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Ammonia production accounts for 15-20% of greenhouse gas emissions from the chemical sector. Traditionally,
ammonia is produced via Steam Methane Reforming (SMR) for hydrogen production, coupled with the Haber-
Bosch process. This study compares the SMR-based configuration with emerging alternatives based on water
electrolysis — Proton Exchange Membrane Electrolyser Cell (PEMEC) and Solid Oxide Electrolyser Cell (SOEC) —
from both economic and CO; emissions perspective. Process models for the three plant layouts are developed,
incorporating heat integration between different components. The economic results are presented in terms of the
levelised cost of ammonia, which accounts for both capital and operating expenses over the plant’s lifetime.
Sensitivity analyses on electricity and methane prices are conducted to assess the cost-competitiveness of each
technology across various scenarios. The outcomes reveal that the optimal technology is highly dependent on
electricity prices. PEMEC systems are the most cost-effective option at very low electricity prices (approximately
0.02 €/kWh,), while SOEC systems become more competitive as prices rise due to their higher efficiency. Above
0.08 €/kWh,, SMR emerges as the most viable option. Special attention is given to the CO; emissions from both
SMR and electrolyser systems, also considering the carbon intensity of the electricity used. While electrolysis is
often assumed to be carbon-free, this research shows that electrolysers can produce more emissions than SMR,
depending on the electricity carbon intensity: when carbon intensity exceeds about 260 gCO2/kWh,, SMR results
in lower emissions than the electrolyser-based pathways. Finally, future projections suggest that SOEC tech-
nology will become highly cost-competitive by 2030-2040.

1. Introduction global population heavily depends on synthetic fertilisers derived from

ammonia [5]. With the anticipated population growth and the conse-

To reach the target set in the Paris Agreement of limiting global
warming to 1.5°C above pre-industrial levels [1], a rapid reduction in
Greenhouse Gas (GHG) emissions is necessary. In particular, the goal of
achieving global net-zero carbon dioxide (CO5) emissions [2] is still a
distant goal. Strong decarbonisation of many hard-to-abate sectors is
required, moving from traditional fossil-based processes to less im-
pactful alternatives.

Ammonia (NHs) production is a major contributor to GHG emissions,
currently accounting for about 1% of global CO5 emissions and 15-20%
of the emissions associated with the chemical sector [3]. Most of these
emissions are linked to hydrogen (Hj) production, upstream of ammonia
synthesis, which is currently generally based on Steam Methane
Reforming (SMR) [4]. Ammonia is mainly used as a precursor for many
nitrogen fertilisers, and it is estimated that food provision for half of the

quent rise in food demand, the global demand for ammonia (>150 Mt in
2023 [6]) is also expected to increase [7], as showed in Fig. 1b. Besides
its extensive use in the agricultural sector, ammonia is also widely used
in the production of explosives, plastics, polymers and acids. Addition-
ally, there is growing interest in using ammonia as a fuel for internal
combustion engines [8], gas turbines [9] and fuel cells [10]. This in-
terest is driven by several factors: ammonia has a lower heating value of
5.22 kWh/kg [11], its combustion produces no CO, emissions, and it can
be stored and transported relatively easily and cheaply [12], either in
liquid form via compression (8 bar and ambient temperature) or via
cryogenics (—33°C and atmospheric pressure) [13].

Although some pioneering studies investigated the possibility of
producing ammonia through direct electroreduction of nitrogen
[15-17], the only method for ammonia production currently exploited

* Correspondence author at: Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
E-mail addresses: alessandro.magnino@polito.it (A. Magnino), paolo.marocco@polito.it (P. Marocco), massimo.santarelli@polito.it (M. Santarelli), marta.

gandiglio@polito.it (M. Gandiglio).

https://doi.org/10.1016/j.adapen.2024.100204

Received 27 August 2024; Received in revised form 13 December 2024; Accepted 17 December 2024

Available online 21 December 2024

2666-7924/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0009-0000-1226-9320
https://orcid.org/0009-0000-1226-9320
mailto:alessandro.magnino@polito.it
mailto:paolo.marocco@polito.it
mailto:massimo.santarelli@polito.it
mailto:marta.gandiglio@polito.it
mailto:marta.gandiglio@polito.it
www.sciencedirect.com/science/journal/26667924
https://www.elsevier.com/locate/adapen
https://doi.org/10.1016/j.adapen.2024.100204
https://doi.org/10.1016/j.adapen.2024.100204
https://doi.org/10.1016/j.adapen.2024.100204
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Magnino et al.

at industrial scale is the Haber-Bosch (HB) process. According to IEA
[14], in 2020 almost 100% of hydrogen used for NH3 synthesis was
produced from fossil sources: mostly Natural Gas (NG) (72%) (grey
ammonia in case carbon capture is not present, blue ammonia if COy
capture is included [18]) and coal (26%) (see Fig. la). Hydrogen
generated from water electrolysis accounted for <1 % of the total. To
reduce the environmental impact of ammonia production, it is crucial to
increase this percentage, as water electrolysis not only avoids the
exploitation of finite fossil resources, but also allows for the effective use
of renewable energy sources [19], potentially producing carbon-free
hydrogen. Among the electrochemical pathways for Hy production,
most promising alternatives are today represented by Proton Exchange
Membrane Electrolyser Cells (PEMECs) and Solid Oxide Electrolyser
Cells (SOECs). Important differences between these two technologies
include their operating temperature, current costs and energy con-
sumption. SOEC systems indeed operate at high temperatures and
generally have higher investment costs, but they offer greater cell effi-
ciency [20]. On the other hand, PEMEC systems operate at lower tem-
peratures and have lower investment costs due to their wider diffusion
and maturity. While PEMEC systems generally require low or null
pre-heating of the inlet flows, key issue connected to the SOEC tech-
nology is the heat required for water pre-conditioning. Indeed, inflow
water must pass through a steam generator and an additional heater to
reach the stack operating temperature, to avoid damages from temper-
ature gradients inside the cell. If the needed thermal energy has to be
provided from auxiliary systems (electric heaters or gas burners), the
energy consumption of the SOEC systems results to be very high, often
becoming less efficient than the alternative PEMEC-based solution [21].
This issue can be mitigated by coupling the electrolyser with the HB
reactor, which is highly exothermic: reusing the waste heat from the HB
process can strongly reduce the energy demand of the auxiliary systems
in the SOEC. Similar considerations apply to the SMR process as it also
requires high operating temperatures, and the thermal needs of the
auxiliary systems can have a significant impact [22].

