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Abstract

Ammonia production contributes about 1% of global carbon emissions due to fossil-based hydrogen
production, and renewable-powered water electrolysis is a promising mitigation option. Yet, aligning
the continuous Haber-Bosch (HB) process for ammonia production with variable renewable resources
remains challenging. Increasing the HB process flexibility is a solution already adopted by the industry,
but the conditions under which flexible plants can reduce costs remain unclear. Here, we address this
issue by modeling and optimizing two plant configurations - continuous and flexible, both featuring on-
site, semi-islanded, electrolytic hydrogen production with life-cycle carbon emission caps. Our results
show that fully-flexible ammonia plants in wind-rich regions can be cost-competitive with current
Steam Methane Reforming (SMR) derived ammonia while reducing life-cycle CO,e emissions by over
90%. High flexibility minimizes grid import and storage costs, leading to lower Levelized Cost of
Ammonia (LCOA) and decreased emissions. The renewable potential of a location, particularly the
availability of abundant wind energys, is crucial for achieving a low LCOA and maximizing the emission
reduction potential of flexible plants. Solar resources alone, however, cannot offset sub-optimal wind
resources. In solar-dominated regions, plants with limited operational flexibility show a 7% increase in
costs and emissions compared to continuous operation, primarily due to the higher reliance on battery
storage and grid electricity import. Incorporating high flexibility in off-grid plants can halve costs, but
semi-islanded facilities with grid connections remain more economical. Our findings offer valuable
insights for plant operators, industry stakeholders, and policymakers, guiding effective strategies to
decarbonize ammonia production.
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1. Introduction

Ammonia (NH3) production is responsible for more than 1% of the world’s carbon dioxide equivalent
(CO,e) emissions, with most of its carbon footprint being due to hydrogen production via Steam
Methane Reforming (SMR) [1,2]. The volatility of natural gas prices and increasing concerns over
climate change have sparked interest in alternative ammonia production methods [3]. Electrolytic
ammonia, which uses renewable-powered water electrolysis to generate hydrogen and subsequently
combines it with nitrogen for synthesis in the Haber-Bosch (HB) loop, is one such alternative to mitigate
the industry’s carbon emissions [4,5]. However, ammonia synthesis loops are typically designed and
optimized for steady-state operation, close to their full capacity. As a result, these loops have limited
flexibility and capability for accommodating reduced operation or fluctuating energy inputs [6]. One
challenge lies in matching the operational requirements of the HB process with the intermittent nature
of renewable energy.

To overcome this issue, one proposed solution is to locate ammonia plants in regions with high
renewable energy potential and employ energy or hydrogen storage buffers to maximize annual
operating hours. Recent studies by Nayak-Luke et al. [7] and Wang et al. [6] explored the effect of
renewable energy intermittency on plant sizing and the Levelized Cost of Ammonia (LCOA) for off-
grid plants, identifying the cost of renewable electricity as a key determining factor. Other studies also
concluded that hybrid solar and wind energy systems are more cost-effective due to the complementary
nature of solar and wind energy production patterns [8]. Yet, substantial energy or hydrogen storage
buffers might be required to ensure continuous operation of the HB subsystems, potentially accounting
for up to 40% of the plant costs [9].

Another potential solution is to connect the plant to the grid to ensure constant production. However, in
this case, ammonia production becomes vulnerable to electricity price shocks, and relying solely on
grid electricity could produce comparable, if not higher, emissions than fossil fuel-based ammonia,
particularly in regions where electricity is carbon-intensive [10]. Furthermore, even if the grid is
relatively clean, using it to produce electrolytic ammonia could strain regional resources, given an
ammonia plant's large energy demands [11].

Recent research [12—-14] has pointed to semi-islanded plants as a third, potentially advantageous
solution. These plants, powered by renewable sources with backup grid connections, can significantly
lower the costs of electrolytic ammonia/hydrogen production compared to off-grid plants. This
approach, however, may involve operational emissions from imported grid electricity, particularly in
carbon-intensive regions.

In response to the chemical industry's evolving landscape, characterized by a transition towards
decentralized and flexible production [15], technology licensors are now focusing on transforming the
rigid HB into a more adaptable and flexible one [7,16,17]. For example, licensors such as Topsoe [18]
and Casale [9], claim that they can operate ammonia plants at 5-10% of their nominal load and rapidly
ramp up or down as required. This would reduce the need for energy and hydrogen storage and leverage
the variable output of renewable energies, potentially reducing over-capacities, lifecycle emissions, and
costs. This level of performance is not a distant future concept but is already being put into practice.
Topsoe, for instance, is playing a key role in two major projects aimed at taking advantage of this
flexibility. The first is a collaboration with Skovgaard Invest and Vestas, which were awarded 11 billion
euros to develop the first operational 'dynamic and green' ammonia plant in Denmark [19]. This plant
is designed to be powered by renewable energy sources, specifically solar panels, and wind turbines,
and is expected to set a precedent for future generations of ammonia plants. The second project is based
in Inner Mongolia, where Topsoe is working to develop a flexible plant in Baotou, designed to run on
onshore wind power [20].



Despite the recent trend in industry efforts, only a limited set of studies have examined flexible ammonia
production. These studies have concluded that plant flexibility is key to reducing storage size and
overall costs [6]. However, several technological advancements are still necessary to achieve a high
level of flexibility, especially in the Air Separator Unit (ASU) and ammonia synloop, which are
currently the least flexible plant systems [6,7,21].

Existing studies on electrolytic ammonia production have provided valuable insights, but they face
recurring limitations that hinder a comprehensive understanding of this field and the derivation of
general conclusions and recommendations.

Firstly, many of these studies are location-specific and their results may not be generalized to describe
feasible and optima solutions in different geographical areas. Exploring scenarios where plants are not
located in areas with high renewable potential is also crucial. We expand current analyses by
considering diverse geographic and climatic conditions, hence providing a much-needed perspective
for governments and industries planning to implement these technologies in different regions.

Secondly, previous research has often considered inflexible plants’ subsystem components and used
battery or hydrogen storage to handle intermittent renewable resources. While this approach reflects the
current state of the industry, it does not account for recent advancements and future expected
improvements. The industry has yet to see large-scale projects of electrolytic plants powered entirely
by renewables. However, recent industry interviews suggest that future projects specifically designed
for electrolytic plants could accommodate faster dynamics [22]. Failing to consider these trends could
limit the applicability of the research findings. There is a gap in the literature when comparing
electrolytic plants with continuous 24/7 ammonia output (a common practice today) to highly flexible
plants that eliminate the need for energy or hydrogen storage. Storing hydrogen in high-pressure tanks
is costly and presents safety concerns. Comparing these two plant configurations is critical to
understanding the benefits and challenges associated with each design, enabling decision-makers to
choose the most suitable option based on their circumstances.

Lastly, despite the urgent need to reduce carbon emissions, only a few studies have considered deep
decarbonization scenarios for ammonia production. Policymakers aiming to decarbonize the industry
need information about how much emissions can be reduced in different regions, under different
scenarios, and different assumptions regarding subsystems performance and plant configuration. Only
a handful of studies, such as Campion et al. [13], have considered the implications of carbon emissions
in their analysis. However, their analysis primarily covers emissions resulting from grid usage. A more
holistic approach to carbon emissions, including potential sources from all stages of the production
process, is needed to fully understand the environmental implications of electrolytic ammonia
production.

In response to these limitations, we develop a modeling framework and optimization approach for large-
scale, semi-islanded electrolytic ammonia plants under different renewable energy profiles. These
profiles are based on representative regions across Europe, each with unique weather patterns and
renewable energy potential. The focus on the European continent is motivated by the European Union's
strong interest in decarbonizing its industry through electrolytic production [23], especially considering
the significant damages caused by the 2022 energy crisis, which exposed the industry's vulnerability to
price shocks [24,25]. The selected representative regions include those with high-capacity factors for
both solar and wind energy, regions with moderate renewable conditions, and regions with poor
renewable potential. We also consider regions dominated by solar or wind energy to ensure a
comprehensive analysis. We compare various plant layouts, including continuous and flexible
configurations, while considering different degrees of flexibility. The optimization is based on Mixed-
Integer Linear Programming (MILP) and determines the minimum-cost design and operations of
ammonia production plants. Additionally, we conduct a comprehensive sensitivity analysis to evaluate
the impact of key parameters on the system's performance, cost, and lifecycle emission.



The primary goal of this work is to determine whether increasing plant flexibility can reduce the costs
of electrolytic ammonia production, making it cost-competitive with fossil-based standards. In
particular, the study aims to understand the impact of renewable energy potential on the optimal design,
operation, and configuration of ammonia plants, as well as the resulting LCOA and carbon content.
Additionally, the research investigates how the flexibility of key subsystems influences the economic
feasibility and lifecycle carbon emissions of both flexible and continuous ammonia production. By
identifying and analyzing the critical input parameters that affect the LCOA, this work assesses the
sensitivity of the LCOA to changes in these parameters.

Our results show that location, with its associated renewable energy potential, is a more critical factor
than plant configuration in influencing the economic viability and environmental impact of large-scale
electrolytic ammonia production. Wind-rich areas outperform others economically, offering ammonia
production costs comparable to traditional SMRs. These regions also benefit from a lower LCOA than
areas with less wind. Plants with high flexibility configurations can reduce costs and emissions,
especially in wind-dominant areas, while plants with partial flexibility operations may increase costs
and emissions in solar-dominated regions.

Our research provides a critical foundation for industry decision-making regarding investment in
research and technological development in the ammonia industry. Equally, it offers policymakers
guidance on where to prioritize subsidies and support, potentially accelerating the transition to
sustainable ammonia production. The unique insights revealed by our analysis thus serve as a vital tool
for both industry stakeholders and policymakers in strategizing the decarbonization of ammonia
production and aligning economic incentives with environmental objectives.



Nomenclature

Indices

t index for time-steps (hours), t € {0, 1, ..., T} with T = 8760
l index for years, L € {0, 1, ..., L} with L = 25

Sets

J set of energy carriers

X set of technologies

Kr set of renewable power technologies

Energy carriers

E electricity
H, hydrogen
N, nitrogen

NH;  ammonia

Technologies
PV photovoltaic
WT wind turbine

EL electrolyzer

A air separator unit

S ammonia synloop

Cp hydrogen compressor

ST hydrogen high-pressure storage tank

CT ammonia cryogenic storage tank

B battery energy storage system

Parameters

W capacity factor

D plant output

p energy price

y energy grids and technology carbon footprint
c technology investment cost

v technology operation & maintenance cost

n technology performance

6 technology minimum load

p stoichiometric ratio hydrogen/ammonia by mass

Variables

input energy

output energy

imported electricity

exported electricity
technology installed capacity
technology selection
ON/OFF scheduling

R TUETETSC



2. Materials and Methods

In energy system modeling, MILP has emerged as the predominant optimization approach for the design
and operation of multi-energy systems. MILP stands out due to its ability to effectively solve systems
of linear equations, while including nonlinearities thanks to the introduction of binary variables, thus
ensuring a trade-off between computational efficiency and solution robustness [12,26-28]. We
formulate a MILP in Python with the Gurobipy package [29] and solve it with the commercial solver
Gurobi [30].

