustainable direct electrochemical reduction of N2 
(Soloveichik, 2019; Suryanto et al., 2021; Wu et al., 2021). This alter
native method promises greater flexibility in terms of operational scale 
and a lower carbon footprint. However, the electrochemical reduction 
process remains far from being a viable replacement for the HB process 
at an industrial scale. At present, the most promising strategy for rapidly 
decarbonising NH3 production involves coupling the well-established 
HB process with sustainable hydrogen production methods based on 
water electrolysis. Electrolysers enable H2 production by exploiting 
Renewable Energy Sources (RES), allowing integration upstream of the 
HB reactor for NH3 synthesis. This approach has the potential to elimi
nate direct CO2 emissions associated with the NH3 synthesis process, 
provided that the electricity supply for hydrogen production is fully 
renewable. In fact, it should be noted that the carbon intensity of grid 
electricity in most EU countries does not guarantee lower emissions in 
hydrogen production compared to conventional SMR when electrolysers 
are powered by grid electricity (Magnino et al., 2025; Mayer et al., 
2023).

Achieving both technical feasibility and cost-effectiveness in green 
ammonia production requires optimal system design, focused on mini
mising Levelised Cost Of Ammonia (LCOA). Various studies have 
investigated this challenge under different assumptions and configura
tions. One of the main differences lies in the operational setup: whether 
the plant is grid-connected, islanded or semi-islanded. In grid-connected 
configurations, several studies exploit grid electricity to reduce or 
eliminate on-site generation and storage requirements, thereby 
decreasing capital costs. Fúnez Guerra et al. (2020) performed a 
techno-economic assessment for a green ammonia supply chain 

(Chile–Japan), showing how grid interaction affects optimal system 
sizing and cost structure, while Gomez et al. (2020) combined 
techno-economic and life-cycle assessment approaches to highlight that 
grid dependence can shift both costs and emissions. Zhang et al. (2020)
compared alternative green ammonia process routes and discussed how 
system-level heat recovery options (e.g., steam cycles) can reduce en
ergy demand under grid-connected operation. However, as highlighted 
by Mayer et al. (2023) and Magnino et al. (2025), reliance on grid 
electricity to power electrolysers may lead to CO2 emissions comparable 
to or higher than those from SMR under the current EU electricity mix. 
Moreover, such systems may be exposed to electricity price fluctuations, 
potentially leading to increased production costs. To mitigate these 
drawbacks, multiple works focus on off-grid plants powered by photo
voltaic (PV) and/or wind, where storage becomes a key design driver. 
Nayak-Luke et al. (2018) explicitly linked renewable intermittency to 
the required oversizing and storage needs of islanded ammonia plants, 
while Wang et al. (2023) investigated how Haber-Bosch operational 
flexibility impacts the optimal renewable configuration and storage 
sizing. Finally, Florez et al. (2024) extended the off-grid optimisation 
framework to export-oriented systems, highlighting the trade-off be
tween islanded design, storage, and delivered product costs.

Recently, semi-islanded plants have emerged as a promising 
compromise. Studies by Salmon and Bañares-Alcántara (2021) and 
Campion et al. (2023) showed that semi-islanded setups can signifi
cantly reduce the need for large energy storage systems, resulting in 
more cost-effective solutions. On the other hand, emissions can still be 
high, resulting in embedded CO2 emissions comparable to those of fossil 
fuels-based systems (Campion et al., 2023).

Another critical factor influencing plant performance and cost is the 
choice of the electrolyser technology, which affects both capital in
vestment and energy consumption. Most studies have focused on mature 
low-temperature electrolysers. Armijo and Philibert (2020) investigated 
flexible green ammonia production under variable wind and solar 
availability, while Morgan et al. (2017) reviewed offshore wind poten
tial for ammonia production and, more recently, Yu et al. (2024) pro
posed an optimisation-based sizing and operation model for isolated RES 
system couples to an ammonia synthesis loop, all highlighting the 
attractiveness of Alkaline Electrolysis Cells (AECs). Proton Exchange 
Membrane Electrolysis Cells (PEMECs)-based configurations have also 
been widely assessed in plant-level case studies, such as the Chile-Japan 
supply chain in Fúnez Guerra et al. (2020) and the North European 
energy system by Ikaheimo et al. (2018) and the Iranian case studies 
presented by Kakavand et al. (2023), all exploiting the operational 
flexibility given by this technology.

By contrast, only a few have explored the potential of Solid Oxide 
Electrolysis Cells (SOECs) (Campion et al., 2023; Nami et al., 2022; 
Schiedeck et al., 2025). Despite higher capital costs, SOEC technology 
offers greater efficiency (Luo et al., 2014; Nejadian et al., 2022) 
compared to alternative methods, often making it the most cost-effective 
solution (Magnino et al., 2025). Moreover, coupling a SOEC with the 
Haber-Bosch reactor is particularly effective, as waste heat from NH3 
synthesis can be exploited by the SOEC auxiliary system for water 
pre-heating. Cinti et al. (2017) were among the first to analyse the 
benefits of integrating SOECs and the HB process on overall efficiency. 
More recently, Nowicki et al. (2023) proposed an integrated SOEC-HB 
loop combined with solid electrolyte oxygen pumps, further 
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emphasising the system-level opportunities enabled by 
high-temperature integration. Schiedeck et al. (2025) highlighted 
additional benefits under flexible operation by investigating the possi
bility of reducing the operational load of the HB process. In parallel, the 
literature also examines solid oxide fuel cell-based concepts, typically in 
power-to-ammonia-to-power systems exploiting reversible cells 
(Mukelabai et al., 2021). While relevant to the broader electro
lysis–ammonia energy system perspective, these studies focus on mode 
switching and power generation rather than on continent-scale optimi
sation of SOEC-HB ammonia production.

Since the electrolyser accounts for the largest share of the plant's 
electrical demand (Cinti et al., 2017), accurately modelling its perfor
mance is essential. While most studies assume a constant efficiency for 
the electrolyser (Armijo and Philibert, 2020; Campion et al., 2023; Cinti 
et al., 2017), considering a part-load performance curve is crucial for 
assessing energy consumption under flexible operation.