To properly compare competing solutions, the Levelised Cost Of
Ammonia (LCOA) is generally used in the literature. This parameter
provides a clear view of ammonia production costs, facilitating a quick
evaluation of the competitiveness of the different alternatives. Nami et
al. [23] compared alkaline electrolysers (AEC) and SOECs with grey and
blue ammonia under different scenarios from an economic perspective.
They concluded that currently the LCOA is about 700 and 950 €/tNHs
(135 and 183 €/MWh) for the AEC and SOEC pathways, respectively.
However, their study did not include evaluations on the emissions
connected to ammonia produced via water electrolysis. Mersch et al.
[24] conducted a similar comparison among grey, blue and
PEMEC-produced ammonia. In addition to assessing the LCOA for the

a)

O
N

Electricity (1%)

Coal (26%)
Ammonia
current
production
by source — 0il (1%)

Natural gas (72%)

Global annual NH; production [Mty3]

Advances in Applied Energy 17 (2025) 100204

different configurations, they also evaluated the CO, emissions associ-
ated with ammonia production depending on the carbon intensity of the
grid electricity. The resulting LCOA values, reported as a function of the
electricity and methane prices, ranged between 200 and 1400
USD/tNH3 (38 and 271 USD/MWh). Zhang et al. [25] analysed
ammonia production through SMR, biomass-to-ammonia pathway and
SOEC. They found that, at current costs, ammonia produced via SOEC is
considerably more expensive than that from SMR (666 vs 387
USD/tNHjg, i.e., 129 vs 75 USD/MWHh). Campion et al. [26] explored the
LCOA resulting from plants using AECs or SOECs in various locations;
depending on the characteristics of the site, electricity was supplied
through different combinations of wind, photovoltaic panels and grid.
The LCOA ranged from 750 to 1400 €/tNHgs (145 to 271 €/MWh), with
the most cost-effective solutions achieved using AECs. Sousa et al. [27]
developed a model of an ammonia production plant including a PEMEC
system and assumed carbon-free electricity from a hydropower plant.
They investigated the LCOA under varying electricity prices: currently,
the LCOA ranges from 750 to 1500 €/tNHs (145 to 290 €/MWh),
depending on electricity prices that vary from 0 to 0.06 €/kWh. Kaka-
vand et al. [28] analysed different plants based on PEMEC and located in
different regions of Iran, exploiting solar and wind resources. Their
findings indicated that the costs for ammonia production range between
580 and 1000 USD/tNHj3 (112 and 193 USD/MWh). Lee et al. [29]
examined three different electrolyser technologies (AEC, PEMEC and
SOEC) from an economic perspective. They concluded that AEC is
generally the most cost-effective solution, with costs reaching
1000-1100 USD/tNH3 (193-213 USD/MWh) with an electricity price of
0.06 USD/kWh. However, their work did not include any evaluation on
the carbon intensity of the processes. A study by Bicer et al. [30] focused
on the life cycle assessment of nuclear-based hydrogen and ammonia
production methods and compared their environmental impacts with
conventional steam methane reforming pathways. However, they did
not specifically address the LCOA calculation. Egerer et al. [31]
computed the LCOA for green (employing PEMEC and AEC), blue and
grey ammonia, assuming a large-scale ammonia trade from Australia to
Germany and including taxes on COj. Their study obtained costs of
about 570, 500 and 650 €/tNH3 (110, 97 and 126 €/MWh) for green,
blue and grey ammonia, respectively.

In the present work, an economic comparative assessment of various
ammonia production pathways is conducted using the LCOA method-
ology. In particular, this study investigates both PEMEC and SOEC as
representatives of low- and high-temperature water electrolysis tech-
nologies, respectively, with SMR included as a benchmark for compar-
ison. The main components of the plants are modelled to accurately
capture their electrical and thermal energy consumption. Additionally, a
detailed evaluation of the polarisation curves for the two electrolysis
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Fig. 1. (a) Current ammonia production by source [14]. (b) Expected global ammonia demand [7].
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technologies is included, validated by fitting to experimental data from
previous studies. To the best of our knowledge, no prior research has
offered a detailed techno-economic evaluation of all three pathways,
which is essential for a clear understanding of the cost-effectiveness of
competing solutions. In addition, this study conducts extensive sensi-
tivity analyses on electricity and gas prices under current and future
market scenarios (2030 and 2040), identifying the specific conditions
under which each pathway becomes preferable. Unlike previous studies,
which only evaluated the impact of a carbon tax on electrolysis
competitiveness over SMR in broad terms [31], this analysis is specif-
ically tailored to the European market. It determines the carbon tax
thresholds required in each European country, depending on its unique
electricity and gas prices, to achieve cost parity between SMR and
electrolyser technologies.

Moreover, many previous studies on SOEC technology did not
explore the potential for recovering waste heat from the Haber-Bosch
process for steam production. In contrast, this analysis includes a com-
plete heat integration between the various components to assess the
benefits of exploiting waste heat from the Haber-Bosch system.

Lastly, among the above-mentioned studies, only Mersch et al. [24]
assessed the carbon footprint of electrolytic ammonia. Other studies
either implicitly or explicitly assumed that the carbon intensity of the
electricity used by the electrolyser is negligible, treating hydrogen from
electrolysis as carbon-free. In contrast, this study provides a thorough
assessment of CO, emissions associated not only with the SMR process
(i.e., direct emissions) but also with the electrolysis-based pathways (i.
e., indirect emissions from electricity). Additionally, fugitive methane
emissions and CO, emissions linked to the extraction and transport of
natural gas are considered for a comprehensive assessment of the
ammonia carbon footprint. Furthermore, the analysis identifies the
thresholds of electricity carbon intensity at which electrolysis-based
ammonia production becomes more advantageous, in terms of CO,
emissions, compared to the conventional SMR-based configuration.

The paper is structured as follows: Section 2 describes the complete
methodology employed for the analysis, including a detailed modelling
of the main components of the different plants. Results are presented
and discussed in Section 3, and conclusions are drawn in Section 4.

2. Methodology

Sub-Section 2.1 provides an overview of the three plants along with a
summary of their main techno-economic parameters. Detailed de-
scriptions and modelling of the components are presented in sub-Sec-
tions 2.2 to 2.6. Sub-Section 2.7 outlines the forecasted parameters for
analysing two future scenarios. Finally, a description of the LCOA
approach is proposed in sub-Section 2.8, while the methodology for
emissions assessment is detailed in sub-Section 2.9.

2.1. Plant designs

Three plant designs are included in the study, where the main dif-
ference stands in the hydrogen production system: (1) steam methane
reformer, (2) proton exchange membrane electrolyser and (3) solid-
oxide electrolyser. In parallel with the electrolyser or SMR, the Air
Separation Unit (ASU) is needed for nitrogen production. Downstream
of the nitrogen and hydrogen production, two compressors and two
high-pressure tanks are modelled to ensure a constant flow of reagents at
the correct pressure levels to the Haber-Bosch reactor. The HB reactor is
integrated with the SOEC and SMR units, allowing waste heat from the
ammonia synthesis reaction to be recovered in the hydrogen production
process, thereby minimising energy consumption. In all configurations,
the needed electrical power is assumed to be supplied by the grid, so no
power production plant is modelled. All three plants are designed to
guarantee an ammonia production rate of 10 tNH3/h, chosen as repre-
sentative of current operating plants [25,32]. Fig. 2 presents the sche-
matic diagrams of the three configurations, while Table 1 summarises
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Fig. 2. Process layouts of ammonia production plants based on SMR (a),
PEMEC (b) and SOEC (c). Main differences between the plants are represented
by the hydrogen production systems and their heat integration with Haber-
Bosch reactor.