We model and optimize two distinct ammonia plant setups, namely (i) a continuous plant and (ii) a
flexible plant, as shown in Fig. 1. The objective function is to minimize the lifetime system cost (eq.
1), while the decision variables are the design and operation of the ammonia plants under different input
parameter assumptions.

L L T
Y. (PEME: — peNNEY
min zegge = Z NPV 4+ Z Z vV + z =0 eq. 1
=1

1
kek =1 keK (1+71)

where z.,s: represents the total lifetime cost of the electrolytic ammonia plant, consisting of the sum of

capital cost Y. ,ex INTV operation and maintenance cost (O&M) ¥.,.cx ViV Ik, and grid power purchase

and sell X1, Zizo (pE(AfE" _)f’E'NNE't); In detail, L is the lifetime of the plant in years, T is the number of
+r

hours per year, I} is the installation cost of technology k; vy is a fraction of the installation cost for

annual maintenance, pg is the price of grid electricity for industrial end-users, while pg  is the price at
which electricity is sold back to the grid., Mg is the quantity of imported electricity from the grid, and
Ng is the quantity of electricity exported. Further details regarding cost calculation are reported in SI
- eq. i-iii.

ZCOSt

LCOA= ———
Y1 2 DRuae

eq. 2

The LCOA is computed through eq. 2. The LCOA represents the average cost per unit of ammonia
produced, considering the time value of money and the expected operational lifetime of the production
facility. We assume that the total amount of ammonia produced Y- ; ¥7_, D}&Hg't (Dﬁﬂglt is the hourly
output of the plant), remains consistent regardless of the chosen plant layout or assumptions regarding
input parameters. This allows for a meaningful comparison of LCOA across diverse scenarios and plant
setups.
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Fig. 1: Electrolytic ammonia plant subsystems. a continuous plant; b flexible plant. Variables in red
indicate the decision variables of the model, while variables in green are input parameters for the
optimization model. Colored lines represent energy carriers: green: electricity (E), purple: nitrogen (N,),
blue: hydrogen (H,), and orange: ammonia (NHj3). In the semi-islanded mode of operation (red dashed
lines), where the plant primarily relies on renewable energy sources yet remains connected to the grid
for backup, the import of grid electricity is allowed if it complies with the emission constraints.

2.1. Main subsystems of electrolytic ammonia plants

Despite advancements in process technology, the fundamental chemistry of the HB process has
remained largely unchanged since its original development. While different pathways exist for
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producing the hydrogen feedstock, such as SMR in today’s plants and electrolytic hydrogen in this
study, the core components of the plant remain largely unchanged. In modeling semi-islanded
electrolytic ammonia plants, we included the following subsystems:

e Renewable power generation: wind turbines (WT) or solar photovoltaic systems (PV) to
provide low-carbon electricity to the ammonia production plant.

e Transmission and wiring: Transmission lines and wires are necessary to connect the plant to
the electrical grid, PV, and WT.

o Electrolyzers: These devices produce hydrogen through water electrolysis and are the key
components of the electrolytic ammonia plant. They are also the most energy-intensive
subsystem of the plant [31].

e Air Separation Unit (ASU): This subsystem separates nitrogen from air, which is then combined
with the hydrogen produced by the electrolyzers to form ammonia.

e Ammonia synthesis loop (Synloop): The ammonia synthesis loop, or HB reactor, is where
ammonia is synthesized with an iron-based catalyst. It includes compressors, heat exchangers,
ammonia converters, and liquefaction.

e Ammonia storage: Ammonia plants usually incorporate atmospheric pressure ammonia storage
facilities that store up to two weeks of production.

These core components are necessary to produce electrolytic ammonia, although their specific
configurations may differ based on the unique characteristics of each plant, such as plant size and
desired production flexibility. For example, small plants might use different types of ASU; however,
there will still be an ASU as a key component of the plant. It is also important to consider the size of
the ammonia plant when selecting appropriate technologies, as different solutions may be more
appropriate for different scales of production. In large-scale ammonia plants, cryogenic ASUs are
typically used for purifying nitrogen. However, other separation technologies, such as pressure swing
adsorption (PSA), may be more appropriate for smaller-scale plants due to their higher flexibility and
lower cost at small scales [31,32].

In addition to the main components reported above, additional systems and equipment might be present
depending on the plant’s specific design and operating conditions.

e Compressor for hydrogen surplus (in case of a continuous plant): to compress and store any
excess hydrogen produced by the electrolyzers to offset fluctuations in renewable power
generation.

e High-pressure (350 bar) hydrogen storage tanks (in case of a continuous plant): to provide
storage capacity for hydrogen.

e Battery Energy Storage Systems (BESS): to store excess electricity generated by renewable
power sources or to provide backup power in case of grid outages.

e Additional cryogenic tanks for ammonia storage (in case of a flexible plant): to produce
ammonia during periods of high renewable capacity and store it for later use.

A detailed description of the subsystems is provided in section 0.

2.1.1.Modeling a continuous plant

In the continuous plant layout (Fig. 1a), the ammonia plants operate non-stop, ensuring an uninterrupted
ammonia output, Vyuzs: of approximately 42 t NHs/h (equivalent to 1,000 t NHs/d [33]) (eg. 3). To
maintain this constant ammonia output, a continuous supply of hydrogen Uy is required for the
synloop (eq. 4). A constant hydrogen supply can be ensured in multiple ways. Grid electricity can be
used to produce hydrogen when renewable energy sources are not available while complying with



emission constraints. Additionally, BESS can be installed to store energy and use it at moments of
energy shortage to maintain steady-state plant operations. Moreover, the energy surplus from peak
renewable hours can be used to produce a hydrogen surplus. This hydrogen can be compressed, stored
in high-pressure tanks, and used later in moments of energy shortage.

VNH3st = D}ﬁHs, vte{o,.. T} eq. 3

Unzst = VuzLe - Unzste + Vizste, V€ {0, ..., T} ¢q. 4

Where D3 is a constant representing the amount of ammonia that must be produced each hour of the
year; Vi gL 1s the hourly hydrogen output of the electrolyzer; Uz st is the volume of hydrogen
entering the storage tank, and Vyy s1¢ is the hydrogen discharged from the storage tank in hour ¢t.

2.1.2.Modeling a flexible plant with variable output

There is no unique definition of the flexibility of an ammonia production plant since its interpretation
can vary depending on the context and perspective. This paper provides our interpretation of flexibility
considering its different dimensions at both the subsystem and plant levels.

At the subsystem level, flexibility is a technology's capability to operate at a low nominal load and
adjust its operations rapidly. In ammonia production plants, this can be accomplished through both
technological advancements and system improvements. Technological advancements can include
developing new materials or hardware improvements that enhance the technology's dynamics. For
instance, the introduction of innovative catalysts in the HB process permits operations at reduced
temperatures and facilitates quicker ramp rates. Conversely, advancements in system and process
engineering can achieve similar fast ramp rates and low minimum loads by adjusting the process to a
more intermittent energy supply. An example is nitrogen production, where deliberately expelling
surplus nitrogen while operating the ASU can attain a minimum load of 10%. This method effectively
lightens the load on other subsystems without significant energy waste, thanks to suitable system
control.

At the plant level, flexibility is the capacity to adjust output throughout the day, seamlessly following
the input energy from renewable energy sources. The greater the ability to adapt to variable input
energy, the greater the flexibility. The plant's flexibility level is tied to the least flexible technology,
implying that any constraints on such technology's output or load capacity will limit all other systems.

In this paper, discussions on flexibility encompass both aspects. We do not differentiate between
subsystem-level advancements and plant-level improvement, as the distinction does not influence our
results.

Due to the variability in the flexibility of ammonia synloop and air separation unit subsystems [6,21,31],
we propose two distinct scenarios: (i) a semi-flexible scenario with a minimum load of 50% of the
nominal capacity for ASU and synloop and (ii) a fully-flexible scenario with a minimum load of 10%,
as described in sections 2.2.7 and 2.2.8.

The annual ammonia production, D{ys3, is the same for both the flexible and continuous plants (365,000
t NHs/y), but the flexible plant operates dynamically to produce ammonia during periods of high
renewable energy supply and eventually stores it in additional ammonia storage tanks for periods of
low renewable energy supply (Fig. 71b). This reduces or eliminates the need for hydrogen compressors
and storage but may require additional ammonia storage capacity. Unlike the continuous plant, in the
flexible plant layout, we also optimize the hourly output of ammonia, Df\lmg,t as a decision variableeq.
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55. The flexibility of the plant operation enables it to adjust ammonia production in response to
changing renewable energy supply and demand and potentially reduce overall LCOA.

T

eq. 5
Z DRu3t = Diins 1
=0

where the hourly output of ammonia, D{\ﬁHg,t is equal to the output of the ammonia synloop, Vnu3 s,
minus the ammonia entering the cryogenic storage, Unnus,ctt, plus the output of ammonia from the
storage Vnuscrt (€g. 6).

DRu3t = Vinss,e - Unnzcre + Vbzcre ¥ t € {0, ..., T} eq. 6

2.2. Input parameters to the optimization model

Table 1 presents all the input parameters used in our model. The ranges for these parameters are based
on values found in Europe and provide relevant insights for the region. Note that we assume to install
all components in 2025 and start operations on January 1, 2026, until December 31, 2050 (lifetime, L,
of 25 years).

Table 1: Input parameters for the optimization model, including generic input parameters,
technology input data, and grid input data. The ranges from pessimistic to optimistic values were
used for the sensitivity analysis, while the reference values were employed for the main analysis.