Finally, site selection is also a key factor in determining the cost of 
electrolytic-based ammonia. For RES-based electricity, the renewable 
energy potential at a given location directly affects the sizing of system 
components and, consequently, investment costs, as demonstrated at the 
global level by Fasihi et al. (2021) and for the United States by Bose et al. 
(2022). In grid-connected configurations, location is equally important, 
as regional electricity prices and carbon intensity vary significantly. In 
both cases, the cost of electricity, one of the most influential factors in 
ammonia production economics, is heavily shaped by geographical 
location (Sousa et al., 2022).

1.1. Aims and novelty

This study addresses the previously outlined limitations in existing 
research by developing an optimisation model for green ammonia syn
thesis based on SOEC technology. It builds on previous work by the 
authors, which demonstrated the competitiveness of solid oxide elec
trolysis against other electrolyser technologies and SMR due to its high 
efficiency and effective heat integration in NH3 production (Magnino 
et al., 2025).

A Mixed Integer Linear Programming (MILP) framework is formu
lated to explore both optimal component sizing and operational strate
gies aimed at minimising LCOA. Unlike most existing literature, the 
electrolyser model includes a detailed efficiency curve derived from 
process-level analysis, enabling an accurate representation of SOEC 
performance over the full modulation range. The model also accounts 
for thermal management challenges specific to high-temperature elec
trolysis by incorporating warm stand-by energy requirements during 
idle periods, generally overlooked in previous studies, and captures heat 
integration between the SOEC and HB reactor to improve overall system 
efficiency.

The optimisation framework is applied within a European context, 
enabling a region-specific (NUTS 2) evaluation of NH3 production costs 
based on local renewable energy potential, under both islanded and 
grid-connected scenarios. Given the current regulatory landscape in 
Europe, these scenarios are designed to assess the implications of the 
2023 update of the EU Renewable Energy Directive (RED III) (European 
Commission, 2023a; European Parliament, 2023) on the 
cost-competitiveness of green ammonia, accounting for regulatory var
iations across regions. Region-specific grid electricity prices and carbon 
intensities are used to provide a realistic evaluation of grid dependency, 
assessing both costs and ammonia carbon intensity in case grid elec
tricity use is allowed.

Beyond estimating regional LCOA, the study identifies optimal plant 
configurations adapted to local resource availability, highlighting how 
RES potential shapes both system design and production cost.

The remainder of this paper is structured as follows: Section 2 out
lines the methodology, including a detailed description of the plant 
components, optimisation strategy, and modelling constraints. Results 
and discussion are presented in Section 3, while conclusions are drawn 

in Section 4.

2. Methods

This section presents a description of the scenarios, optimisation 
methodology, and the main plant components. Section 2.1 introduces 
the analysed scenarios and their respective constraints, Section 2.2 de
tails the optimisation methodology employed in the study (an illustra
tive scheme is reported in Fig. 1), Section 2.3 provides an overview of 
the plant configuration, while regional data regarding RES potential are 
shown in Section 2.4. Sections 2.5 to 2.8 describe the main character
istics of the plant subsystems, specifically those related to electricity, 
hydrogen, nitrogen and ammonia.

2.1. Scenarios

In response to the urgent need to accelerate the EU clean energy 
transition, the revision of Directive (EU) 2018/2001, commonly referred 
to as RED III (European Parliament, 2023), entered into force in 
November 2023. This directive maintains the specific requirements for 
producing hydrogen-derived products, such as ammonia, as detailed by 
the Commission Delegated Regulation (EU) 2023/1184 (European 
Commission, 2023b), supplementing RED II. To qualify as Renewable 
Fuel of Non-Biological Origin (RFNBO), ammonia must be produced 
using renewable electricity that satisfies stringent criteria for addition
ality, temporal correlation, and spatial correlation. The electricity may 
be supplied through a direct connection to an onsite RES power plant or, 
if drawn from the grid, must be guaranteed by a renewable Power 
Purchase Agreement (PPA). Until December 31, 2029, temporal corre
lation must be verified on a monthly basis. However, from 2030 onward, 
this requirement becomes hourly, necessitating the deployment of en
ergy storage systems to enable continuous 24/7 operation. The only 
exception applies to bidding zones where the share of renewable elec
tricity exceeded 90% in the previous calendar year. In these zones 
(highlighted in Figure S.1 in the Supplementary Material), ammonia 
production can still be counted as RFNBO, provided that grid electricity 
consumption does not exceed a maximum number of hours calculated as 
the total annual hours multiplied by the average renewable share in that 
bidding zone (European Commission, 2023b).

Given these criteria, Scenario 1 models an ammonia production plant 
that fully complies with the EU directive from 2030 for RFNBO pro
duction. This results in a RES-based power plant with energy storage, 
allowing the ammonia production system to operate off-grid, except in 
zones where the renewable electricity share exceeded 90% in 2024 
(Electricity Maps, 2024), where grid electricity can be purchased. Sce
nario 2 permits the use of grid electricity without regulatory constraints, 
allowing for an evaluation of the cost-optimal share of grid electricity, 
depending on differences in local RES potential and electricity prices. 
While carbon intensity (Scope 2 emissions accounting both direct and 
indirect emissions (Greenhouse Gas Protocol, World Resources Institute, 
2025) of ammonia produced in Scenario 1 is considered null, in Scenario 
2 it can be assessed based on the electricity carbon intensity of the 
analysed bidding zone, as detailed in Section 2.2. A scheme of the two 
scenarios is reported in Fig. 2.

2.2. Optimisation approach

A Mixed Integer Linear Programming (MILP) approach is employed 
to address the cost-optimal sizing and operation of the ammonia pro
duction plant. A key challenge in using this method is the linearisation of 
inherently non-linear features, such as the inclusion of non-constant 
SOEC efficiency, while minimising the use of auxiliary and binary var
iables to limit computational time.