Table 1

Main economic and technical parameters of the three ammonia productions
plants. Prices of electricity, natural gas and CO, emissions are chosen as
representative of European scenario in 2023.

SMR PEMEC SOEC Unit
Plant production 10 10 10 tNH3/h
Plant lifetime 25 25 25 years
Interest rate 5 5 5 %
Annual operating hours 8712 8712 8712 h/y
Electricity price 0.10 0.10 0.10 €/kWh,
NG price 0.05 - - €/kWhy,
CH,4 content in NG 95 - - % molar
CO, tax 80 - - €/tCO,

the main parameters of the plants and the economic assumptions for the
base scenario. Electricity and gas prices are based on average values
from the European market, considering 2023 as the reference year [33,
34]. Additionally, sensitivity analyses on these prices are included in the
Results section. The cost associated with CO5 emissions is assumed equal
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to the cost of emissions allowances under the European Trading System
(ETS) [35], considering average 2023 prices for the reference scenario
[36]. For simplicity, this parameter will be referred to as the “CO, tax”
throughout the rest of the document. While for calculation of CO, tax
only direct emissions are accounted, both direct and indirect emissions
are considered in this study for a complete evaluation of the carbon
intensity of the three plants.

2.2. Steam methane reforming

Steam methane reforming remains the predominant hydrogen pro-
duction method at global level, despite recent interest in
electrochemical-based alternatives. The thermochemical conversion of
methane is strongly endothermic, requiring high temperatures to occur
efficiently (~800°C):

kJ

CH,4 + H,0—3H, + CO Ah = 206 — (€D)]

mol
where Ah is the standard enthalpy of reaction (calculated at 298 K). To
maximise the hydrogen production, the Water Gas Shift (WGS) reaction
is operated downstream:

kJ
CO + HyO—H; + COy Ah = —41— 2)

mol
where the standard enthalpy of reaction indicates that the reaction is
exothermic. The overall reaction of the system can be rewritten as:

kJ

CH, + 2H,0—4H, + CO, Ah = 165m—Ol 3

The WGS generally occurs at lower temperatures than the SMR [37],
with reactors at different temperature levels (200-250°C and 350-450°C
[371), exploiting different types of catalysts. The use of different tem-
perature levels allows for heat integration between the fluxes entering
and exiting the reformer and the WGS reactors, to reduce the heat de-
mand of the plant. Generally, a plant consists of an SMR reactor followed
by two WGS reactors and one or more purification components, usually
based on the Pressure Swing Adsorption (PSA) process [38]. The plant

Power
Q) sme
Compr l¢—Heat—
Heat
1
~Heat &
HT LT
WGS WGS
<~ Heat—
Pump
H,O-
Power
Cond
H, H,Op
CO,,
CH,

Fig. 3. SMR process layout. A SMR reactor is assumed, followed by two WGS
reactors, a condenser for water removal and a purification unit based on PSA. A
detailed stream table of the process model is available in the Supplemen-
tary Material.
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scheme is shown in Fig. 3.

The system is assumed to operate at three temperature levels,
respectively equal to 800°C, 350°C and 200°C, and at a pressure of 24
bar. This pressure is chosen to ensure that the minimum pressure at the
PSA remains above 20 bar, which is essential for its proper functioning
[39]. The plant is mainly composed of a compressor and a pump
(respectively operating on natural gas and water), pre-heaters, heat
exchangers, one SMR reactor, two WGS reactors (HT WGS and LT WGS
in Fig. 3), a condenser (Cond in Fig. 3) for the removal of the unreacted
water and a PSA for Hs purification. Heat integration is not only oper-
ated between the components of the SMR plant but is also analysed in
order to connect the SMR and HB plants. As described in sub-Section 2.6,
the HB reactors are strongly exothermic and provide heat at about
400°C. This thermal energy can be exploited by the SMR, considering
that the two plants are assumed to operate mostly simultaneously. The
additional heat that cannot be provided by the HB is assumed to be
provided by gas burners. In Table 2, the operating parameters of the
SMR system are summarised, along with its Specific Electricity Con-
sumption (SEC) and Specific Heat Consumption (SHC). Electrical con-
sumption is primarily attributed to the NG compressor and the water
pump, while gas consumption is due to both the SMR reaction and the
thermal needs of the plant, which are met using gas burners.

2.3. Electrolyser

Two main technologies are analysed as electrolysers: PEMEC and
SOEC. To properly evaluate their energy consumptions, the electro-
chemical models of both types of electrolysers are studied. Specifically,
their polarisation curves are modelled and subsequently calibrated with
experimental data. For this purpose, various parameters of the electro-
chemical models are chosen as fitting variables. Model calibration is
carried out by minimising the sum of the squared difference between
model and experimental values of the cell operating voltage.

Once the polarisation curve is defined, the plant system can be
designed with inclusion of the Balance Of Plant (BOP), in order to
properly evaluate the working conditions of the entire system and in
particular its SEC for both the PEMEC and SOEC cases.

2.3.1. PEMEC

First, the polarisation curve of the PEMEC is derived. Experimental
data provided by Crespi et al. [41] are used to calibrate the model. A
summary of the used methodology, equations and model parameters,
including those assumed from literature and those derived through
calibration, can be found in the Supplementary Material. Given the
polarisation curve, which defines the cell voltage V. (V) as function of
the current density i (A/mz), the electrical power of the stack P (in W) is

Table 2
SMR specifics. For values where a reference is not provided, the specifics are
determined based on the system modelling.

SMR Specific  Unit Reference
CAPEX 1800 €/(kgnz/day) [40]
M&R 4 % of CAPEX peryear  [24]
Size 42,360 kguo/day -
H, production 1765 kgnz/h -
Lifetime 25 years [24]
Operating pressure 24 bar [38]
Operating temperature (max 800 °C [40]
level)

NG in SMR* 3716 kgng/h -
SEC 0.48 kWhe/kgp2 -
SHC heaters** 10.1 kWhy,/Kkgu2 -

" Natural gas used directly in the SMR to produce H2 (so, burners consumption
is not considered).

™ Heaters specific consumption is here reported net of the integration with the
HB system (the gross SHC for heaters, without integration, would be 11.2
KWhi/Kgsro).
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provided by:
P= nc'vcell'i'A “4)

where A is the cell area (in m?) and n. is the number of cells of the stack.
The heat generated by the stack operation ® (in W) can also be
computed according to Eq. (5):

. (Ah
® = —-A-ni (ﬁ - Vcell) %)

where Ah (in J/mol) is the change of enthalpy in the reaction of water
electrolysis. It should be noted that a negative value for ® indicates that
the stack operates in endothermic mode, while a positive value signifies
exothermic operation.