Value
Inputt Description Unit Note Source
parameter Pessimistic | Reference | Optimistic
Generic input data
Annual
DRin3 ammonia t NH3/y 365,000 [33,34]
production
t Hours/year h 8,760
! Lifetime EHPS y 25 26 years lifetime, 25 [33]
years operations
r Discount rate % 3% 8% 15% [33]
Agricultural )
Pland land price EUR/m 15.02 5.86 0.25 [35]
Carbon kg CO,e/kg
EH2 emission limit H, ! [36,37]
Technology input data
Total system
Cpy cost utility-scale EUR/MW 1,500,000 650,000 400,000 [38,39]
PV
Total land area
Apy for PV m’MW 35,000 [40-42]
installations
Vpy Annual O&M EUR/MW/y 17,000 [6]
. Considering inverter,
Npv Efﬁmettlcn}; PV % 90.0% transformers, and [43]
Syste rectifier efficiencies
Carbon
Ypv emission PV t CO,e/MW 787 [44]
manufacturing
Total system
CWT cost utility-scale EUR/MW 1,800,000 1,100,000 850,000 [38,39]
WT
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Total land area

Awr for WT m*YMW 150,000 [40-42]
installations
VWT Annual O&M EUR/MW 25,000 [6]
. Considering
nwt Efficiency PV % 93.0% transformers, and [43]
system . D
rectifier efficiencies
Carbon
Ywrt emission WT t CO.e/MW 1,345 [44]
manufacturing
Considering the
Total system replac.e.ment of two
additional stack
CEL cost ALK EUR/MW 2,100,000 1,700,000 1,300,000 . [45]
electrolyzer cpmponents during the
lifetime of the plant at
100 EUR/KW each
VEL Annual O&M % CAPEX 3.0% [6]
Energy demand
NH2,EEL ALK kWh/kg H, 52.0 [46,47]
electrolyzer
Minimum load
0L ALK % 10% [48,49]
electrolyzer
Carbon
emission ALK
YEL clectrolyzer t COe/MW 133 [50,51]
manufacturing
Unit cost utility- EUR/kg H,
Ccp scale H2 compressed 11,000 [47]
compressors perh
vcp Annual O&M % CAPEX 2.0% [6]
Energy demand kWh/kg H,
MH2E,cp compressors compressed F0 [47]
Carbon kg CO,e/kg
Ycp emission H, compressed 182 [51]
compressors per hour
Unit cost H2 EUR/kg H,
cst storage tanks stored 300 [47]
UsT Annual O&M % CAPEX 1% [6]
Carbon
Vst emission H, k*‘i acgéle/ ke 182 [51]
storage tanks pacity
Considering two
Unit cost utility- battery packages
CB scale Li-ion EUR/MWh 735,000 555,000 430,000 replacements during [52]
battery system the lifetime of the
plant
VB Annual O&M % CAPEX 2.5%
c Charging o o
s efficiency & 92.7% Round trip efficiency [52]
d Discharging o o 85%
8 efficiency /o 92.7% [52]
Min # time
Th intervals for full n 4 [52]
charge
Min # time
8 intervals for full n 4 [52]
discharge
Self discharge o o
Ap coefficient % / day 0.2% [53]
Carbon
emission Li-ion
Y8 batterics t CO,e/MWh 89 [54]
manufacturing
Total system
Ca cost ASU EUR/MW 9,000,000 [31,55]
Va Annual O&M % CAPEX 2.0% Assumed
TIN2EA Energgsdgmand kWh/kg N, 0.12 [46]
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10% for fully-flexible;

Minimum load o o o | o
04 ASU o 80% | >0% 10% 50% for semi-flexible [9.17]
Total system EUR/MW 6,000,000 [31,56—
cost Synloop 58]

vg Annual O&M % CAPEX 2.0% [6]

Cs

Nnuzgs | ey demand o g NH, 0.60 [47]

Synloop
Minimum load o o o o 10% for fully-flexible;
8s Synloop & 80% 30% 10% 50% for semi-flexible
Unit cost NH3
CccT cryogenic
storage tanks
Vet Annual O&M % CAPEX 1% [6]

Distance from
PV, WT, grid
connection and
EHPS

Efficiency
NHVLY transformer % 99.0% [43]
from HV to LV

Efficiency
NLVHV transformer % 99.0% [43]
from LV to HV

Efficiency o, 97.0% [43]
inverter :

[9,18]

EUR/ NH,
stored 1,000 [31,47]

km 5 Assumed

m

Grid input data

Price grid
PE electricity for EUR/MWh 235 105 41 [59]
industrial user
Carbon
YE intensity grid
electricity

kg

COeMWh 230 81 3 [60]

Considering
% 6% transformer and [43]
rectifier efficiencies

Transmission
losses from grid

Ne

Transformer
c (from LV to
HVLV HV) total
installed cost
Transformer
c (from HV to
LVHV LV) total
installed cost
HVAC
CHVAC transmission EUR/km 1,600,000 [12]
line cost
Percentage of
the original
purchase price
PEN at which % 0% 25% 100% Assumed
electricity is
sold back to the
grid

EUR 14,000,000 [12]

EUR 33,000,000 [12]

2.2.1. Renewable resources

To optimize the design and operations of the plants, we utilize historical capacity factors for solar and
wind energy generation derived from the Copernicus Climate Change Service (C3S) dataset [61]. C3S
offers climate and energy indicators specific to the European energy sector. This includes information
on climate-related variables such as solar radiation and wind speed, as well as energy indicators like
electricity demand and renewable power generation.

The C3S dataset provides hourly solar and wind capacity factors for the 1979-2022 period for all
European regions at NUTS-2 level (SI - Fig. i). However, due to computational constraints associated
with simulating all potential climate conditions and considering the high temporal resolution of the data,
we select representative regions.
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Firstly, we calculate the mean annual capacity factor @y, ; for each region i and year j for both set of
renewable energy technologies K {PV,WT} according to eq. 7.

T
Ll Wyij eq. 7

Wpij = T ,VKEKg

We cluster European regions based on a specific set of rules relating to their capacity factors for solar
and wind energy. High-capacity factor regions fall into the top 75" percentile for either solar or wind
mean annual capacity factors, while also having a mean annual capacity factor greater than the 25%
percentile for the other energy source. Solar-dominated regions rank in the top 25" percentile for solar
energy capacity but fall into the lowest quartile for wind energy. Wind-dominated regions are in the top
25% percentile for wind energy capacity but in the lowest quartile for solar energy. Median-capacity
regions have both solar and wind resources exceeding the 25" percentile but less than the 75" percentile,
indicating a balanced mix of both energy sources. Low-capacity regions have one of the energy sources
(either solar or wind) with a mean annual capacity factor below the 75™ percentile, and the other energy
source has a mean annual capacity factor below the 25" percentile, indicating limited potential for
renewable energy.

We then select regions with the highest, median, and lowest mean annual capacity factors for both wind
and solar installations to create five “representative regions” that represent extreme weather scenarios
(Fig. 2). These categories include (i) Wind-dominated, (ii) Solar-dominated, (iii) Low-capacity, (iv)
Median-capacity, and (v) High-capacity (both solar and wind). More specifically, we identify UKE4
(West Yorkshire, United Kingdom) as a wind-dominated region, showing the highest mean annual
capacity factor at 51.5% (99.2" percentile) specifically for wind, yet it has a relatively poor solar energy
capacity, with a factor of just 8.7% (1.5% percentile). Conversely, TRB2 (Van Subregion, Turkey) is an
example of a solar-dominated region, with a high mean annual solar capacity factor of 18.9% (99t
percentile), while its wind energy capacity trails significantly with a capacity factor of merely 8.7%
(3.9" percentile). These selections are made intentionally to represent regions with a strong prevalence
of one energy source, wind or solar, while having limited potential for the other. In contrast, TR10
(Istanbul Subregion, Turkey) emerges as a high-capacity region, landing in the 75" percentile for solar
energy and the 77" percentile for wind energy, making it unique as most regions tend to excel in only
one energy source. Lastly, NOO5 (Vestlandet, Norway) and AT12 (Lower Austria, Austria) represent
regions with low and median-capacity factors, respectively (Fig. 2)

This approach allows us to capture the variability and extremities of climate conditions, while
mitigating the computational intensity associated with simulating every year and region in the dataset.
At the same time, it ensures the derived information remains valuable and applicable to other regions
falling within similar clusters, thereby maintaining its relevance across a broader geographical context
(ST - Fig. ii).
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Fig. 2: Clustering of European regions at the NUTS-2 level according to their average yearly
capacity factor, showcasing the five representative regions and years chosen for analysis. In the
scatter plot, each point denotes the capacity factor of each NUTS-2 region and year (from 1979 to 2022)
considered in the dataset. The capacity factor is displayed as a percentage in panel a and as a percentile
rank for each region and year in panel b. NUTS-2 is a standardized geocode for subdividing countries
in the European Union into regions for statistical purposes. UKE4: West Yorkshire, United Kingdom;
TRB2: Van Subregion, Turkey; TR10: Istanbul Subregion, Turkey; NOO5: Vestlandet, Norway; AT12:
Lower Austria, Austria.

2.2.2. Renewable power generation

To maximize the utilization of local renewable resources, we assume installing a hybrid renewable
power generation system comprising utility-scale solar PV and onshore wind turbines. We obtain cost
and performance data from the IRENA database [38]. This database includes detailed information on
various components, including, among others, the balance of system, transformers, grid connection,
wiring, and power electronics. It also provides the weighted average 5™ percentile and 95" percentile
total system costs for utility-scale wind and solar installations globally.

Given the long lifespan of solar PV and WT, we assume the infrastructure will not be replaced during
the projection period 2025-2050 and only consider the 2025 costs. As the IRENA dataset offers data
updated only until 2020, we collect IRENA's 2030 cost projections for solar PV and wind turbines from
an additional source [39]. To estimate 2025 costs, we assume a linear decrease in costs from 2020 to
2030 using available data. A linear cost reduction is a simplification, considering the historical non-
linear drop in costs, but provides a reasonable approximation for short-term cost reduction.

Since the modeled plants are not linked to a specific geographic location but rather represent generalized
plants located in Europe, for coherence with capacity factor data (see section 2.2.1), we consider the
entire range of costs across Europe provided by the dataset: 400,000 EUR/MW - 1,500,000 EUR/MW,
with 650,000 EUR/MW being the reference value (Error! Reference source not found.). Similarly,
we consider the cost of wind turbines ranging from 850,000 EUR/MW to 1,800,000 EUR/MW, with
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the reference value being 1,100,000 (Error! Reference source not found.). These values represent the
range of utility-scale renewable installation total installed costs in Europe.

Large installations of renewable power generation (GW-scale) are required to power an electrolytic
ammonia plant. Hence, we also include in the cost analysis the cost of land. PV systems typically require
3.5 hectares per MW installed, and WT demands about 15 hectares per MW [40—42]. For accurate land
cost assessment, we collected price data from the European Commission [35] and calculated the average
land price in Europe (~58,000 EUR/ha). However, not all the land will be completely covered by
renewable installations. In fact, the 'direct land consumption' is 7% for wind turbines and 86% for solar
PV [40—42]. Hence, we multiply the cost of land by only the percentage of direct land used by the
renewable installations.

Additionally, our analysis also incorporates electrical losses incurred during the transmission of
electricity from PV arrays and WT to the ammonia plant. We assume the construction of new, dedicated
transmission lines separately from existing grid infrastructure to avoid the risk of grid congestion during
peak production hours. Assuming that the renewable energy installations are located within a short
distance (< 5 kilometers) from the plant, we consider High Voltage Alternating Current (HVAC) [62].
Wind turbines typically produce Low Voltage Alternating Current (LVAC), which necessitates stepping
up to HV using transformers. This HV power is then transmitted to the plant, where it is stepped down
and converted to Low Voltage Direct Current (LVDC) via rectifiers for use. On the other hand, PV
systems generate LVDC directly. This necessitates an additional conversion step to transform LVDC
to LVAC, before stepping up the voltage for integration into the dedicated HVAC line. It is important
to note that the costs associated with inverters required for this conversion in PV systems are already
accounted for in the IRENA dataset. Additional costs and losses due to transformers, wires, inverters,
and rectifiers are detailed in Table 1. The total transmission losses from wind turbines to the electrolysis
hydrogen system are estimated at around 7%, with 2% attributed to transformers and 5% to the rectifier
[43]. For PV systems, the total transmission losses are around 10%, comprising 3% inverter losses, 2%
transformer losses, and 5% rectifier losses [43].

The hourly power generation from PV and WT systems, based on the availability of renewable
resources, along with the constraints on installed capacity, are presented in SI — eq. iv and v.