The model is implemented in Python and solved using the Gurobi 
optimisation solver (Gurobi Optimization, 2025). The decision variables 
of the optimisation are both component sizes and operation of the plant, 
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the temporal resolution of 1 h is used, and the model is simulated over a 
yearly period. The optimisation was solved on a dedicated workstation 
(Intel Xeon, 32 cores, 128 GB RAM), with the MIPGap constrained to 
1%.

The objective function of the optimisation problem is to minimise the 
discounted lifetime costs (Ctot, in €) of the plant, which include Capital 
Expenditures (CAPEX), Maintenance and Repair (M&R) costs (ac
counting for standard annual maintenance and scheduled replacement 
of specific components), and electricity costs from the grid. The objec
tive function is expressed as follows: 

Ctot =
∑

k

Ik +
∑N

y=1

∑

k
M&Rk,y

(1 + d)y +
∑N

y=1

Egrid,y⋅Cgrid

(1 + d)y 1 

where Ik represents the CAPEX of component k (in €), N is the lifetime of 
the plant (in years), M&Rk,y is its maintenance and repair cost of 
component k in year y (in €), Egrid,y is the grid electricity consumption in 
year y (in kWh), Cgrid is the grid electricity price (in €/kWh, according to 
Eurostat database (Eurostat, 2024)), and d is the discount rate (in %).

Once all the costs are computed, the Levelised Cost Of Ammonia 
(LCOA, in €/tNH3) is calculated using Eq. (2) (Nayak-Luke and 
Bañares-Alcántara, 2020): 

LCOA=
Ctot

∑N
y=1

MNH3,y
(1+d)y

2 

where MNH3,y is the total ammonia production in year y (in t)
In Scenario 2, grid share and indirect CO2 emissions associated with 

grid electricity usage are also estimated. Grid share is evaluated 
computing the ratio between the energy purchased from the grid and the 
total energy consumption of the plant. To capture spatial and temporal 
variations in emissions, grid carbon intensity is considered on an hourly 
basis for each bidding zone, according to 2024 data reported by Elec
tricity Maps (Electricity Maps, 2024). Specific Emissions (SE, in 
tCO2/tNH3) are evaluated through Eq. (3) (Magnino et al., 2025): 

SE=

∑8760

t=1
Egrid(t)⋅εgrid(t)

MNH3,y
3 

where Egrid is the grid electricity consumption in hour h (in kWh) and εgrid 
is the corresponding grid carbon intensity (in tCO2/kWh).

Fig. 1. Optimisation framework of the SOEC-based ammonia production plant.

Fig. 2. Overview of the two modelled scenarios. In Scenario 1, the produced ammonia is compliant with the RFNBO European requirements. In Scenario 2, grid 
electricity can be used without restrictions, and therefore, the produced ammonia does not qualify as RFNBO.
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2.3. Plant layout

The plant, based on a Haber-Bosch reactor utilising electrolytic H2, is 
composed of the following four main subsystems: 

• Electric subsystem: including PV, Wind Turbines (WTs), Battery 
Energy Storage (BES), and grid connection

• Hydrogen subsystem: comprising SOEC (with its electric heaters) and 
compressed H2 storage (including compressor and tank)

• Nitrogen subsystem: consisting of Air Separation Unit (ASU) and N2 
compressor

• Ammonia subsystem: consisting of the HB reactor for NH3 synthesis

A simplified scheme of the plant layout is shown in Fig. 3, high
lighting the key mass, electricity and thermal flows between 
components.

All the techno-economic parameters of the plant components are 
summarised in tables in the Supplementary Material, while key eco
nomic parameters of the major components are reported in Table 1.

Considering the average size of this type of plants in Europe (SFI, 
2023), the rated production of the plant is assumed to be 500,000 
tNH3/y, while the plant lifetime is set to 25 years (IEA, 2021) (with a 
discount rate of 4.9% (Marocco et al., 2021)). It is worth noting that 
plants of this scale require very large electrolyser systems, with rated 
capacities in the order of 400-700 MW, as detailed in the Supplementary 
Material, which are substantially larger than currently operating in
stallations (Sunfire, 2025). However, the European Union is strongly 
promoting the deployment of RFNBOs (European Commission, 2024), 
making it reasonable to expect that large-scale electrolyser systems 
(both high- and low-temperature) will be installed in the near future 
(European Hydrogen Observatory, 2025).

2.4. RES potentials

PV and onshore WTs are included as renewable power plants 
considered in this study. Hourly capacity factors (CFs) for these tech
nologies are obtained from the Copernicus Climate Change Service 
database, which offers high spatial resolution data starting from 1979 
(Copernicus Climate Change Service Climate Data Store, 2020).

Since the energy simulation is conducted on a single-year basis (as 
described in Section 2.2), a “typical year” is identified for each NUTS 2 
region in Europe based on data from 1990 to 2015. The typical year is 
determined using k-medoids clustering to select a “median year” that 
minimises mean squared error (all the hourly CFs for each region are 

reported in the Supplementary Material).
To enable a detailed post-processing analysis of optimal component 

sizing following the optimisation, which is performed across all NUTS 2 
regions, seven representative regions are selected. These are identified 
by clustering the full set of NUTS 2 regions into seven groups using the k- 
medoids methodology, based on their mean CFs. Fig. 4 shows the mean 
normalised CFs for the EU regions and highlights the selected repre
sentative regions in red.

2.5. Electric subsystem

The electric subsystem is composed of PV system, WTs, BES, and a 
grid connection. The power drawn from the grid Pgrid (in kW) is con
strained by an auxiliary variable δgrid, which is equal to 1 when grid 
electricity is purchased and 0 otherwise, as defined in Eq. (4): 

Pgrid(t)≤ δgrid(t)⋅Pgrid,max 4 

where Pgrid,max is the maximum allowable power that can be purchased 

Fig. 3. NH3 production plant layout, highlighting the four subsystems: electricity, hydrogen, nitrogen and ammonia.