Hydrogen produced by the stack ngy (in mol/s) is calculated as:

Npnei-A

2F ©

N =

where 7 is the Faraday efficiency, which is defined according to the
equation reported by Yodwong et al. [42]:

e =ai +c %]

The values assumed for the parameters a, b and c are reported in
Table S.2. (Supplementary Material).

The auxiliary components of the PEMEC plant are then considered in
order to accurately estimate its BOP energy consumption. The overall
layout of the PEMEC plant is shown in Fig. 4.

The assumed operating temperature and pressure of the stack are
60°C and 30 bar, respectively. This pressure level is achieved using a
hydraulic pump that increases the water pressure before it enters the
cell. The cell operates in exothermic mode, so the pre-heating needed by
the inlet make-up water (to compensate for the water consumed by the
electrolysis reaction) is provided by heat integration with the outgoing
flows from the stack, which are recirculated back to the inlet. The
operating conditions of the electrolyser are shown in Table 3. The stack
itself accounts for over 93% of the total electricity consumption, while
the remaining percentage is attributed to the hydraulic pumps. These
results are generally consistent with previous literature studies [43].

2.3.2. SOEC

Semi-empirical parameters for the definition of the polarisation
curve of the cell are derived based on fitting the experimental curve
provided by Hauch et al. [47]. As reported by Hauch et al. [47],
high-temperature cells achieve greater efficiency due to the lower power
demand for the same hydrogen output. The methodology, equations and

Power
Qo
Pump 0, 0,
separ.
Pump "> ANODE O, H0
P ¢ > CATHODE Hy, H,O
Power
PEMEC H H
Power separ. 2
H,O
Pump
Hy
Power

Fig. 4. PEMEC process layout. The stack is assumed to operate at 60°C and 30
bar. A detailed stream table of the process model is available in the Supple-
mentary Material.
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Table 3

PEMEC specifics. For values where a reference is not provided, the specifics are
determined based on the system modelling. Supplementary material provides a
sensitivity analysis on the results (in terms of both costs and emissions),
including different PEMEC technologies and their likely efficiency ranges.

PEM Specific Unit Reference
CAPEX 1200 €/kW [44]
M&R 4 % of CAPEX per year [31]
Size 94.7 MW, -
H, production 1765 kgna/h -
Stack lifetime 10 years [31]
BOP lifetime 25 years [31]
Replacement cost 27 % of CAPEX [45]
Operating pressure 30 bar [41]
Operating temperature 60 °C [46]
Operating voltage 2.04 \Y -
Operating current density 2 A/cem? -
SEC stack 55.7 kWhe/Kgua -
SEC BOP 4.0 kWhe/Kgi2 -

model parameters, including those assumed from literature and those
derived through model calibration, can be found in the Supplementary
Material. Once the polarisation curve is defined, Eqs. (4)-(6) are also
applicable to the SOEC for estimating the electrical and thermal power
of the stack, as well as the produced hydrogen. The Faraday efficiency 7
is assumed to be 0.98 [48].

The SOEC, assumed to operate at 800°C, is then modelled with its
BOP, including a heat integration between streams entering and exiting
the stack, in order to minimise the thermal requirements for water pre-
heating. Plant design is developed starting from the work by Zhao et al.
[49], and a scheme is reported in Fig. 5.

Considering a proper heat integration, the thermal need for water
pre-heating can be divided into two temperature levels: approximately
110°C and 800°C. Heaters are necessary to pre-heat the flows entering
the SOEC stack, as heat integration with the flows exiting the SOEC stack
is insufficient. The 800°C thermal need must be necessarily provided by
an external source (here, an electric heater is assumed), as the system
does not include any other heat source at this temperature. Instead, the
thermal need at 110°C can be partially fulfilled by the HB reactors. Since
the SOEC is generally assumed to operate simultaneously with the HB
system, part of the SOEC thermal needs can be satisfied through a
thermal integration with the HB system. This integration reduces overall
energy requirements and results in notable economic savings. However,
because the heat from the HB is not sufficient, the remaining thermal
energy is provided through the use of electric heaters, operating at
110°C and 800°C.

Table 4 presents the main economic parameters and operating con-
ditions, including the hydrogen production and power consumption of
the various system components. It is evident that the stack is the major
power consumer, accounting for about 86% of the total consumption of
the electrolyser system. The second-largest energy consumers are the
electric heaters, which operate at 110°C and 800°C, contributing around
13% of the overall electrical consumption. Lastly, approximately 1% of
the power consumption is due to the pump and the compressors. These
results align with other studies that incorporate heat integration in high-
temperature electrolyser systems [50]. It should be noted that the SOEC
is assumed to operate under thermoneutral conditions, so the stack itself
does not need an external heat source.

2.4. Air separation unit

Given the large scale of the plant, cryogenic distillation is selected as
the most effective technology for the air separation unit (necessary for
nitrogen production) [53]. To achieve the high purity of nitrogen
required by the HB reactor and prevent O, and H20 from damaging the
catalysts [54], a multi-column ASU is necessary. In particular, in the
considered plant, a two-column ASU is used, consisting of a High
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Fig. 5. SOEC process layout. The stack is assumed to operate at 800°C and 1.1 bar. Part of the heat needed by the electrolyser is assumed to be provided by the HB
system. A detailed stream table of the process model is available in the Supplementary Material.

Table 4

SOEC specifics. For values where a reference is not provided, the specifics are
determined based on the system modelling. Supplementary material provides a
sensitivity analysis on the results (in terms of both costs and emissions),
including different SOEC technologies and their likely efficiency ranges.

SOEC stack and BOP Specific Unit Reference
CAPEX 2250 €/kW [51]
M&R 4 % of CAPEX per year [52]
Size 62.4 MW, -
H, production 1765 kguz/h -
Stack lifetime 6 years [25]
BOP lifetime 25 years [25]
Replacement cost 23 % of CAPEX [52]
Operating pressure 1.1 bar [52]
Operating temperature 800 °C [47]
Operating voltage 1.29 A -
Operating current density 1.8 A/em? -
SEC stack 35.4 kWhe/kgp2 -
SEC BOP (excluding heaters) 0.3 kWhe/kgn2 -
SEC heaters 5.5% kWhe/kgn2 -

" Heaters specific consumption is here reported net of the integration with the
HB system (the gross SEC for heaters, without integration, would be 7.8 kWh/
kgn2).