2.2.3. Grid electricity costs and emissions

Grid electricity can complement renewable sources by reducing the need for larger installed capacity
and associated costs, particularly in regions with low-capacity factors [12—14]. Hence, we propose a
semi-islanded configuration for the ammonia plants, where we allow the use of grid electricity as a
backup. The optimization model determines the optimal amount of imported electricity, denoted as Mg,
for each hour, while considering a constraint that limits the maximum amount of imported grid
electricity to meet the hourly demand of the plant.

Nevertheless, the reliance on grid electricity results in carbon emissions [12,14]. Recent efforts to
identify emission thresholds for electrolytic ammonia to be considered a sustainable chemical focus on
the carbon content of the hydrogen utilized in ammonia synthesis. Low-carbon ammonia production
should rely on hydrogen derived from 100% or nearly 100% renewable energy, resulting in close to
zero operational carbon equivalent emissions [37]. Previous studies [36,37] suggest that an emission
limit of 1 kg of CO,e per kg of H, is a cost-effective cap for electrolytic hydrogen in ammonia
production in Europe, and we adopt this benchmark for this study. This implies we can import grid
electricity as long as the lifespan average emissions of hydrogen do not exceed the 1 kg CO,e/kg H,
limit (egq. 8).
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Where g is the carbon intensity of grid electricity in kg CO,e/kg H,, while ey, represents the emission
threshold implemented of 1 kg CO,e/kg H,. Upzs: is the hourly hydrogen input of the ammonia
synloop.

To calculate the reference carbon intensity of grid electricity and establish the range for sensitivity
analysis, we use the JRC-COM-NEEFE (National and European Emission Factors for Electricity
Consumption) from the European Commission [60] for historical data (1990-2020). We assume that all
electricity grids will achieve carbon neutrality (zero kg CO,e per MWh) by 2050, employing a linear
reduction approach from the present day to 2050. We then compute minimum, 5" percentile, mean, 95"
percentile, and maximum values for each year. We subsequently calculate the average of each percentile
from 2026 (the year the facility would be operational) to 2050. As per this, we use 81 kg CO,/MWh as
a reference value and the range 3 — 230 kg CO,/MWh for the sensitivity analysis (Table 1).

Regarding electricity prices, both short-term fluctuations and long-term trends are challenging to predict
and lie beyond the scope of our current study. To establish the price range, we collect historical
electricity prices for large-scale industrial users from a dataset compiled by the European Commission
[59]. This dataset includes country-based monthly historical electricity prices for industrial users from
2008 to 2019. Electricity prices in Europe exhibit great variability, ranging from 41 EUR/MWh to 235
EUR/MWh, with 105 EUR/MWh as the reference value (Table 1).

Since the plant is connected to the national electricity network, we also consider the possibility of selling
excess renewable electricity back to the grid instead of curtailing it [12]. Salmon & Bafiares-Alcantara
have shown that when an ammonia plant acts as both a consumer and a supplier to the national
electricity network, it can reduce costs [12]. Furthermore, in the future, integrating large-scale
electrolytic ammonia plants with domestic electricity markets may simplify the challenges of achieving
local grid stability.

Modeling the sale of excess electricity to the grid requires careful consideration of several factors. One
key issue is that the plant's surplus electricity production during peak renewable output often coincides
with times when the grid may already be dealing with an oversupply. This can lead to reduced demand
for additional electricity, with the potential for electricity prices to drop, even becoming negative, as
has been observed in several European regions during periods of excess supply [63,64]. The increasing
share of renewable energy sources in the energy mix has a significant impact on daily fluctuations in
grid electricity prices. Research suggests that these fluctuations escalate as the proportion of renewable
energy on the grid increases [65]. Historical data supports this: countries with higher percentages of
renewables tend to experience wider average daily fluctuations. For instance, in 2022, Finland and
Sweden recorded a 55% and 52% difference, respectively, between the minimum and mean price of
electricity, compared to the EU average of 24%.

Given the global trend towards increased incorporation of renewables into energy mixes [66], we can
anticipate more prevalent price fluctuations in the future. As ammonia plants would likely sell surplus
electricity during periods of excess renewable energy and considering the projected increase in
renewable-based grids, we can reasonably expect that the electricity sold would be at a significantly
lower price than the average purchase price. We therefore assume that the plant will sell electricity at
25% of the average daily price. However, recognizing the inherent uncertainties, we further investigate
this in the sensitivity analysis, testing a “sellback coefficient” (pg n) ranging between 0% and 100% to
capture potential variability.

We also implement a constraint on the amount of electricity the plant can import and sell to the grid per
hour (S7 — eq. vi). Because we set a constraint on the amount of imported electricity based on the
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capacity of transformers and transmission lines, the same constraint applies to exported electricity (~400
MWh). The plant, thus, cannot sell more electricity than the existing infrastructure can handle.
Additionally, if grid export is left unconstrained, the model would favor the construction of
exceptionally large renewable energy facilities primarily focused on selling electricity to the grid [12].
This approach could inadvertently create a secondary business model subsidizing the electrolytic
ammonia plant. However, this scenario poses challenges, including limited availability of land,
substantial upfront capital requirements, and market risks associated with being a significant contributor
to the national grid. The local grid infrastructure might not be equipped to accommodate a huge influx
of energy during peak renewable production hours. Upgrading the grid to handle such significant energy
surpluses from the plant poses a complex challenge, especially due to the high costs and logistical issues
involved.

When transmitting large quantities of electricity to and from the grid, dedicated transmission
infrastructure is essential. Specifically, this involves the installation of new HVAC lines and
transformers, which are necessary to convert HV to LV and vice versa at the plant. To account for
energy losses during transmission, we have incorporated an increase in the price of delivered and sold
electricity, following the methodology described by Salmon and Banares-Alcantara [12]. Additionally,
the extra power required to offset these transmission losses results in a corresponding increase in the
cost of electricity. Considering that existing plants are typically situated in industrial areas, we assume
proximity to a grid connection point within 5 kilometers. Due to this short distance, line losses are
considered negligible. Therefore, only the losses from transformers, estimated at 1%, and rectifier losses
at the plant, estimated at 5%, are factored into our calculations.

2.2.4. Battery energy storage systems

We collect the cost and performance of utility-scale battery energy storage systems (BESS) considering
lithium-ion batteries (LIBs) from the National Renewable Energy Laboratory’s (NREL’s) 2023 Annual
Technology Baseline [52], which summarizes the research conducted by Augustine and Blair [67] and
Ramasamy et al. [68]. These studies provide projections for the future costs of BESS, considering all
key components such as the LIB pack, inverter, balance of system, installation costs, and other relevant
factors.

We consider a LIB with a duration of 4 hours, which represents the amount of time the storage system
can discharge at its power capacity before depleting its energy capacity. We assume a round trip
efficiency of 86% [52], with losses equally distributed between charging and discharging, and a 15-year
lifetime for the LIB pack [69]. At the end of this period, we anticipate the replacement of the LIB pack,
which constitutes approximately 50% of the total system cost. We therefore consider projected 2040
costs for the LIB pack replacement. We also consider battery self-discharge, which occurs due to
internal chemical reactions taking place when the battery is not charged or discharged. Cole et al. [70]
and Kebede et al. [69] have indicated a daily self-discharge rate ranging from 0.1% to 0.3%. For our
analysis, we employ a conservative daily self-discharge rate of 0.2% [53]. Cost and performance values
are shown in Table 1.

The amount of energy stored each hour is calculated as shown in S/ - eq. vii. Additional constraints
related to energy storage are presented in the S7 - eq. viii-xi.

2.2.5.Electrolyzers

By utilizing water as the input and electricity as the energy source, electrolyzers separate water
molecules into hydrogen and oxygen gases. In the context of an electrolytic ammonia plant,
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electrolyzers play a pivotal role as the most energy-intensive component, typically accounting for
approximately 90-95% of the total energy demand of the electrolytic plant [71].

We consider alkaline electrolyzers (ALK) because of their maturity, especially for larger applications.
Furthermore, there is a trend of planning for ALK electrolyzers in numerous large-scale electrolytic
plant projects and studies [19,72,73]. Nevertheless, it is important to acknowledge the need for further
research and exploration of alternative electrolyzer technologies, including proton exchange membrane
(PEM), solid oxide, and membraneless electrolyzers.

We collect data regarding ALK electrolyzer cost and performances from various sources, including the
Hydrohub Innovation Program's extensive literature review conducted in 2022 [45]. This review
focused on assessing the costs and performance of large-scale (1-GW) electrolytic-hydrogen production
systems. The review projects a 50% reduction in electrolyzer system costs between 2020 and 2030.
Considering that plants are assumed to install all subsystems in 2025, we thus anticipate a 25% reduction
in costs compared to the 2020 data. We therefore consider a total system cost of 1,500,000 EUR/MW
(1,100,000 — 1,900,000). To these costs, we added the additional costs for the replacement of two stack
components over the 25-year lifetime of the plant, which would account for approximately 100,000
EUR per MW of installed capacity [45]. This replacement cost represents approximately 10% of the
total system cost. Routine maintenance is performed on the remaining systems throughout the
operational lifespan of the plant.

The equations describing the minimum installed capacity of the electrolyzers, energy input and output,
and the constraints on the minimum hourly load are presented in S7 - eq. xii-xv.

2.2.6. Hydrogen compressors and high-pressure tanks

In the continuous plant layout, excess renewable electricity can be utilized to synthesize hydrogen,
which can then be stored for balancing periods. However, since ALK electrolyzers typically operate at
lower pressures (ranging from atmospheric pressure to 30 bar), mechanical compression becomes
essential to achieve the desired pressure of approximately 350 bar, commonly used for hydrogen storage
tanks [74]. Therefore, a compression process is employed to elevate the pressure to the required level
for efficient storage. The estimated electricity consumption for compressing hydrogen to this pressure
is around 2 kWh/kg H, [47]. In terms of investment costs, we assume 11,000 EUR/kg Hy/h for the
compressor and 500 EUR/kg H, for the high-pressure tank based on the study conducted by Ikdheimo
et al. [47].

The amount of hydrogen compressed and stored each hour is described by the equations presented in
SI - eq. xvi-xix.

2.2.7. Air Separator Unit

Separating nitrogen (N,) directly from the air can be done through three main methods: (i) cryogenic
distillation, (ii) pressure swing adsorption (PSA), and (iii) membrane separation. Among these methods,
cryogenic distillation offers the purest product with the lowest specific energy consumption, making it
economically advantageous for large-scale electrically-driven ammonia production facilities [46].

Conventional ASUs, and in particular cryogenic distillation units, must operate above a minimum load
of 50-70% of the nominal capacity [6,13]. This minimum load requirement ensures efficient operation,
maintains product quality, and ensures system safety. However, recent advancements removed such
limitation allowing for a minimum load as low as 10% and fast ramp rates [75]. Additionally, current
technologies offer an alternative way to overcome the minimum load limitation. By wasting excess
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nitrogen when operating the ASU at 50% load, it is possible to achieve a minimum load of 10%. This
approach effectively reduces the load on other subsystems without significant energy waste, thanks to
appropriate system control.