Table 1 
Major economic parameters of most impacting components. See others on 
Supplementary Material.

Component CAPEX Unit Ref.

PV
CAPEX 700 €/kWp IRENA (2024)
M&R 16 €/(kWp•y) IRENA (2024)

WT
CAPEX 1000 €/kW IRENA (2024)
M&R 3 %CAPEX/year IRENA (2024)

BES
CAPEX 250 €/kWh IRENA (2024)
M&R 3 %CAPEX/year IRENA (2024)
Lifetime 15 years Ikaheimo et al. (2018)

SOEC
CAPEX 2250 €/kW Böhm et al. (2020)
M&R 4 %CAPEX/year Nami et al. (2022)
Lifetime 6 years Zhang et al. (2020)
Replacement cost 23 %CAPEX Nami et al. (2022)

H2 Tank
CAPEX 470 €/kgH2 Ikaheimo et al. (2018)

ASU
CAPEX 1300 €/(kgN2/h) IRENA (2024)

HB
CAPEX 3400 €/(kgNH3/h) Armijo and Philibert (2020)
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from the grid (in kW).
Additionally, in Scenario 1, the number of hours during which 

electricity can be purchased from the grid is limited depending on the 
annual renewable share of the grid π (in %) in the corresponding bidding 
zone in the previous year (see Section 2.1). This constraint is formulated 
according to Eq. (5): 
⎧
⎪⎪⎨

⎪⎪⎩

∑8760

t=1
δgrid(t) ≤ π⋅8760 if π > 90%

∑8760

t=1
δgrid(t) = 0 if π ≤ 90%

5 

where the value 8760 represents the number of hours in one year, 
consistent with the annual time horizon adopted in the optimisation.

The power generated by PV and WTs (respectively PPV and PWT) is 
evaluated at each timestep t as: 

PPV(t)=CFPV(t)⋅PPV,r 6 

PWT(t)=CFWT(t)⋅PWT,r 7 

where CFPV and CFWT are the PV and WT capacity factors, respectively, 
and PPV,r and PWT,r are the corresponding rated powers (in kW).

Given the intrinsic intermittency of renewable energy sources, a 
lithium-ion (Li-ion) battery is added to the model. At each timestep, the 
energy stored in the battery EBES (in kWh) is evaluated using Eq. (8)
(Marocco et al., 2026): 

EBES(t)=EBES(t − 1)⋅(1 − σbt)+PBES,ch(t − 1)⋅Δt ⋅ηBES,ch − PBES,dis(t − 1)⋅
Δt

ηBES,dis

8 

where σbt is the battery self-discharge coefficient, PBES,ch and PBES,dis are 
the charging and discharging powers (in kW), ηBES,ch and ηBES,dis are the 
corresponding efficiencies, and Δt the time step (set to 1 h).

The power balance at the electric bus is formulated as in Eq. (9): 

PPV(t)+PWT(t) + PBES,dis(t) + Pgrid(t) = PBES,ch(t) + Pexc(t) + PEL(t)

+ Pheat(t) + PASU(t) + PHC(t)

+ PNC(t) + PHB(t) 9 

where Pgrid is the power purchased from the grid (in kW), Pexc is the 
excess power (in kW) (no remuneration is assumed for this energy), PEL 
is the power supplied to the electrolyser system (in kW, including stack, 
balance of plant, and high temperature heaters, but excluding heat 
required for warm stand-by), PASU is the power demand of the ASU (in 
kW), PHC is the power consumed by the H2 compressor (in kW), PNC is 

the power consumed by the N2 compressor (in kW), PHB is the power 
demand of the HB process (in kW), and Pheat (in kW) is defined as: 

Pheat(t)=Hin,low(t) + Hin,stb(t) 10 

where Hin,low is the low-temperature heat for steam generation inside the 
SOEC system (in kW) and Hin,stb is the high-temperature heat for SOEC 
warm stand-by (in kW, see Section 2.6 for details).

2.6. Hydrogen subsystem

The hydrogen subsystem comprises a SOEC system (layout shown in 
Fig. 5), along with an H2 compressor, an H2 storage tank, and electric 
heaters. Compared to low-temperature electrolysers, the SOEC tech
nology offers higher conversion efficiency (Luo et al., 2014), making it a 
cost-effective option for integration with ammonia production, despite 
its higher capital costs. A key limitation of SOEC technology lies in its 
high operating temperature, typically between 700 ◦C and 900 ◦C.

Since SOECs commonly operate at or below the thermoneutral point 
(Wolf et al., 2023), additional thermal energy is needed to sustain the 
electrolysis process. In this analysis, a modest temperature drop 
(~20 ◦C) across the flows entering and exiting the stack is assumed to 
account for this energy input.

To prevent cell degradation, the feedwater must be vaporised and 
preheated prior to entering the SOEC stack, necessitating an external 
heat supply. In this model, the SOEC thermal requirements are explicitly 
split into low-temperature (LT) heat for steam generation (water/steam 
around 100 ◦C) and high-temperature (HT) heat for reactant preheating 
up to the stack inlet temperature (~800 ◦C) and for warm stand-by. Part 
of the LT heat demand (LT Heat in Fig. 5) is met by recovering waste 
heat from the exothermic ammonia synthesis. The available hot stream 
is assumed at approximately 400 ◦C, providing a sufficient driving force 
for steam generation, so that temperature feasibility does not represent a 
limiting factor for this LT heat integration. Conversely, the temperature 
of the recovered waste heat is insufficient to raise the reactant streams to 
the required stack inlet temperature, which must closely match the 
stack's operating temperature to prevent thermal stress and potential 
damage. Therefore, high-temperature electric heaters are also included 
to supply the remaining heat needed to achieve the necessary inlet 
conditions (HT Heat in Fig. 5).