Pressure Column (HPC) and a Low Pressure Column (LPC). The main
components of the system include: compressors (generally multistage
with intercooling, which account for the largest portion of power con-
sumption), air purificators (usually pressure or thermal swing adsorp-
tion), heat exchangers, and cryogenic distillation columns (one
operating at about 5.2 bar and the other at 1.4 bar [55]), which are
thermally coupled. The plant layout is shown in Fig. 6, based on designs
by Cheng et al. [55] and Agrawal et al. [56].

Plant parameters, including the specific consumption of the ASU, are
detailed in Table 5. The energy needs of the system are consistent with
findings from other studies [57].

2.5. Compressors and storages

Compressed hydrogen and nitrogen storage systems are included in
the ammonia production plant. Although the plant is assumed to operate
continuously (meaning the storage tanks would not be strictly necessary
for most of the year), small storage buffers for both hydrogen and ni-
trogen are considered useful. This is because the HB system is negatively
affected by shutdowns, and these buffers help reduce the frequency of
interruptions in its operation.

Since the Haber-Bosch process operates at about 300 bar, both
hydrogen and nitrogen are stored in buffer tanks in gaseous form at 350
bar This solution is justified considering that a compression stage would
be necessary to meet the requirements of the HB process. Other storage
solutions, such as liquid hydrogen or higher-pressure gaseous storage,
are not considered as these plants typically do not face space limitations.
For both hydrogen and nitrogen, three stages of compression are
assumed, followed by a tank.

The capacities of the tanks are designed to ensure 48 h of autonomy,
allowing for potential maintenance periods for the hydrogen production
systems or the ASU. Table 6 presents the main parameters of the two
compressors and the two tanks.

2.6. Haber-bosch reactor

The Haber-Bosch process is still the most widely adopted process for
ammonia production. The ammonia production reaction is here re-
ported:

kJ

N, + 3H, < 2NH; Ah = —92 —
mol

(¥
where Ah is the standard enthalpy of reaction (calculated at 298 K). To
increase the production rate, the reactor generally operates at high
pressure (250-300 bar). Although low temperatures would favour the
reaction due to its exothermic nature, the temperature must be main-
tained at around 400°C to enhance reaction kinetics and effectively
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Fig. 6. ASU process layout, based on two-column cryogenic distillation plant. A detailed stream table of the process model is available in the Supplemen-

tary Material.

Table 5
ASU specifics. For values where a reference is not provided, the specifics are
determined based on the system modelling.

ASU Specific Unit Reference
CAPEX 1450 €/(kgnz/h) [32]

M&R 2 % of CAPEX per year [32]

Size 8235 kgna/h -

Lifetime 25 years [23]

SEC 0.095 kWhe/kgno -

utilise the iron catalyst [54]. To prevent excessive temperature increases
and to improve the conversion rate, multiple reactors are usually
employed. The temperature at the entrance of each reactor is set to
400°C, but it increases during the process due to the exothermicity of the
reaction. At the outlet of each reactor, the temperature is brought back
to 400°C, thanks to thermal integration with internal streams (e.g.
pre-heating of inlet gases) for reactors 1 and 3 and with the electrolysers
or the SMR sections (reactor 2). The plant is assumed to have three re-
actors, but even with this configuration, the outlet stream remains rich
in unreacted nitrogen and hydrogen. For this reason, a strong recircu-
lation is necessary, including a compression stage to compensate for
pressure losses along the plant. Specifically, the recirculated stream
accounts for 58% (by mass) of the total inlet gas at the mixer feeding the
HB reactors. The layout of the HB process is illustrated in Fig. 7.

The synthesis loops are designed to operate under steady-state con-
ditions most of the time, as shutdowns or excessively fast ramp-ups
could damage the reactors, particularly the iron catalysts. Table 7 pre-
sents the main parameters and energy consumption for the HB system.
Since hydrogen and nitrogen compression occurs upstream of the two
tanks, the power consumption of the HB is very low, as it is only required
for compressing the recirculating stream to compensate for pressure
losses.

2.7. Future scenarios

An additional analysis is conducted to evaluate the technical and
economic developments of the considered technologies and to identify
potential trends for future ammonia production. This assessment in-
cludes projections for the years 2030 and 2040, focusing on PEMEC and
SOEC technologies. In contrast, the SMR system, given its maturity and
established market presence, is assumed to maintain constant perfor-
mance and cost metrics.

Specifically, PEMEC and SOEC are projected to show improvements
in stack energy consumption and cost reductions. All other plant com-
ponents, including the HB system, ASU, compressors and storage tanks,
are assumed to retain their current economic and performance param-
eters. Table 8 summarises the assumed parameters for the future sce-
narios assessment, based on estimates provided by Bohm et al. [51].
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Table 6
Compressors and storage tanks for hydrogen and nitrogen. For values where a reference is not reported, the specifics are determined based on the system modelling.

H, compressor Specific Unit Reference
CAPEX 11,000 €/(kguz/h) [32]

M&R 1 % of CAPEX per year [58]
Lifetime 25 years [32]

Size 1765 kgua/h -

Pin (SMR/PEMEC/SOEC) 20/29/1 bar -

Pout 350 bar -

SEC (SMR/PEMEC/SOEC) 1.78/1.52/3.81 kWhe/kgp2 -

H, tank Specific Unit Reference
CAPEX 470 €/kgn2 [32]

M&R 1 % of CAPEX per year [58]
Lifetime 25 years [32]
Pressure 350 bar -

Size 84,700 kgn2 -

N2 compressor Specific Unit Reference
CAPEX 2200 €/(kgna/h) [54]

M&R 1 % of CAPEX per year [58]
Lifetime 25 years [59]

Size 8235 kgna/h -

Pin 1 bar -

Pout 350 bar -

SEC 0.27 KWhe/kgnz -

N, tank Specific Unit Reference
CAPEX 31 €/kgnz [60]

M&R 1 % of CAPEX per year [58]
Lifetime 25 years [60]
Pressure 350 bar -

Size 395,300 kgnz -

2.8. Levelised cost of ammonia

The three ammonia production plants (i.e., based on PEMEC, SOEC
and SMR) are compared from an economic perspective, under both
current and future scenarios, to assess the cost-competitiveness of each
solution depending on the background conditions. The Levelised Cost Of

|
|
H HB HB
2 react 1 react 2|

Ammonia (LCOA) is chosen to present a direct economic comparison
between the different production processes. It includes all the costs
associated with the production of ammonia into a single indicator,
encompassing both capital and operational expenditures over the plant’s
lifetime. The LCOA (in €/tNH3) is calculated according to the following
expression:

|
|
HB
react 3 Flash 1

Heat

Compr

{ } Flash 2 @

Power Hz, N2, NH3

H,, Ny, NH;
——H,, Ny, NHz—
Flash 3
NH3

Fig. 7. HB process layout, composed of three reactors and four separation stages.

tary Material.

A detailed stream table of the process model is available in the Supplemen-
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Table 7
HB specifics. For values where Reference is not reported, the specifics were
determined basing on the modelling of the system.