By enhancing the flexibility of ASUs, grid electricity usage and emissions can be reduced while
maximizing the plant's design capabilities. The inclusion of additional buffer storage for nitrogen does
not result in a significant increase in ASU capital expenditure, and therefore, it is not considered in our
paper's modelling [21].

In the Supplementary Information, S7 - eq. xx-xxiii present the constraints on the minimum load of the
ASU, the equations regulating its hourly input-output, and the constraint on the minimum installed
capacity of the ASU.

2.2.8. Ammonia synloop

The HB ammonia synthesis loop comprises several components, such as a synthesis reactor, mixing
units, compressors, heat exchangers, and an ammonia separation unit. Operating within a pressure range
of 150 to 300 bar and temperatures between 350 to 550°C, these conditions are carefully selected to
optimize the reaction rate, considering that the yield per single pass typically ranges from 15 to 25%.
The synthesis loops are primarily designed for steady-state operation at near maximum capacity, with
limited flexibility for reduced operation due to operational constraints [6].

One of the main challenges in achieving operational flexibility lies in minimizing load variability within
the ammonia synthesis loop. The reactor's characteristics limit dynamic operation, necessitating a
continuous supply of hydrogen, nitrogen, and process electricity [6]. Leading companies like Topsoe
have developed design solutions that enable operation down to 10% capacity [16,76]. Potential
solutions to enhance system flexibility include the use of electric heaters to maintain the reactor's
temperature profile at low operational loads, variable load compressors to reduce compression rates,
and utilizing surplus nitrogen to regulate flows and pressure within the ammonia loop [31].

The constraints on the minimum load of the ammonia synthesis loop, the equations regulating its hourly
input-output of hydrogen, nitrogen, and electricity, and the constraint on the minimum installed capacity
of the synloop are described in the Supplementary Information, Sl-eq. xxiv-xxviii.

2.2.9.Cryogenic storage

Cryogenic tanks are specialized containers designed for the storage of ammonia at cryogenic
temperatures, usually below -33°C. Cryogenic tanks are extensively employed in ammonia plants and
various industries to safely store ammonia, mitigating the likelihood of leaks or environmental hazards
until it is required for industrial applications or further processing.

Conventional ammonia plants typically incorporate cryogenic storage tanks with a capacity equivalent
to two weeks' worth of ammonia production. However, in the case of a flexible plant layout, we include
the possibility of installing supplementary cryogenic storage tanks to serve as a buffer.

Equations S/ — eq. xxix and xxx in Supplementary Information describe how ammonia storage is
modeled in the optimization problem. These equations represent the hourly ammonia storage dynamics
and the constraints on the storage capacity.

2.3. Carbon emissions analysis
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We calculate the operational emissions resulting from the electricity imported from the grid by
multiplying the total electricity consumption by the grid electricity carbon intensity and dividing the
total carbon emissions by the amount of ammonia produced during the same period (eg. §).

In addition to operational emissions, we also calculate technology-embedded emissions, which are the
emissions resulting from the manufacturing and transportation of key plant subsystems, such as PV
installations, wind turbines, electrolyzers, battery and hydrogen storage. These embedded emissions y

are calculated per unit of installed capacity for each subsystem k, taking into account the emissions
associated with the production of raw materials, component manufacturing, and transportation and then
multiplied by the installed capacity P}, across different regions and plant layouts (Text 1 in SI).

The carbon content per unit of ammonia produced, I'Ny3, accounts for the lifetime operational emissions
G YT yeM g,¢) resulting from imported electricity from the grid and the lifecycle carbon emissions

associated with the installation of each technology. The total emissions are then divided by the lifetime
ammonia production to obtain the overall carbon content per unit of ammonia produced (eq. 12).

(21;1 ZtT=1 YEMEI) + ek vi(Pi) eq. 12
21;1 Diin3

I'nHz =

2.4. Sensitivity analysis

We conduct a comprehensive univariate sensitivity analysis to evaluate the impact of varying input
parameters on the optimal design and operation of the ammonia plant. These parameters include the
unit cost of solar PV systems, wind turbines, and electrolyzers, as well as the price and carbon intensity
of grid electricity. Additionally, we examine the effects of varying the minimum load capacity of the
air separator unit and ammonia synloop, along with different prices of electricity sold to the grid. The
analysis also takes into account the discount rate applied in the financial calculations. The range of
values used in the sensitivity analysis is shown in Table 1, along with their reference values used in the
main analysis. This analysis allows to assess how changes in these parameters could influence both the
LCOA and the carbon content of the produced ammonia, therefore assessing their impact on the plant
viability. We perform the sensitivity analysis for all plant setups, namely continuous, semi-flexible, and
fully-flexible configurations, and representative regions, namely High-capacity, Median-capacity,
Low-capacity, Solar-dominated, and Wind-dominated.
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3. Results
3.1. Fully-flexible plants abate costs in all regions

The LCOA for continuous, semi-flexible, and fully-flexible electrolytic ammonia plants across the five
representative regions is presented in Fig. 3. The highest LCOA is observed in regions with low
renewable capacity, where costs range from 2,223 to 2,325 EUR/t NHj, depending on the plant
configuration. In contrast, the lowest LCOA can be found in regions with a strong wind energy presence,
especially in flexible plant layouts; here the cost is as low as 762 EUR/t NH;. These figures align with
previous estimates, which generally fall between 750 and 2,500 EUR/t NH; [24]. This indicates that
except for plants situated in regions with substantial renewable energy potential—particularly those
with excellent wind power—electrolytic ammonia is more costly than that produced using SMR.
Historically, the LCOA for fossil-based ammonia production typically ranges between 250 and 1,000
EUR/NH; [24].

Geographic location and, thereby, the local climate conditions and renewable energy availability
strongly affect the optimal design and operation of the plant and, thus, the LCOA. Wind-dominated
regions consistently yield the lowest LCOA, regardless of the plant configuration, whether continuous
or flexible. These findings suggest that wind power is particularly well-suited to drive the operation of
electrolytic ammonia plants. Interestingly, regions with very high wind energy availability (in our study,
the 99" percentile) and poor solar resources yield a lower LCOA than regions with both high solar and
wind resources but to a lesser extent. In fact, high-capacity factor regions (accounting for both wind at
the 77% percentile and solar at the 75™ percentile) result in 22%, 23%, and 27% higher LCOA compared
to wind-dominated regions in continuous, semi-flexible, and fully flexible plant configurations,
respectively. In contrast, solar-dominant regions have significantly higher costs compared to wind-
dominant regions, with cost increases ranging from 65% to 88%. Surprisingly, regions with median
capacity factors exhibit lower costs than regions relying exclusively on solar energy. This indicates that
abundant solar resources cannot compensate for sub-optimal wind resources. On the other end of the
spectrum, regions with low-capacity factors necessitate large-scale installations across all subsystems
to counter the scarcity of renewable resources. This requirement substantially increases costs, resulting
in an LCOA almost three times higher than those observed in wind-dominant regions.

Electrolytic ammonia plants in wind-dominant regions exhibit lower costs due to two key reasons.
Firstly, the consistent wind energy in these regions results in less need for a large-scale renewable
energy infrastructure, reducing both initial investment and maintenance costs. Secondly, relying on
wind power minimizes installing costly energy storage systems and importing grid electricity as a
backup. Wind energy is more evenly distributed throughout the day and night than solar power, making
it easier for the plant to ensure extended operational hours relying on renewables (semi-islanded),
reducing the need for stored power. These findings, consistent with other research [21], highlight the
economic benefits of situating such plants in wind-rich regions and the importance of strategic
geographic placement for renewable energy-powered facilities.

Another key finding is that the plant configuration, specifically the choice between flexible and
continuous operation, can impact costs differently based on the geographical region. In wind-dominated
regions and regions with high renewable potential from both solar and wind sources, semi-flexible
plants present lower costs than continuous plants, achieving a cost reduction of 6% and 5% respectively.
This cost advantage is likely due to the more consistent availability of wind energy, including during
the night, which enables the plants to more easily maintain the 50% minimum load required by the ASU
and ammonia synthesis loop. Conversely, in solar-dominant regions, a semi-flexible plant layout incurs
higher costs than continuous plants, resulting in an up to 7% increase in the LCOA. The challenge here
is the intermittent nature of solar power. Since solar energy is not available during the night, it becomes
difficult to maintain the 50% minimum load required by the plant without extensive battery storage or
grid import, both of which can substantially increase costs. Therefore, in solar-rich regions, it is more
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beneficial to opt for a continuous plant configuration rather than a semi-flexible. During peak solar
hours, plants can produce and store hydrogen. This stored hydrogen can then be used during the evening
hours or other periods when solar power is not available, effectively balancing the energy supply and
keeping the plant running at the required load.

Interestingly, the LCOA in regions with median and low renewable energy capacity is similar for both
continuous and semi-flexible plants. This suggests that the choice between continuous and semi-flexible
operation has less impact on costs in these regions than those dominated by a specific renewable energy
source.

Finally, the full potential of flexible plants is realized in the fully-flexible configuration. In this setup,
plants have the capability to rapidly reduce their load to a minimum of 10% and subsequently ramp up
again as needed. This rapid load adjustment capability allows the plant to closely follow the availability
profiles of renewable energy sources. By operating in a fully-flexible configuration, the plant can
optimize its operation to coincide with times of high renewable energy availability, thereby reducing
the need for stored energy or grid imports. When renewable energy is in abundance, the plant can ramp
up its operation, and when renewable energy is scarce, the plant can reduce its operation to a minimum.
Given that the energy demand of the ASU is relatively small compared to the plant’s total energy
demand, possible losses of efficiency due to running at minimum load do not significantly impact
overall costs. The ability to rapidly adjust loads in response to renewable energy availability makes the
plant more efficient in its use of renewable resources and results in lower costs. This advantage is more
pronounced in wind-dominated regions and regions with high renewable potential, with a 12% and 9%
cost reduction compared to continuous plants in the same regions, respectively. In both regions, grid
imports are minimal, with approximately 2% of the energy used to power the plant sourced from the
grid, indicating that production could potentially be accomplished even with off-grid plants (islanded).
The smallest cost reduction for fully-flexible plants is again in solar-dominated regions, with only a 1%
reduction in LCOA compared to continuous production plants.
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Fig. 3: Levelized Cost of Ammonia (LCOA) for continuous, semi-flexible, and fully-flexible
electrolytic ammonia plants in five representative regions, with a breakdown of cost
contributions. The selected representative regions are UKE4 (West Yorkshire, United Kingdom), a
Wind-dominated region; TRB2 (Van Subregion, Turkey), a Solar-dominated region; TR10 (Istanbul
Subregion, Turkey), a High-capacity region; NOOS (Vestlandet, Norway), a Low-capacity region; and
ATI12 (Lower Austria, Austria), a Median-capacity region. The stacked bar chart illustrates the impact
of plant flexibility and plant location on the LCOA and highlights the varying cost components across
the different regions.

3.2. ASU and Ammonia synloop minimum load is critical, especially with poor wind

The minimum load capacity of the ASU and ammonia synloop can increase by up to 12% the costs of
a flexible ammonia plant. When the minimum load is high, it imposes constraints on other components
to match the minimum load requirements of these two subsystems.