The SOEC considered in this analysis is based on the model tested by 
Hauch et al. (2020), and consists of a fuel electrode made of Ni/3YSZ, an 
LSC oxygen electrode, and an 8YSZ electrolyte layer, operating at 
800 ◦C. To accurately simulate SOEC performance, particularly under 
partial-load conditions and considering its non-linear behaviour, an 

Fig. 4. a) Distribution of mean normalised capacity factors (CFs) for PV and WT across all EU regions. Normalization is based on minimum values of 0.003 (WT) and 
0.084 (PV), and maximum values of 0.518 (WT) and 0.188 (PV). The 7 representative regions, identified by k-medoids clustering method, are highlighted in red. b) 
Regions identified in Fig. 4a are highlighted on the map.
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efficiency curve is incorporated into the model (“Electrical-only + HT 
heater” in Fig. 6). A piecewise linear approximation of the SOEC per
formance curve is implemented, enabling an accurate representation of 
SOEC operation while maintaining the linearity of the optimisation 
problem. Additional details regarding the SOEC modelling and its 
piecewise linear approximation are provided in the Supplementary 
Material.

The SOEC is assumed to operate within a load range of 25% to 100% 
of the nominal power (Schwarze et al., 2023). To implement this oper
ational constraint while still allowing for periods of inactivity, an 
auxiliary variable 

(
PEL,r,aux) is introduced: 

PEL,r,aux =PEL,r⋅δEL(t) 11 

where PEL,r (in kW) is the rated electrical power of the SOEC, and δEL is a 
binary variable used to express whether the SOEC is operating (δEL = 1) 
or not (δEL = 0). To preserve linearity within the MILP-based model, this 
equation cannot be directly implemented in its current form. Instead, it 
must be reformulated into a set of linear inequalities, as described in 
Marocco et al. (2021) and detailed further in the Supplementary 
Material.

SOECs are particularly sensitive to shutdowns, which can accelerate 
cell degradation and reduce system longevity (Hanasaki et al., 2014). 
Moreover, resorting to a full cold shutdown would entail several hours of 
heating before resuming operation (Danish Energy Agency, 2016), in 
order to avoid damaging the cells. To mitigate this, the electrolyser is 
generally kept at high temperatures during idle periods, a condition 
referred to as “warm stand-by”. This mode requires a heat demand, 
which is supplied by electric heaters and is estimated to be 5.5% of the 
nominal SOEC power (Schwarze et al., 2023). Maintaining the cell at 
high temperatures significantly reduces ramp-up times, which are re
ported to be approximately 10% of nominal load per minute (Sunfire, 
2024). Given the model's hourly timestep, this parameter is considered 
negligible.

Downstream of the SOEC, an H2 compressor and H2 tank are 
included, whose operation is described through the following equations: 

PHC(t)= SECHC⋅GH,EL(t) 12 

MH.HT(t)=MH,HT(t − 1) + GH,HC(t − 1)⋅Δt⋅ηHT,ch − GH,HB(t − 1)⋅
Δt

ηHT,dis
13 

where SECHC is the specific electricity consumption of the H2 compressor 
(in kWh/kgH2), GH.HC is the H2 mass flow rate through the compressor 
and exiting the SOEC (in kg/h), MH,HT is the H2 stored in the hydrogen 
tank (in kg), and GH,HB is the mass flow rate of H2 entering the HB reactor 
(in kg/h). The terms ηHT,ch and ηHT,dis correspond to the charging and 
discharging efficiencies of the H2 tank to account for leakage losses.

2.7. Nitrogen subsystem

The nitrogen subsystem consists of the ASU and the N2 compressor. 
Given the large scale of the plant and the high purity of N2 required for 

Fig. 5. SOEC system layout. “LT Heat” refers to the low-temperature heat supplied to the steam generator. This heat is partially recovered by the exothermic HB 
reactors, with the remainder provided by low-temperature electric heaters. “HT Heat” denotes the high-temperature heat necessary to raise the inlet streams to the 
SOEC stack temperature. High-temperature heaters are also used during warm stand-by period.

Fig. 6. SOEC system efficiency curve. “Electrical-only” accounts for all elec
trical consumption within the system, including both the electrolyser stack and 
BOP, but excludes heat demand. “Electrical-only + HT heaters” includes all 
electrical consumption, also encompassing high-temperature heaters. “Elec
trical-only + HT heaters + Evap” accounts for both electrical consumption and 
the thermal energy needed for steam generation (without considering thermal 
integration with the HB process).
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the process (Yoshida et al., 2021), a two-column cryogenic distillation is 
assumed, which is characterised by relatively low energy consumption. 
To supply the HB reactor with nitrogen at the required pressure, a 
compressor with an outlet pressure of 350 bar is included. The power 
consumption of the ASU and N2 compressor (PASU and PNC) is evaluated 
as follows: 

PASU(t)= SECASU⋅GN,ASU(t) 14 

PNC(t)= SECNC⋅GN,ASU(t) 15 

where GN,ASU is the N2 mass flow rate from the ASU (in kg/h), while 
SECASU and SECNC are the Specific Electricity Consumption (SEC) of the 
ASU and nitrogen compressor, respectively (in kWh/kgN2).

2.8. Ammonia subsystem

The ammonia subsystem is primarily composed of the HB reactor. 
The ammonia synthesis reaction is exothermic, and the reactor gener
ates excess heat at approximately 400 ◦C, which can be recovered and 
used in the SOEC to supply LT heat for steam generation. Since the HB 
process is preceded by a high-pressure H2 tank and a nitrogen 
compressor, its electrical consumption is relatively low, being mainly 
associated with the compressor used to recirculate unreacted gases 
(Magnino et al., 2025). Due to the use of catalysts, the HB process has 
limited operational flexibility and is particularly sensitive to shutdowns. 
However, these characteristics make it well-suited for integration with 
SOECs, which exhibit similar operational constraints. The operation of 
HB reactor is described by the following equations: 

PHB(t)= SECHB⋅GA,HB(t) 16 

ymin,HB ⋅ GA,HB,r ≤ GA,HB(t) ≤ ymax,HB⋅ GA,HB,r 17 

where SECHB is the specific electricity consumption of the HB (in kWh/ 
kgNH3), GA,HB is the ammonia mass flow rate from the HB system (in kg/ 
h), ymin,HB and ymax,HB are the minimum and the maximum load of the HB 
respectively (80% and 100% of the nominal capacity respectively 
(Salmon and Bañares-Alcántara, 2021)), and GA,HB,r is the nominal 
production capacity of HB system (in kg/h).