HB Specific Unit Reference
CAPEX 3000 €/(kgnus/h) [32]
M&R 2 % of CAPEX per year [61]
Size 10,000 kgnus/h -
Lifetime 25 years [23]
SEC 0.002 kWhe/kgnns -
EN L+0;
_ ei=l(14d)
LCOA = W 9
=1 (1+d)

where I; and O; (in €) represent the investment and operational expen-
ditures for the i-th year, respectively, Myys3; (in t) is the ammonia pro-
duced in the i-th year, d (in %) is the annual discount rate and N is the
final year of the analysis. The investment cost I; includes all CAPEX
parameters outlined in previous sections, depending on the specific costs
and the sizes of the components. The operational cost O; is evaluated as
the sum of maintenance (M&R, including stack replacement for the
electrolysers), energy costs (covering electricity and gas costs) and
carbon taxes (for the SMR case).

2.9. Specific COz emissions

This study also focuses on the operational CO; emissions of the three
investigated plant layouts. CO5 emissions during operation consist of
two contributes: direct and indirect emissions. Direct emissions arise
from the combustion/conversion of fossil fuels and are the only emis-
sions subject to CO, tax. The electrolysis-based layouts (SOEC and
PEMEC) do not require fossil fuels as input and therefore do not produce
direct COy emissions. In contrast, in the SMR plant, CO5 is emitted
during Hy production and thermal energy generation using natural gas
burners. Direct Specific Emissions (SE;) (in tCO5/tNHg3) are calculated
according to Eq. (10):

N
> iiiMerai-ecraa

SE4
Z?LlMNHz,i

(10)

where Mcps; (in t) is the methane used in the i-th year (for both
hydrogen production and thermal energy) and ecys g (in tCO2/tCHy) is
the specific methane emissions, indicating the mass of CO, emitted per
unit mass of CHy used (equal to 2.75 tCO2/tCHy). A detailed description
of ecya 4 is provided in Supplementary Material).

Indirect emissions encompass those associated with electricity use
and emissions from natural gas extraction and transport, including
equivalent CO2 emissions due to methane leakages during the transport
phase. These emissions are needed for providing a comprehensive
assessment of the ammonia carbon footprint across the three production
pathways, not limited to direct emissions. Indirect Specific Emissions
(SE;q) (in tCOy/tNH3) are calculated as follows:

Table 8
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Fig. 8. Capital expenditure (CAPEX) of the three plants. Category indicated as
"H2 prod" indicates the hydrogen production system associated to the plant (in
order, SMR, PEMEC and SOEC), and it represents the main cost-impacting
component. Additional details on the CAPEX breakdown are provided in the
Supplementary Material.
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where E,;; (in kWh,) is the electrical energy used by the plant in the i-th
year, &gq (in gCO2/kWhe) is the carbon intensity of the used electricity,
Ahcpa (kWhg,/kg) is the lower heating value of methane (equal to 13.90
kWhn/Kkg), €chaup is the upstream emission factor for CO, emissions
associated with the production and transport of natural gas (assumed
equal to 32 gCOo/kWhy, [62]), Acus is the fugitive emissions rate
(assumed equal to 0.02 [63]) and GWPcy, is the global warming po-
tential of methane (assumed equal to 28 gCO,/gCH4 [64]).

The total Specific Emissions (SE) (in tCOy/tNH3) are obtained by
summing the direct and indirect contributions:

SE = SE4 + SEy (12)

While only direct emissions are considered for calculating the carbon
tax, this study includes both direct and indirect emissions for a complete
evaluation of the carbon intensity of the three plants.

Electrolyser parameters for future scenario assessment. Percentage reductions in CAPEX and SEC compared to current values are shown in parentheses. Strong CAPEX
reductions are expected in the coming years, while SEC variations are less pronounced.

PEMEC Current 2030 2040 Unit Reference
CAPEX 1200 700 (—42%) 390 (—68%) €/kW [51]
SEC stack 55.7 50.9 (—5.2%) 49.1 (—8.5%) kWhe/kgna [51]
SOEC Current 2030 2040 Unit Reference
CAPEX 2250 1270 (—44%) 670 (—71%) €/kW [51]
SEC stack 35.4 34.6 (—2.0%) 34.4 (—2.8%) kWhe/kgh2 [51]
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Fig. 9. LCOA for the investigated case study. “CAPEX” stands for Capital
Expenditure of the three different plants. "CO2 tax" refers to carbon tax asso-
ciated with emissions connected to natural gas use (assumed 80 €/tCO,). In
“M&R” (Maintenance and Repair costs) category, electrolysers replacement is
included. Additional details on the LCOA breakdown are provided in Supple-
mentary Material.

3. Results

This section presents and discusses the LCOA values for the different
plants (sub-Section 3.2), with a detailed breakdown of their CAPEX to
highlight the most impactful components (sub-Section 3.1). Following
this, a sensitivity analysis on the prices of both natural gas and electricity
is provided to offer a broader perspective on the viability of the various
solutions (sub-Section 3.3). Sub-Section 3.4 includes forecasts and
future scenarios from an economic standpoint, providing an overview of
the competitiveness of the three technologies in the coming years.
Finally, sub-Section 3.5 explores the CO5 emissions associated with
plant operation depending on the electricity carbon intensity.

3.1. Investment cost

The capital costs of the three ammonia production plants are pre-
sented in Fig. 8. The SMR- and PEMEC-based plants have comparable
CAPEX (237 and 245 ME, respectively), while the SOEC-based plant is
the most expensive configuration (272 M€).

The main cost-impacting component is the hydrogen production
system, which varies depending on the configuration (i.e. SMR, PEMEC,
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and SOEC). The capital costs for SMR and PEMEC systems are relatively
close, at 106 M€ and 114 ME, respectively. In contrast, the SOEC plant
has a higher capital cost of 140 ME, reflecting its lower maturity and
market penetration. Moving downstream in the hydrogen production
chain, the Hy compressor and storage tank also contribute significantly
to the total cost (19 M€ and 40 ME, respectively). On the nitrogen side,
components such as the air separation unit (ASU), N, compressor, and
Nj tank are less costly, despite the higher production rate of nitrogen
compared to hydrogen (in terms of kg/h). This is due to the widespread
use of these components in the market and the relatively simpler
handling and storage of nitrogen compared to hydrogen. Finally, the HB
system adds 30 M€ to the total CAPEX. Although this cost is non-
negligible, it is worth noting that it is significantly lower than the cost
associated with the hydrogen production.