Fig. 4 shows the relationship between increasing the minimum load of the ASU and synloop, ranging
from 10% to 80% (x-axis), and the LCOA of flexible plants (y-axis). The points marked with black
circles represent the break-even points with continuous plants, which are not influenced by the
minimum load of the two subsystems. As the minimum load increases, the LCOA also increases.
However, this rate of increase is more pronounced in regions with low-capacity factors and less
significant in regions with high renewable potential.

In wind-dominated regions, flexible plants require a minimum load of 80% to achieve a lower LCOA
compared to continuous plants. This is likely due to the more constant availability of wind energy,
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which allows the plant to operate efficiently at this higher minimum load. In these regions, a 10%
minimum load results in a 12% cost reduction.

On the other hand, regions dominated by solar energy require a much higher level of flexibility in the
plant’s subsystems to break even with continuous plants, with a minimum load of about 20%. The
reason for this is the intermittent nature of solar power. Because solar energy is not available during the
night, it is more challenging to maintain a high minimum load. Therefore, to remain operational and
efficient during periods of low or no solar energy, the plant must be able to reduce its load to a much
lower level.

These findings help explain why some regions see more significant cost reductions with a fully-flexible
plant setup compared to others. In areas with a high renewable potential, particularly those dominated
by wind energy, a fully-flexible plant can operate more efficiently and at a lower cost. However, in
solar-dominated regions, the advantages of a fully-flexible configuration are less pronounced due to the
greater need for flexibility in the plant’s subsystems.
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Fig. 4: Effect of Air Separator Unit (ASU) and ammonia synloop minimum load as a percentage
of the nominal capacity on the LCOA in flexible plants. Circled points represent the break-even point
with continuous plants, which are not affected by the minimum load of ASU and synloop.

3.3. Optimal plant designs
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Table 2 presents the optimized design of electrolytic ammonia plants, detailing the installed capacity
of various subsystems and the annual electricity exchange with the grid for different plant
configurations and flexibility levels across the five representative regions. The optimal plant design and
operations can vary significantly among regions and configurations. Regions with low-capacity factors
require twice the installed capacity of renewable generation compared to median-capacity regions, and
up to five times the installed capacity compared to wind-dominated regions. This means that as
renewable conditions worsen in a region, there is a non-linear increase in PV and WT installations.

Regions relying heavily on solar have a total installed capacity of renewables similar to median-capacity
regions (around 2.5 GW). However, solar-dominated regions rely exclusively on PV, while median-
capacity regions have a more balanced split between PV and WT. In regions characterized by low
capacity, continuous plants often see larger renewable installations. Here, the capacity of such
installations can range from 4.5 to 5 GW. On the other hand, regions where wind energy is predominant
typically feature smaller-scale installations, averaging around 1 GW of wind capacity.

The installed capacity of electrolyzers tends to be homogeneous, ranging from 500 MW to 700 MW for
most plants. An exception is fully-flexible plants in low-capacity regions, which require larger
electrolyzers to produce sufficient hydrogen during the rare periods of high renewable energy
availability. This necessity is also reflected in the larger capacity of the ASU and synloop in these low-
capacity regions. In other regions, the installed capacity of ASU and synloop is more homogeneous.

Within the same region, fully-flexible plants typically have the largest ASU and synloop installations.
This maximizes their operational efficiency and output due to their ability to harness renewable
resources effectively. However, as the cost of these installations is minimal compared to other
subsystems, it does not significantly affect the LCOA.

Semi-flexible plants in regions with low wind resources require large battery installations. Specifically,
low-capacity regions install up to 1.1 GWh of BESS, while solar-dominated regions install up to 2.3
GWh. This is because plants primarily relying on large solar PV systems generally need BESS to
maintain operations or a minimum load during night hours [6]. Therefore, the higher the minimum load,
the larger the BESS installed.

Continuous plants in solar-dominated regions have the largest compressors but the smallest storage
capacity among continuous plants. This is due to the significant amount of renewable energy that is
converted during the day, compressed within a few hours, and stored only for a short duration, typically
for use during the subsequent night. This setup does not necessitate long-term hydrogen storage tanks.
Conversely, regions with less reliable access to renewable energy sources necessitate larger storage
tanks to accommodate hydrogen. This allows for the optimal utilization of renewable energy when it is
available and ensures a steady supply of hydrogen during periods of low renewable energy production.

Fully-flexible plants demonstrate a significant reduction in electricity imports, averaging 37% less
compared to other plant configurations. By aligning production with renewable energy supply, fully-
flexible plants minimize their reliance on grid electricity for balancing periods, resulting in lower grid
import requirements. In regions with abundant renewable energy resources, particularly wind, the
reduction in grid electricity imports is even more pronounced. Fully-flexible plants in these regions can
achieve more than a 90% decrease in grid imports compared to semi-flexible and continuous
configurations. This allows them to rely more on their renewable energy sources and minimize
dependence on imported electricity. Additionally, regions characterized by high-capacity and wind-
dominated configurations often export a greater amount of energy. The increased electricity export in
regions with abundant wind resources is not solely due to the high availability of renewable energy but
also because wind energy is available throughout the day and night, allowing for consistent generation
and potential export of electricity.
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Table 2: Optimal design for continuous, semi-flexible, and fully-flexible plants across synthetic
regions. P stands for installed capacity, EL electrolyzer, B batteries, CP hydrogen compressor, ST
hydrogen storage tank, A air separator unit, My imported electricity, and N exported.

. N g g N N B 3 T T

Design Ppy Pwr Pry P FPep Pgr P Py E,ZGM'ZJ zm!\'a,
Unit MW MW MW MWh t H2/h tH2 MW MW GWh-yr | GWh-yr

949 2293 9 299 10

Region

Continuous
Median-capacity | Semi-flex
Fully-flex
Continuous

High-capacity

Fully-flex
Continuous

Low-capacity Semi-flex
Fully-flex
Continuous

Solar-dominated | Semi-flex
Fully-flex

. | Continuous 1
Wind-dominated | Semi-flex
Fully-flex

3.4. The higher the flexibility, the lower the emissions

The relative contribution of various emission sources to the overall lifecycle CO,e emissions in the
production of electrolytic ammonia varies depending on the specific plant configuration and the
regional renewable energy mix. The primary contributors include the manufacturing of wind turbines
and solar PV systems, indirect emissions resulting from the use of grid electricity, and, to a lesser extent,
the production and disposal of Li-ion batteries used in energy storage systems. Despite wind turbines
having higher emissions per installed MW compared to PV systems, their superior capacity factor leads
to lower emissions per kWh or unit of ammonia produced, making them a more favorable option in
terms of carbon footprint.

Regardless of plant configuration, lifecycle CO,e emissions are higher in regions with low capacity and
lower in regions with high capacity. Regions rich in wind energy resources demonstrate the lowest
lifecycle emissions. Specifically, Wind-dominated regions can achieve 11-64% lower lifecycle
emissions than regions abundant in solar energy, depending on the specific configurations of the plants
(Fig. 5). One of the reasons for the lower lifecycle emissions in wind-dominated regions is the reduced
need for grid electricity imports, especially with fully-flexible configurations. Plants that rely on wind
energy can often generate a more consistent and higher output due to the natural characteristics of wind,
particularly in regions where it is abundant and steady. This allows those plants to operate more
independently of the grid and minimizes the need to import electricity.

When considering exported electricity, emissions can be completely offset in wind-dominated and high-
capacity regions, thanks to the sale of clean electricity to the grid. In regions with a low or median-
capacity factor and solar-dominated regions, emissions are on average reduced by 24%, 10%, and 27%.

Overall, despite considerable uncertainty surrounding the lifecycle emissions of all components, semi-
islanded electrolytic ammonia production leads to a 72-93% reduction in carbon emissions when
compared to SMR, which typically generates approximately 2.7 kg CO, for every kg of NH; produced.
Nonetheless, when we factor in the potential for selling excess renewable electricity to the grid, the
carbon emissions associated with electrolytic ammonia production could be further offset over time. In
summary, the adoption of electrolytic ammonia production has the potential to significantly reduce the
lifecycle emissions of ammonia.
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Fig. 5: Average lifecycle carbon emissions per unit of electrolytic ammonia in kg CO,e/kg NH;
produced over the lifetime of the electrolytic plant.

3.5. Sensitivity analysis

Fig. 6 presents the sensitivity analysis of the LCOA in five representative regions, exploring the impact
of variations in key input parameters. The parameters considered in the analysis include the unit cost of
solar PV systems, the unit cost of wind turbines, the price and carbon intensity of grid electricity, the
selling price of electricity to the grid, and the discount rate applied in the financial calculations. The
figure illustrates how changes in these parameters influence the LCOA, providing insights into the
economic viability of electrolytic ammonia production under different input parameter assumptions. By
comparing the sensitivity across the five regions, the analysis highlights the relative importance of each
parameter and how their impact on the LCOA may vary depending on the specific regional
characteristics, such as renewable energy resource availability and market conditions.

The sensitivity analysis reveals that the discount rate is the most influential input parameter on the
LCOA (-32%;+84%), with a consistent impact across all regions and plant configurations. This
substantial impact highlights the importance of access to affordable capital and favorable financing
conditions for the economic viability of electrolytic ammonia projects. Countries with abundant
renewable energy resources may face challenges if high costs of capital or difficulties in accessing
capital offset the benefits of low-cost renewable energy.
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Apart from the discount rate, the impact of other input parameters on the LCOA varies primarily based
on the region and its associated renewable energy potential, rather than the specific plant configuration.
In fact, plants with similar configurations tend to exhibit comparable responses to changes in input
parameters.

Regions with high renewable potential, particularly High-capacity and Wind-dominated regions, show
that the price at which electricity can be sold to the grid is the second most influential parameter, with
a cost reduction of up to 43% and a cost increase of 9%. This significant impact is due to wind-rich
regions exporting the largest amount of energy to the grid, thanks to the more evenly spread availability
of wind energy throughout the day compared to solar energy. In contrast, regions with lower renewable
potential or those dominated by solar energy may not benefit as much from electricity exports, as the
intermittent nature of solar energy limits the amount of excess electricity available. These findings
underscore the importance of fostering collaboration among industrial plants with complementary load
profiles and the grid. This cooperative approach can optimize the utilization of renewable energy and
minimize costs through the sale of excess energy back to the grid.

In High-capacity and Wind-dominated regions, the cost of wind turbines and the price of grid electricity
are the next most influential parameters. An interesting result emerges for fully-flexible plants: both
low and high costs of electricity lead to a reduction in the LCOA compared to the reference case. When
the price of grid electricity is low, the LCOA decreases as expected. However, when the price of
electricity is high, the LCOA also decreases. This is because the high price of electricity means that the
excess electricity sold to the grid generates significant revenue, reducing the overall costs of ammonia
production. The ability to capitalize on high electricity prices by selling surplus energy can significantly
improve the economic viability of electrolytic ammonia production, particularly in fully-flexible plants.