Considering that the thermal energy from the exothermic reaction 
can offset part of the heat demand of the SOEC (as described in Section 
2.6), Eq. (18) is included to represent this thermal integration: 

Hin,low(t)≥ SHDEL⋅PEL,r,aux(t) − SHPHB⋅GA,HB(t) 18 

where Hin,low is the low-temperature heat provided by the electric heater 
associated with the SOEC (in kW, see Eq. (10)), SHDEL is the low- 
temperature Specific Heat Demand (SHD) of the SOEC (in kWth/kWel), 
PEL,r,aux is the auxiliary variable related to the SOEC rated power and its 
state of operation (see Section 2.6), and SHPHP is the Specific Heat 
Produced (SHP) by the HB process (in kW/kgNH3). The inequality sign in 
Eq. (18) is set to permit Hin,low to be zero when the electrolyser is not in 
operation.

3. Results

The LCOA results for the various regions under the two scenarios are 
presented in Sections 3.1 and 3.2, respectively. Then, Section 3.3 pro
vides insights into the different plant configurations.

3.1. Scenario 1

This section presents the LCOA values across EU regions under Sce
nario 1 (RFNBO production), where electricity is supplied by on-site PV 
and WT systems, except in bidding zones where the annual renewable 
share of electricity exceeded 90% in 2024, ensuring compliance with DR 

2023/1184 (European Commission, 2023b).
Fig. 7a displays a heatmap of the resulting LCOA values, with each 

dot representing a NUTS 2 region. The coordinates of each dot are based 
on the corresponding normalised mean capacity factors for PV and WT. 
Across the analysed regions, LCOA values range from approximately 770 
to 2600 €/tNH3. These findings align well with previous studies in the 
literature (Campion et al., 2023; IEA, 2023; Sousa et al., 2022), although 
they remain significantly higher than those associated with SMR-based 
ammonia production, typically in the range of 250 to 1000 €/tNH3 
(IEA, 2023).

An analysis of the colour distribution in Fig. 7a highlights that the 
mean WT CF is the primary determinant of LCOA variability. Regions 
with higher WT CFs exhibit lower LCOA values, with the upper-left 
corner of the plot characterised by yellow dots. In contrast, the impact 
of PV on reducing LCOA is less pronounced compared to WT. This trend 
emphasises the critical role of wind resources in reducing the cost of 
ammonia production. This behaviour can be explained by both mean 
CFs and temporal matching effects. First, WT CFs display a wider 
regional spread (varying between 0 and 0.5 on an annual basis) than PV 
(ranging from 0.08 to 0.19), which amplifies the impact of wind 
resource quality on optimal sizing and costs. Second, a non-negligible 
share of the electricity demand of the SOEC-HB system is continuous 
over 24 h, since the HB reactor is constrained to operate between 80% 
and 100% of nominal capacity and the SOEC also maintains auxiliary 
consumption and warm stand-by heat demand during idle periods. 
Under such operating constraints, PV generation is intrinsically penal
ised by its deterministic day-night cycle, which forces either important 
renewable oversizing or larger storage systems to ensure continuity of 
supply during non-generating hours. Conversely, wind generation 
typically exhibits a higher share of useable production hours and can 
better align with the near-baseload electricity demand, lowering LCOA. 
While PV still provides a secondary benefit in regions with high solar 
potential by complementing wind generation, its lower CF and diurnal 
intermittency limit the achievable LCOA reductions compared to wind- 
dominated regions. Consistent with this, previous studies show that PV- 
driven ammonia plants require substantially higher installed generation 
capacity and achieve lower electrolyser utilisation than wind-driven 
sites, whereas hybrid PV-WT configurations can reduce storage needs 
by exploiting profile complementarity (Bose et al., 2022; Wang et al., 
2023). This can be furtherly observed in the cost breakdown provided in 
Section 3.3, where renewable generation capacity and storage dominate 
total costs, making the LCOA highly sensitive to resources that maximise 
annual energy yield and useable production hours. Additional evidence 
is provided in the Supplementary Material, where the correlation be
tween LCOA and PV and WT CFs is further analysed. At the same time, it 
should be noted that the relative advantage of wind versus PV is not 
universal and depends on regional resource distributions and demand 
constraints. Other studies have reached different results at global level 
(Fasihi et al., 2021), which can be justified considering that the Euro
pean regions with the strongest wind resources are also among the most 
favourable globally (Davis et al., 2023), whereas the regions with the 
highest solar potential are generally located at lower latitudes (such as 
the Northern Sahara and Arabic Peninsula (SolargisWorld Bank Group, 
2025)).

Finally, some regions located towards the lower-left corner of the 
plot of Fig. 7a exhibit very low LCOA values, despite having lower CFs 
compared to other areas in Europe. These correspond to regions in 
Norway, where grid electricity usage is permitted due to the high share 
of renewable energy produced in 2024 (between 92% and 99% 
depending on the bidding zone), primarily from hydropower (Electricity 
Maps, 2024). Access to low-cost grid electricity helps keep LCOAs very 
low in these regions, whereas a fully off-grid scenario would result in 
significantly higher ammonia production costs.

Fig. 7b shows the same LCOA data on a map of Europe. Except for 
Norway, Iceland, and northern Sweden (which benefit from grid use 
since renewable share exceeded 90% in 2024), the most competitive 
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regions are those bordering the English Channel, North Sea, and Baltic 
Sea, where wind potential is higher. These regions exhibit the lowest 
LCOA values, reinforcing the critical role of wind resources in reducing 
ammonia production costs. In contrast, regions with strong solar po
tential but relatively weak wind resources, such as Greece and Turkey, 
show higher LCOA values. The least favourable areas in Scenario 1 are 
northern Italy, Switzerland, Austria, and Slovenia. These regions, 
characterised by relatively low renewable energy potential for both PV 
and wind, face significantly higher investment requirements for 
renewable energy systems. Consequently, ammonia production in these 
regions is considerably more expensive, with LCOA values among the 
highest in the analysis.