3.2. Levelised cost of ammonia

Fig. 9 shows the resulting LCOA values for the different ammonia
production methods (using reference electricity and NG prices of 0.10
and 0.05 €/kWh, respectively, as reported in Table 1). SMR emerges as
the most cost-effective solution, with an ammonia production cost of
approximately 786 €/tNHs. Previous studies have generally reported
lower costs for conventional ammonia production: for example, Zhang et
al. [25] found costs below 400 USD/tNHg3, while Mersch et al. [24] re-
ported values in the range 300-500 USD/tNHj3, depending on gas prices.
However, the higher LCOA reported here can be attributed to two main
factors. First, the assumed natural gas price of 0.05 €/kWh is based on
European market prices [65], which are generally higher than those in
many non-European countries (e.g., the USA [66]). Given that gas costs
account for over 45% of the LCOA for SMR, a reduction in gas prices
could significantly impact the total production costs (the impact of
natural gas prices will be addressed in detail in sub-Section 3.3). Second,
most previous analyses did not consider the costs associated with CO2
emission taxes. Using a reference tax of 80 €/tCO, [36], this factor
contributes approximately 115 €/tNH3 (15%) to the LCOA.

Among the electrolytic hydrogen options, SOEC is the most cost-
effective despite its higher capital costs and shorter lifetime compared
to PEMEC, with LCOA values of 1174 €/tNH3 for SOEC and 1368 €/tNHj3
for PEMEC. The cost-effectiveness of SOEC is attributed to its lower
specific energy consumption (41.2 kWh,/kgy, for SOEC and 59.7 kWh,/
kgya or PEMEC), leading to lower electricity costs.

To thoroughly assess the cost-competitiveness between SMR and
electrolyser-based solutions in European countries, a detailed analysis
has been conducted, focusing on the impact of electricity and NG prices,
as well as carbon taxes specifically targeting direct COy emissions
associated with NG use. The electricity and NG prices used in this
analysis are tailored to each country and are based on data from the
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Fig. 10. CO2 tax required to achieve equal LCOA between SMR and the most cost-effective electrolyser solution in each European country. The red dashed line
indicates 80 €/tCO,, which is representative of the 2023 average value. Detailed data used for this figure are provided in the Supplementary Material.
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Fig. 12. Optimal LCOA [€/tNH3] based on electricity and gas prices. The
colour of each cell indicates the most cost-effective technology for a given
combination of electricity and gas prices, while the number within the cell
represents the corresponding LCOA. Electrolysers are competitive for electricity
prices up to 0.08 €/kWh. Above this threshold, SMR is the most cost-effective
solution for gas prices below 0.10 €/kWh.

second semester of 2023 as reported in the Eurostat database [33,34]
(price values are provided in the Supplementary Material). Fig. 10 il-
lustrates the required carbon tax in each country to achieve equal LCOA
between SMR-based ammonia production and the most economically
advantageous electrolyser plant. In countries such as Finland and Swe-
den, where electricity prices are notably low, cost parity can already be
achieved with existing levels of carbon taxes. However, in many other
countries, particularly those where NG prices are substantially lower
than electricity prices (i.e., Netherland, Ireland, Croatia, Austria, etc.),
achieving cost parity remains a significant challenge requiring relevant
carbon penalties (up to approximatively 900 €/tCOj). Overall, the
analysis underscores that the carbon tax plays a crucial role in deter-
mining cost parity between SMR and electrolyser technologies and it
could represent a possible alternative to a strict prohibition on the use of
fossil hydrogen.

3.3. Impact of electricity and natural gas prices
Given the significant influence of both electricity and natural gas on

11

Electricity price [€/kWh]

Fig. 13. Needed carbon tax (€/tCO,) to achieve equal LCOA between SMR and
the most cost-effective electrolyser solution with various electricity and natural
gas prices.

the LCOA for the three plants, a sensitivity analysis on these two pa-
rameters is conducted. The price of electricity is explored within the
range of 0.02-0.16 €/kWh, while the price of natural gas is assumed to
vary between 0.03-0.10 €/kWh.

Fig. 11 presents the LCOA of the three technologies through three
heatmaps, each corresponding to one technology. The values within
each cell represent the LCOA for each combination of electricity and gas
prices. The SOEC and PEMEC are affected solely by electricity prices, as
both the electrolysers and heaters are powered by electricity. In contrast,
SMR is influenced by both electricity and gas prices, with a more pro-
nounced impact from gas prices.

Based on results from Fig. 11, Fig. 12 illustrates the most economical
technology and its LCOA for each combination of electricity and gas
prices. When electricity prices are very low (approximately 0.02
€/kWhe,, quite far from the current grid electricity prices, which reach a
minimum of about 0.06 €/kWh, in Sweden and Portugal [33]), the
PEMEC system is the most cost-effective option, as its high specific en-
ergy consumption does not reflect in high operation costs. In the
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Fig. 14. Optimal LCOA [€/tNH3] based on electricity and gas prices in future scenarios (2030 and 2040). The colour of each cell indicates the most cost-effective
technology for a given combination of electricity and gas prices, while the number within the cell represents the corresponding LCOA.

electricity price range of approximately 0.04 to 0.08 €/kWh,, the
optimal solution can vary: SMR represents the most cost-effective
technology at low gas prices, while SOEC becomes the preferred op-
tion when gas prices are higher. For electricity prices of 0.10 €/kWh, or
above, SMR emerges as the most cost-effective choice, even with high
natural gas prices.

Fig. 13 shows the carbon tax needed to achieve equal LCOA between
the SMR-based plant and the most cost-effective electrolysis solution.
Locations with low electricity prices (on the left side of the heatmap)
require low carbon taxes to incentivise carbon reduction. However, as
shown in Fig. 10, very few European countries fall into this category.
Conversely, regions with higher electricity costs (on the right side)
necessitate significantly higher carbon taxes. This analysis suggests that
differentiated carbon policies based on local energy prices (both within
Europe and beyond) could be helpful to meet emission reduction goals.
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Fig. 15. Emissions associated to ammonia production varying the carbon in-
tensity of the used electricity. Emissions parity between electrolysers and SMR
is reached at 200 and 260 gCO2/kWh for PEMEC and SOEC respectively.
Reference values referred to present are taken from Electricity Map [67], while
future values are assumed from European Environment Agency [68] and Eu-
ropean Commission forecasts [69].
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3.4. Future scenario cost-competitiveness of the technologies

This section investigates the cost-competitiveness of the three plant
layouts in future scenarios for the years 2030 and 2040. Technical and
economic advancements are projected for SOEC and PEMEC technolo-
gies due to component development and market expansion, as detailed
in Table 8. In these scenarios, illustrated in Fig. 14, SOEC emerges as the
cost-optimal solution for various combinations of electricity and gas
prices, particularly when electricity prices are below 0.08-0.10 €/kWhe.
Between 2030 and 2040, SOEC’s presence in the heatmap increases due
to a reduction in CAPEX, though the overall differences between the two
scenarios are minimal. In both scenarios, PEMEC is not competitive with
SOEC, as its lower CAPEX does not compensate for its higher specific
electricity consumption. As a result, the primary alternatives are SOEC
and SMR, with their competitiveness depending on electricity and gas
prices. It is important to note that these scenarios assume a constant COy
tax of 80 €/tCOs, since the high uncertainty associated with the Euro-
pean Emissions Trading System (ETS) [35] makes future price forecasts
challenging. However, it is likely that this tax will increase in the coming
years due to more stringent emission limits imposed by the European
Union. An increase in the CO5 tax would further enhance the economic
feasibility of SOEC, even at higher electricity prices.