The carbon intensity of grid electricity generally has a minor impact on the LCOA compared to other
parameters, except for regions with low renewable capacity. In these regions, a clean electricity mix
can serve as a valuable alternative to dedicated renewable installations, reducing costs by up to 41%
without violating the emission constraint. This finding suggests that in regions with limited renewable
energy potential, the availability of a low-carbon grid electricity mix can significantly improve the
economic viability of electrolytic ammonia production. By relying on clean grid electricity instead of
investing in dedicated renewable installations, projects in these regions can achieve substantial cost
reductions while still meeting their emission targets.
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Fig. 6: Sensitivity of LCOA across 5 representative regions. The x-axes represent percentage change
compared to the reference case. The y-axes instead represent the range of values used in the sensitivity
analysis and reported in Table 1: Discount rate (7, range 3% — 15%), total installed cost of solar PV (
cpy, range 400,000 — 1,500,000 EUR/MW), total installed cost of wind turbines (cy7, range 850,000 —
1,800,000 EUR/MW), total installed cost of ALK electrolyzers including replacements (cgy, range

1,500,000

— 2,100,000 EUR/MW), price of grid electricity (pg, range 41 — 235 EUR/MWh), grid

electricity carbon intensity (yg, range 3 — 230 kg CO,e/MWh) percentage of the purchase cost at which
excess electricity is sold back to the grid (pg n, range 100% — 0% MWh). The y-axes instead represent

the LCOA in EUR/t NH;.

3.6. The impact of plant flexibility in off-grid plants
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Although off-grid (islanded) ammonia plants incur higher costs and require more land for renewable
installations, policy interventions like the European Hydrogen Bank [77] initiative or the subsidies for
green hydrogen in the US, such as the 45V tax credit [78], could significantly mitigate these costs and
enhance the competitiveness of off-grid scenarios. Consequently, we also include an analysis of off-
grid plants in our study. This step is crucial to determine whether the conclusions drawn from semi-
islanded plants apply to fully off-grid plants.

Our findings align with previous research, which has demonstrated that off-grid (islanded) plants exhibit
higher costs compared to their semi-islanded counterparts (SI — Table 1). This cost discrepancy is
primarily attributed to the oversized renewable installations and storage systems necessary to
compensate for periods characterized by suboptimal renewable energy generation. On average,
continuous and semi-flexible plants experience a 99% and 110% increase in LCOA when operating in
an off-grid configuration, as opposed to a semi-islanded setup. However, the inherent high flexibility
of fully-flexible plants enables them to utilize renewable energy sources more efficiently by adjusting
production accordingly. Consequently, fully-flexible plants witness only a 19% rise in costs when
transitioning from a grid-connected to an off-grid configuration, showcasing their adaptability and cost-
effectiveness in various operating scenarios.

4. Discussion

Our research emphasizes that the choice of location is more influential than plant configuration in
determining the feasibility and environmental impact of large-scale electrolytic ammonia production.
In regions rich in renewable resources, smaller renewable generation infrastructures, grid import, and
less reliance on stored energy and hydrogen can yield lower lifecycle carbon emissions and cost per
unit of ammonia. This potentially makes electrolytic ammonia competitive with traditional SMR-based
ammonia, given historical prices ranging between 250-1000 EUR/t NH; [79]. Under favorable
renewable conditions, the LCOA could reach approximately 750 EUR/t NHj3, consistent with prior
research findings [24]. Near-term policy incentives should concentrate on facilitating the transition from
SMR plants to large-scale electrolytic-renewable plants in regions with plentiful renewable resources
(especially wind) and sufficient land for installations. Moreover, electrolytic ammonia plants offer
substantial environmental benefits, reducing lifecycle carbon emissions by 72%-93% compared to
traditional SMR plants, even when utilizing grid power as a backup. The environmental advantage of
electrolytic ammonia production becomes even more pronounced when considering the potential
emissions offset by selling excess electricity back to the grid or to other industries. Our findings and
methods can be further expanded to help define cost-effective lifecycle carbon emission standards of
“low carbon” ammonia for specific regions given daily, weekly, monthly, or yearly production needs
in the future.

However, electrolytic production in regions with poor renewable potential and stringent land constraints
is complex. Here, transitioning to large-scale electrolytic plants could present considerable challenges.
For instance, Solar-dominated regions might need approximately 80 square kilometers for solar and
wind installations. In contrast, low-capacity regions could require a massive 300-400 square kilometers
of PV and wind turbine infrastructure. Despite the potential to repurpose some land used for wind
turbines and combine PV installations with agriculture via agro-photovoltaics, substantial land
requirements for these renewable infrastructures may limit the possibility of retrofitting current plants
in most locations. This highlights how location can dramatically influence not only the economic
competitiveness of electrolytic ammonia but also the feasibility of large-scale renewable-based plants.
Therefore, careful strategic planning is crucial in the transition towards more sustainable ammonia
production.
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Our results also brought to light an intriguing observation. Regions with exceptionally high wind energy
availability (in the 99" percentile of our study) but poor solar resources, yield a lower LCOA than
regions with high but less extreme solar and wind resources. For example, regions with a high-capacity
factor (considering wind at the 77 percentile and solar at the 75" percentile) result in a LCOA that is
22% - 27% higher compared to wind-dominated regions depending on the plant configuration.
Contrastingly, solar-dominant regions bear significantly higher costs compared to wind-dominant
regions, with cost increases ranging from 65% to 88%. Even more surprisingly, regions with median
capacity factors exhibit lower costs than regions relying exclusively on solar energy. This finding
indicates that abundant solar resources cannot compensate for sub-optimal wind resources.

Fully-flexible plants emerge as the optimal configuration regarding emissions and costs across all
regions. Operating at low minimum loads facilitates the full exploitation of local renewable resources,
reducing the need for batteries and grid imports, thereby minimizing costs and emissions. This
advantage is particularly pronounced in wind-dominated regions. The combination of fully-flexible
configuration and abundant wind resources leads to a consistent surplus of electricity production that
can be sold to the grid. Since grid export has a significant impact on the LCOA, plants with high-
renewable potential can substantially reduce the ammonia price by selling renewable electricity surplus
otherwise curtailed. Creating partnerships between industries, ammonia plants, and the local grid is,
therefore, a crucial aspect to consider. The potential challenges and opportunities for the co-generation
of chemicals and power generation for grid balancing should be explored in future research. Policy
instruments could be designed to subsidize a portion of the renewable infrastructure set up by the plant,
providing added grid stability. Industries with diverse operational and production requirements can
collaborate to develop joint infrastructure, maximizing renewable usage and minimizing energy
curtailment. Moreover, results show that achieving very high plant flexibility, with a minimum load of
approximately 10% of the nominal capacity, can reduce the cost of ammonia produced in off-grid plants
relying exclusively on renewables by an average of 50%. This significant cost reduction is attributed to
a much lower reliance of fully-flexible plants on grid energy and a more effective utilization of
renewable resources. In light of our findings that fully-flexible plants lead to lower costs, it is clear that
enhancing plant flexibility should be a priority for the next generation of large-scale electrolytic plants.
The advantages of fully-flexible plants extend beyond economics, as minimizing H2 storage capacity
in large-scale plants reduces costs and mitigates safety risks. For example, on May 23, 2019, a hydrogen
tank explosion occurred at an alkaline water electrolysis pilot plant facility in Gangneung, South Korea
[80], highlighting the potential dangers associated with storing large amounts of hydrogen on-site.

However, despite the promising benefits highlighted, certain obstacles may impede the broader
decarbonization of large-scale ammonia plants. One challenge is the substantial capital requirement
associated with constructing these facilities. While operational costs tend to decline as more renewables
are incorporated, the initial capital investment remains considerable. Depending on the location and
plant configuration, these costs can range from 2.5 to 10 billion euros per plant over the anticipated 25-
year lifespan. This cost range aligns with estimates for several contemporary projects, such as the
REDDAP project in Denmark [19] or the 7-billion project in Morocco [81], showcasing the financial
commitment required to transition towards electrolytic ammonia production. This capital-intensive
nature can pose difficulties for developing countries abundant in renewable resources, as such nations
often lack the necessary capital to invest in large-scale projects. Additionally, these countries could face
further challenges due to the higher cost of capital, which can exacerbate the financial hurdles and make
the transition to sustainable ammonia production even more challenging. Furthermore, geographical
constraints such as access to renewable energy sources, suitable land availability, and proximity to
necessary resources and infrastructure present another set of challenges when establishing large-scale
plants.

There is an emerging trend toward smaller-scale, decentralized, and off-grid ammonia plants [82]. As
underlined by our study, a high level of plant flexibility significantly reduces emissions, costs, and
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reliance on grid electricity. Smaller plants have a greater advantage in achieving greater flexibility by
utilizing electric compressors and pressure swing adsorption instead of cryogenic distillations as the air
separator unit.

While smaller plants may not benefit from the economies of scale characteristic of larger facilities, they
present an opportunity to explore innovative approaches to ammonia production. One promising
direction is the development of standardized, small-scale modular ammonia plants, where sub-
components are organized and manufactured as distinct, standardized building blocks (i.e., modules)
that can be easily combined into larger plants and customized to a location’s renewable resource profile
[82]. This modular design not only simplifies capacity expansion but also offers the potential for cost
reductions through standardized production processes and economies of scale in component
manufacturing. Furthermore, smaller plants are well-suited for locations with abundant renewable
resources, are easier to finance, and bypass the transportation issues associated with centralized larger
facilities—issues that can increase costs, emissions, and infrastructure demands. Overall smaller, highly
flexible, off-grid ammonia plants, combined with the potential scalability and cost reduction offered by
standardized modular designs, form an exciting frontier for future research and development in the
ammonia industry. Exploring these possibilities could contribute to transitioning from a fossil fuel-
based model to a more sustainable, decentralized ammonia production paradigm. To accomplish this,
policy interventions can be instrumental. They can provide targeted funding and incentives for research
and development in flexible plant design, support pilot projects in wind-rich regions to demonstrate the
viability of these configurations, and foster partnerships between government, academia, and industry
to speed up innovation.

5. Conclusions

In this study, we develop a modeling and optimization framework for flexible and continuous
electrolytic ammonia plants. We compare different plant layouts, namely continuous, semi-flexible, and
fully-flexible configurations, in five representative regions. Large-scale electrolytic ammonia plants
provide a promising path for substantial carbon emissions reduction, with the potential to rival the cost-
effectiveness of traditional SMR ammonia in areas rich in renewable resources, particularly wind
energy. Our research emphasizes the importance of strategic site selection to enhance the economic
viability of electrolytic ammonia plants. High plant flexibility not only contributes to lowering the
LCOA but also carbon emissions. Our findings and methods will contribute to the definition of future
cost-effective lifecycle carbon emission standards for “low carbon” ammonia. Considering the capital
intensity of larger-scale electrolytic ammonia plants, small-scale, decentralized settings should be
evaluated to support the transition toward low-carbon ammonia production.
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Supplementary Information

Investment cost:

I

L
NPV — :
=~ (1+r)

SI-eq.i

Where I}V represents the net present value of the installation cost of technology k and 7 is the discount
rate. I is equal to the cost of the technology multiplied by the installed capacity S/ - egq. ii.