This spatial distribution highlights the importance of optimising 
plant siting based on renewable resource availability, given its strong 
impact on economic feasibility.

3.2. Scenario 2

Scenario 2 allows grid electricity, with the optimal grid share 
determined endogenously by cost minimisation. Fig. 8a presents a Eu
ropean heatmap of LCOA values under this setting, where grid electricity 
prices (Eurostat, 2024) influence ammonia costs. The regional ranking 
remains broadly consistent with Scenario 1: the windiest regions, such 
as northern France, England, Denmark, and northern Poland, continue 
to be the most cost-competitive. Additionally, Turkey and Scandinavian 
countries also emerge as low-cost regions. Conversely, Italy and central 
Europe continue to exhibit higher LCOA values. However, the inclusion 
of grid electricity reduces LCOA values across all regions, offering an 
additional degree of flexibility. The LCOA range narrows significantly in 
Scenario 2, from 730 to 1600 €/tNH3, with the reduction particularly 
pronounced in regions that recorded the highest costs in Scenario 1.

Fig. 8b shows the share of grid electricity in the total plant electricity 
consumption under Scenario 2. The reliance on grid electricity varies 
significantly across Europe, driven by the renewable potential and grid 
electricity prices in each region. In Southern Europe, grid shares are 
typically 50–70%. Iceland and Scandinavia also display high reliance, 
with Norway approaching ~100%, whereas Poland, Germany, the UK, 
and Ireland rely on the grid for <15%, thanks to strong wind resources 
that outcompete grid electricity.

The underlying reasons for low grid electricity prices differ across 
regions. In Norway and Iceland, grid electricity is predominantly 
renewable, sourced from hydro and geothermal resources (Electricity 
Maps, 2024). Therefore, relying on grid electricity is not a concern in 
terms of environmental impact, since the level of decarbonisation ach
ieved by these grids is already advanced. On the other hand, in Turkey, 
Italy, and Balkan countries, grid electricity prices are kept low by the 
significant use of coal and natural gas (Electricity Maps, 2024), leading 

to a higher optimal grid share in Scenario 2. This would reduce the 
optimal share of grid electricity in similar scenarios, potentially shifting 
the cost dynamics observed in Scenario 2.

Fig. 8c presents the ammonia carbon intensity (in tCO2/tNH3) under 
Scenario 2, calculated based on the hourly profiles of grid electricity 
carbon intensity (Electricity Maps, 2024). It can be observed that, in 
countries with a high share of renewable energy, such as Sweden and 
Norway, the high grid reliance reported in Fig. 8b does not translate into 
carbon-intensive ammonia production. Conversely, in Turkey and Bal
kans, where electricity generation is heavily reliant on fossil fuels 
(Electricity Maps, 2024), the resulting ammonia exhibits a high carbon 
intensity, even exceeding the values of fossil-based ammonia, which 
typically range from 1.9 to 2.5 tCO2/tNH3 (McKinsey, 2023).

3.3. Optimal sizing ratios

In this section, a detailed analysis of the cost composition contrib
uting to the LCOA is presented, along with an evaluation of component 
sizing. Seven representative regions across Europe, as outlined in Sec
tion 2.4, are used for this purpose.

Fig. 9 illustrates the cost breakdown for the ammonia production 
plants in the seven representative regions under both scenarios (detailed 
data are also provided in the Supplementary Material). In Scenario 1, 
renewable energy generators, which includes PV panels and WTs, ac
counts for approximately 50% of the total plant costs across all regions. 
In Scenario 2, this share decreases due to increased reliance on elec
tricity purchased from the grid. The relative contributions of PV and 
WTs vary depending on the renewable potential of each region. For 
example, sun-rich regions, such as those in Turkey (TR72 and TR83), 
exhibit higher costs associated with PV systems, while in wind-abundant 
regions like PL63, the costs are predominantly shifted towards WTs. In 
Scenario 2, where grid electricity is utilised, the cost of purchasing grid 
electricity can constitute up to about 60% of the total (as in RO12), 
particularly in regions where on-site renewable generation is less 
feasible. Conversely, energy storage systems, including BES and H2 
tanks, which are significant cost components in Scenario 1, are largely 
unnecessary in Scenario 2, particularly in wind-dominated areas. The 
electrolyser also shows a reduction in size when transitioning from 
Scenario 1 to Scenario 2, yet it remains a significant cost driver in both 
scenarios. Other plant components – such as the H2 compressor, air 
separation unit, N2 compressor, and Haber-Bosch reactor – contribute 
only marginally to the overall costs.

Fig. 10 presents the autonomies (hours) of the two storage systems, 
BES and H2 tank, defined as capacity divided by the relevant output flow 
(electrical power for the BES, hydrogen flow for the tank) required to 
keep the plant operational and meet the average hourly NH3 production 
demand. The x- and y-axes show the normalised mean CFs for PV and 

Fig. 7. Scenario 1: a) Heatmap of LCOA values [€/tNH3] across EU NUTS 2 regions as a function of normalised mean CFs for PV and WT. Normalization is based on 
minimum values of 0.003 (WT) and 0.084 (PV), and maximum values of 0.518 (WT) and 0.188 (PV), b) Heatmap of LCOA values [€/tNH3] across European regions 
in Scenario 1 (off-grid scenario).
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WTs, respectively.
In Fig. 10a (Scenario 1), a clear pattern emerges: in wind-rich re

gions, battery autonomy is limited to a few hours because wind provides 
a relatively steady contribution over the year and better sustains the 
plant's minimum loads (e.g., HB recirculation and SOEC warm stand- 
by). Where WT CFs are low, larger batteries are required to cover 

night-time and overcast periods; the need is particularly acute in PV- 
dominated areas, where intra-day variability is pronounced. Fig. 10b 
shows that, in Scenario 1, H2 tanks typically achieve substantially higher 
autonomies than batteries, ranging from 50 to 300 h in most regions, 
with peaks reaching 700 h. This reflects the storage requirements arising 
from the SOEC optimisation strategy, which necessitates a flexible 
hydrogen buffer to balance production and demand.