I = ckPy SI - eq. ii

Similarly, vRFVI, is the net present value of operation and maintenance cost (O&M). O&M are
presented as a fraction of the installation cost.

L
I
WP = z k) SI - eq. iii

Renewable installations:

The hourly power generation, Vg, from PV and WT results from S7 - eq. iv.
VEket = Nig®Rt Piy V K € Kr SI - eq. iv

where K is the set of renewable energy technologies {PV,WT}; 1y, is the transmission efficiency of
solar PV and WT; wg, is the time-dependent capacity factor of solar and wind energy and PkR is the
installed capacity of PV and WT.

bkPymin < Pk < bkPimax ¥ k € K SI-eq.v

We set a maximum installation size according to S/ - eq. v, where by, is a binary variable indicating
whether the technology is installed or not.

Imported electricity from the grid:

The amount of energy that can be imported to the plant from the grid is constrained by the hourly
electricity demand of the main subsystems of the plant, namely the electrolyzers, air separation unit
(ASU), and ammonia synthesis loop (S - eq. vi). Similarly, since the High-Voltage Alternating Current
(HVAC) transmission lines connecting the plant to the grid are built based on this maximum capacity,
the amount of electricity that can be sold back to the grid is also constrained to this amount per hour.

0< ME,t < UE,EL,t + UE,A,t + UE,S,t; Vte {0, e T} SI - eq. vi

Li-ion batteries:

The quantity of renewable electricity stored in BESS during hour t Sgp; is calculated by subtracting
the loss of electricity resulting from the self-discharge of the batteries, Ag4; from the energy stored in
the previous hour, Sgp:—1, by adding the electricity entering the battery during hour t Ug g multiplied
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by the charging efficiency of the battery n§ and subtracting the electricity output from the battery during
the same hour, Vg g divided by the discharging efficiency n8, according to SI - eq. vii.

Sgt = (1-A8A)SEge1 + N§Ukg, - V,:_'aBB't, vte{l, .., T} 2 o) &
The amount of electricity entering the BESS and the hourly maximum output of the BESS are
constrained by the minimum number of time intervals for full charge, 7° and discharge, T (SI - eq. viii
and SI - eq. ix) while the quantity stored at time t is constrained by the maximum installed capacity Pg
(SI - egq. x).

Pg SI - eq.
0< UE,B,tS_C,VtE {0, very T} Viii

T

p o
0<Vgg:=< —j vte{0,..,T} SI - eq. ix

T
0 < Sgp. < bgPp, Vt€{0, .., T} SI-eq. x

Lastly, we include periodicity constraints (S/ - eq. xi) to ensure the reproducibility and sustainability of
the optimal operation strategy beyond the considered time horizon.

SEBT-1 = SEBO SI - eq. xi

Electrolyzers:

The minimum installed capacity of the electrolyzer, denoted as PEL,min is set to ensure that the system
can produce sufficient hydrogen to meet the minimum hourly demand, considering 24-hour continuous
production. In other words, if the installed capacity is less than Pgj, s, the system will not be able to

produce enough hydrogen to satisfy the minimum production constraint, even when operating at full
capacity throughout the day (SI - eq. xii).
PeLmin < P < Pelmax ST~ eq. xii

PEL_min results from S/ - eq. xiii where p represent the stoichiometric ratio hydrogen/ammonia by mass
and 1y g gL the electrolyzer conversion efficiency.

SI - eq.
: — . nh
PEL,min = P DNH3 NH2,EEL xiii

The model optimizes the hourly hydrogen output of the electrolyzer, Vs gL¢ by considering the
conversion efficiency of the electrolyzer, ng y2 g1, Which is multiplied by the input electricity during the
corresponding hour, Ug g1+, according to SI - eq. xiv.

VizeLt = NEn2ELUEELL V TE {0, ..., T} SI - eq. xiv

Lastly, we set the minimum load of the electrolyzer §g;, to 10% of the nominal capacity S/ - eg. xv.

8gLPr < Uppre < P, VEE{O, .., T} SI - eq. xv

Hydrogen compressors and high-pressure storage tanks:

The model optimizes the hourly input electricity, Ug cp s and output hydrogen of the compressor, Vi cp.¢
as follow (SI - eq. xvi):
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Viz,cpe = Nenzcp Ugcpo V LE {0, ..., T} SI - eq. g

Where the conversion efficiency of the electrolyzer is 1g 2 cp. Notably, we assume no hydrogen losses
during the compressor phase (S - eq. xvii).

Unz,cpe = VhzcpoV tE{O, .., T} S

Once compressed, the output hydrogen of the compressor, Vi cp,t, directly becomes the input hydrogen
of the storage tanks Uyz st

Unzstt = Vuzcpo VEE {1, ..., T} SI - eq. xviii

At each time step t, the amount of stored hydrogen, Sy st¢ is determined by adding the previously
stored hydrogen, Syzstt—1, to the incoming hydrogen from the compressor, Uy, st¢, and subtracting
the hydrogen that exits the storage tanks, Vst for use in the ammonia synloop (SI - eq. xix). No self-
discharge losses are considered for hydrogen storage.

Shz,s7t = Shz,sTt-1 + Unzste - Vizste, VEE{L, ..., T} 81 - eq. xix

Air separator unit (ASU):

We choose a minimum load, 64 of 50% for the semi-flexible plant and 10% for the fully-flexible plant.
Hence, the hourly electricity input of the ASU, Ug 4+ is constrained according to SI - eq. xx.

(SAPA SUgac < PA, vte{o,.. T} SI - eq. xx

The nitrogen output, V24 is equal to the conversion efficiency of the ASU, 1g n2,4 multiplied by the
electricity input (S7 - eq. xxi).

Vnzat=NeNzaUgae VEE{O, .., T} S1- eq. xxi
Similar to the electrolyzer, we set a minimum installed capacity, P Amin according to SI - eq. xxii.
l:)A,min < 1:)A < l:)A,max ST - eq. Xxii

The minimum installed capacity of the ASU, denoted as PA,min, is set to ensure that the system can
produce sufficient nitrogen to meet the hourly demand of the ammonia synthesis loop. PA_min is
computed though S7 - eq. xxiii.

PA,min = (1-p) DRus NN2,EA ST - eq. xxiii

Ammonia synloop:

As assumed for the ASU, we choose a minimum load, ds of 50% for the semi-flexible plant and 10%
for the fully flexible plant (Error! Reference source not found..

SSPS SUgse < PS, vte{o,.. T} SI - eq. xxiv

The ammonia output, Vyss: is equal to the conversion efficiency of the ammonia synloop, g Nu3s
multiplied by the electricity input (S7 - eq. xxv).

Vnh3,se = NenNu3,s Ugsy V € {0, ..., T} SI - eq. xxv

The minimum installed capacity, PS,min is computed as for the ASU (S7 - eq. xxvi).
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Ps,min = (DRus)nnuzes SI - eq. xxvi

The hourly hydrogen, Uy s and nitrogen inputs, Unpz s are regulated by SI - eq. xxvii and xxviii,

respectively.
Unzst = p(VNH3,S,t);V te{0, .. T} SI - eq
Xxvii
=(1- 0,..,T SI - eq. xxviii
Unz,se= (1-p)VNnzse VtE{O, .., T}

As for ASUs2.2.7, in a continuous plant installed capacity of the ammonia synloop Ps equals the
minimum capacity, PS,mina and a continuous operation is assumed.

Cryogenic storage:

The amount of stored ammonia at time t, SNys cr,t, 1S regulated by S - eq. xxix, where Unys,ct 1S the
volume of ammonia entering the storage tank while Vyys ¢t is the output ammonia. Unys et 1S set to
be smaller or equal than the ammonia output of the synloop Vnu3 s+ to not incur in energy imbalances
(ST - eq. xxx). Notably, we do not assume any loss of ammonia during cryogenic storage.

Snuzcrt = Snus.cre1 + Unnscert - Vnscere VEE {1, .., T} SI - eq. xxix
ST - eq.
Unnzcrt < Vinzse VE€ {0, .., T} xxx
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Text 1:

Previous studies, including Nugent & Sovacool[1], have conducted extensive literature reviews, and
found that PV emits more carbon per MWh compared to wind turbines, specifically 49.91 kg CO,/MWh
for PV and 34.11 kg CO,/MWh for wind turbines. However, there is notable uncertainty within this
range. To calculate the average electricity produced in MWh per year by a 1 MW wind turbine or solar
installation, we multiply 8760 hours by the average worldwide capacity factor for wind (23%[2]) and
solar (12%][3]). This approach enables the determination of lifecycle emissions from a MW of installed
solar and wind capacity.

Lifecycle emissions data for key components of the hydrogen production and storage system were
collected from various sources. For lithium-ion batteries, data were taken from Emilsson and
Dahll6f[4]. Emissions data for electrolyzers were sourced from[5,6], while data for hydrogen
compressors and storage tanks were obtained from Palmer et al.[5]. Other ancillary components, such
as piping, valves, and control systems, were not included in our lifecycle emissions analysis, as their
carbon content is considered minimal compared to the key subsystems mentioned above.

45



1979
1981
1983 -0.18
1985
1987
1989
1991 0.16
1993
1995
1997 0.14
v 1999
S 2001
£ 2003
2005 0.12
2007
2009
2011
2013 0.10
2015
2017
2019 0.08
2021
b
0.5
0.4
2 0.3
©
£
-0.2
-0.1

SI - Fig. i: Historical (1979-2022) solar and wind average capacity factors for NUTS-2 European
regions. Capacity factors based on the Copernicus Climate Change Service (C3S) dataset [7]. a
illustrates the average annual solar capacity factors, while b shows the average annual wind capacity
factors.
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SI - Fig. ii: European regions clustered based on their capacity factor of solar and wind energy.
The color code indicates the cluster to which each region belongs: High-capacity regions (red), Median-
capacity regions (green), Low-capacity regions (orange), Solar-dominated regions (yellow), and Wind-
dominated regions (blue).
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SI - Table i: Levelized Cost of Ammonia (LCOA) comparison for semi-islanded and islanded (off-
grid) ammonia plants across five representative regions and three plant configurations. The semi-
islanded plants can import grid electricity as long as they do not violate the 1 kg CO,e/kg H, emission
constraint, while the off-grid plants have a strict 0 kg CO,e/kg H, emission constraint. The "Difference"
column represents the percentage cost increase for the off-grid scenario compared to the semi-islanded

scenario.
Continuous Semi-flexible Fully-flexible
= = = = = -}
E ¥ | g | £ | g | 2 ¥ | g
S S = S S = S S =
E ¥ | B 2 | 8| 2 ¥ | A
Y- [—] — < v <
Median-capacity 1374.7 1845.0 34% 1334.9 2742.4 105% 1334.9 1483.6 11%
High-capacity 1057.6 2145.6 103% 1001.5 1706.4 70% 965.5 1084.2 12%
Low-capacity 2311.4 - 214% 2325.3 4597.7 98% 2223.5 2619.0 18%
Solar-dominated 1433.5 2402.9 68% 1527.3 1848.3 21% 1415.1 1545.4 9%
Wind-dominated 869.8 1534.0 76% 813.5 2892.8 256% 761.9 1104.9 45%
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