In Scenario 2 (Fig. 10c and d), storage systems disappear in most of 
the regions (respectively 232 for BES and 195 for H2 tanks, out of 334 
regions), because the grid more economically guarantees continuity for 
fixed minimum loads. However, in less favourable regions, storage 
systems remain necessary, with H2 tank autonomies reaching up to 60 h.

Fig. 11 presents the share of surplus electricity in the system, defined 
as the ratio of excess electricity to total renewable generation. In Sce
nario 1, the highest surplus shares occur in regions dominated by solar 
resources, where the required oversizing of PV capacity leads to sub
stantial excess electricity generation. Conversely, regions with more 
balanced CFs between PV and WT tend to exhibit lower levels of surplus 
energy. Notably, in some regions, the share of excess energy reaches up 
to 50%. This suggests that, if such excess energy were exported to the 
grid and associated revenues were considered, overall plant costs could 
potentially be reduced compared to the results shown in earlier sections. 
However, this potential revenue was intentionally excluded from the 
study to maintain the focus on a ‘pure’ ammonia production plant rather 
than a power producer. This approach ensures that the optimisation 
process remains aligned with the goal of minimising ammonia produc
tion costs, without incentivising the oversizing of generation capacity 
for the purpose of selling electricity to the grid.

In Scenario 2, surplus shares are significantly lower, as the presence 
of grid electricity enables a downsizing of both PV and WT systems, 
thereby limiting excess generation and associated curtailment or grid 
exports.

4. Conclusions

This study investigates the optimal design of ammonia production 
plants based on Solid Oxide Electrolyser Cell (SOEC) technology across 
Europe. A Mixed Integer Linear Programming (MILP) approach is 
employed with the objective of minimising production costs. The opti
misation framework models energy consumption and mass balances for 
all components, together with heat integration between the Haber
–Bosch (HB) and electrolysis systems to reduce overall energy use. 
Additionally, the model incorporates SOEC thermal requirements during 
warm-standby periods and an efficiency curve to accurately represent 
part-load performance.

The analysis covers all European NUTS 2 regions to evaluate the cost- 
competitiveness of electrolytic ammonia production, accounting for 
regional variations in renewable energy potential and grid characteris
tics. Two main scenarios are considered to assess the impact of the 
Renewable Energy Directive (RED III) requirements on production costs 
and components sizing: 

- Scenario 1: the ammonia production plant is assumed to operate off- 
grid, supplied exclusively by photovoltaic (PV) and wind turbines 
(WTs), except in regions where the annual share of renewable elec
tricity exceeded 90% of the total production in 2024. In Scenario 1, 
ammonia qualifies as Renewable Fuel of Non-Biological Origin 
(RFNBO).

- Scenario 2: no limits are imposed on grid electricity usage, with the 
sole objective of minimising production costs.

As for Scenario 1, regions with strong wind resources, such as 
Denmark, England, and Poland, generally achieve lower Levelised Cost 
Of Ammonia (LCOA) values, ranging between 800 and 1000 €/tNH3. 
Indeed, wind power, although variable, tends to exhibit smooth fluctu
ations over time, effectively matching the continuous consumption 

Fig. 8. Scenario 2: a) Heatmap of LCOA values [€/tNH3] across European re
gions, b) Share of grid electricity in the total plant electricity consumption 
across European regions, c) NH3 and H2 carbon intensity [tCO2eq/tNH3 and 
tCO2eq/tH2] across European regions (calculated based on the local electricity 
grid carbon intensity). White areas indicate regions for which no publicly 
available data on grid carbon intensity are available.
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requirements of the Haber-Bosch and SOEC processes. By contrast, solar- 
dominated regions are less competitive (exceeding 2000 €/tNH3), due to 
the need for large energy storage systems to cover nights and cloudy 

days. In particular, regions with limited wind resources require exten
sive batteries and hydrogen storage capacities, on the order of around 20 
and 300 h of autonomy, respectively. In wind-rich areas, these re
quirements are markedly reduced, to about 2 and 60 h for batteries and 
H2 storage.

In Scenario 2, where unrestricted use of grid electricity is allowed, 
LCOA values are substantially reduced in regions characterised by low 
renewable energy potential and favourable grid electricity prices. 
However, depending on the grid carbon intensity in each bidding zone, 
reliance on grid electricity can lead to high indirect emissions associated 
with ammonia production, as observed in Turkey, the Balkans, and Italy.

The proposed optimisation framework can be readily adapted to 
investigate hybrid configurations, both in terms of power supply (e.g., 
offshore wind, hydropower, or nuclear) and hydrogen conversion 
technologies (e.g., hybridisation of low- and high-temperature elec
trolysis). While this work focuses on RFNBO-compliant ammonia pro
duction under RED III, the regulatory layer can be treated as scenario- 
dependent, enabling the implementation of alternative constraints 
reflecting other geopolitical contexts or less stringent requirements to 
assess economic feasibility under partial decarbonisation scenarios. 
Finally, as European energy and hydrogen regulations continue to 
evolve, it is important that cost assessments remain aligned with the 
most recent regulatory frameworks.
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E13C22001890001, Project title “Network 4 Energy Sustainable Tran
sition – NEST”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jclepro.2026.148079.

Data availability

Data will be made available on request.

References

Armijo, J., Philibert, C., 2020. Flexible production of green hydrogen and ammonia from 
variable solar and wind energy: case study of Chile and Argentina. Int. J. Hydrogen 
Energy 45, 1541–1558. https://doi.org/10.1016/j.ijhydene.2019.11.028.
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