3.5. Specific CO2 emissions

Traditional ammonia synthesis, which relies on fossil-derived
hydrogen produced through SMR, significantly contributes to global
carbon dioxide emissions. Utilising electrolytic hydrogen offers a
promising pathway to decarbonise ammonia production and reduce
dependency on finite resources. However, the carbon footprint of
ammonia produced using electrolytic hydrogen deserves careful inves-
tigation. By analysing electricity consumption, fossil CO emissions from
combustion/conversion and the upstream emissions associated with
fossil fuels, it is possible to determine the carbon intensity of the three
investigated plant configurations, as outlines in Egs. (10) and (11). This
study helps identify the electricity carbon intensity thresholds required
for electrolyser-based ammonia production to achieve lower emissions
than the SMR-based alternative. Fig. 15 shows the specific CO5 emis-
sions (sum of direct and indirect contributions) associated with
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ammonia production for the three hydrogen production technologies as
a function of the carbon intensity of the used electricity. The carbon
footprint of ammonia using water electrolysis is highly dependent on the
carbon intensity of the electricity used to power the electrolyser. In
contrast, emissions from SMR are relatively stable and only slightly in-
crease with the carbon intensity of electricity, due to the low electricity
consumption of the plant (associated with compressors, pumps, etc.).
Moreover, PEMEC exhibits higher emissions than SOEC at any given
carbon intensity due to its greater specific energy consumption. As
shown in Fig. 15, the carbon intensity thresholds at which PEMEC and
SOEC have lower specific emissions compared to SMR are 200 and 260
gCO2/kWh, respectively.

Although the carbon intensity of grid electricity is decreasing in
many European countries, it remains above the necessary threshold
values in several regions. In these areas, fossil-based hydrogen produc-
tion (via SMR) would currently result in lower CO, emissions compared
to grid-powered electrolytic hydrogen production. To avoid the use of
fossil-based electricity to power electrolysers, European Union has
enacted, in 2023, a new amendment of the Renewable Energy Directive,
referred to as RED III [70]. Among other matters, it sets strict re-
quirements for the production of ammonia, both used as fuel or for in-
dustrial uses. To be accounted as Renewable Fuel of Non-Biological
Origin (RFNBO), ammonia has to be produced exploiting electricity or
from a renewable power plant directly connected to the HB plant, or
bought through a Power Purchase Agreement (PPA) from a renewable
power provider connected to the grid [71,72]. In case ammonia is not
used as fuel but it has other industrial purposes (e.g. fertilisers produc-
tion), RED III imposes that at least 42% of the used hydrogen must be
RFNBO by 2030 [70]. This limit imposes the need for PPAs to cover at
least 42% of the electricity used, in order to guarantee the conditions of
temporal and geographical correlation as defined in RED III.

4. Conclusions

This study presents an economic and CO, emissions comparison of
different ammonia production plants. The investigated layouts include
three hydrogen production systems: steam methane reforming (SMR),
low-temperature electrolysis (PEMEC), and high-temperature electrol-
ysis (SOEC), including a deep thermal integration with the Haber-Bosch
reactor. Although the methodology can be applied to various locations
with minor changes in input parameters, this research focuses on the
European context. Detailed process models of all plant sections are
conducted to determine the Levelised Cost Of Ammonia (LCOA) for the
three plants, including a sensitivity analysis on electricity and natural
gas prices to assess their impact on the cost-competitiveness of these
solutions. Beyond the economic analysis, direct and indirect CO, emis-
sions are evaluated, encompassing direct emissions of SMR and indirect
emissions associated with electricity and natural gas extraction and
transport.

The main outcomes of the study can be summarised as follows:

In the current scenario, SMR generally proves to be the most cost-
effective solution due to the lower price of natural gas compared to
electricity (in €/kWh), further emphasized by the high efficiency of
the SMR process. Electrolysers become cost-competitive with SMR
only if electricity prices fall below approximately 0.08 €/kWh,:
PEMEC becomes effective at an unrealistically low price of about
0.02 €/kWh,, while SOEC is more economically viable at higher
electricity prices (0.04-0.08 €/kWh,) due to its superior efficiency.
Given the current electricity and gas prices, significantly higher
carbon taxes than the present levels are generally necessary to ach-
ieve cost parity between SMR and electrolysis.

Electrolysers are expected to improve in terms of cost and perfor-
mance in the coming years, potentially becoming more competitive
with SMR at higher electricity prices. In the scenarios analysed for
2030 and 2040, SOEC (due to reductions in CAPEX) is projected to be
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more advantageous than PEMEC across all electricity prices. The
electricity price range for the transition from SOEC to SMR is ex-
pected to be around 0.08-0.10 €/kWh, in 2030 and 0.10-0.12
€/kWhe in 2040. This range could increase further if carbon taxes on
SMR emissions rise.

The carbon footprint of electrolytic hydrogen — unlike that of SMR —
heavily depends on the carbon intensity of the electricity used.
Assuming grid power usage (without green power purchase agree-
ment), SMR would remain the solution with lowest carbon emissions
in many European countries where power production is still pre-
dominantly fossil-based. This set the need for tailored measures
(such as RED III), to push ammonia toward a greener production,
integrating it with renewable energy sources.

Overall, the sensitivity analyses presented in this study enable a
rapid evaluation of the levelised cost of ammonia based on varying
electricity and gas prices, along with an estimation of the associated CO4
emissions. Future studies will focus on integrating ammonia production
facilities with renewable power plants to achieve optimal design and
operational strategies aimed at minimising both costs and emissions.

Acronyms
AEC Alkaline Electrolyser Cell
ASU Air Separation Unit
BOP Balance Of Plant
CAPEX Capital Expenditure
COy Carbon Dioxide
ETS Emissions Trading System
GHG Greenhouse Gas
Hy Hydrogen
HB Haber-Bosch
HPC High Pressure Column
HT WGS High Temperature Water Gas Shift
LCOA Levelised Cost Of Ammonia
LPC Low Pressure Column
LT WGS Low Temperature Water Gas Shift
M&R Maintenance and Repair
NG Natural Gas
NH3 Ammonia
PEMEC Proton Exchange Membrane Electrolyser Cell
PPA Power Purchase Agreement
PSA Pressure Swing Adsorption
RED Renewable Energy Directive
RFNBO Renewable Fuel of Non-Biological Origin
SE Specific Emissions
SEC Specific Electricity Consumption
SHC Specific Heat Consumption
SMR Steam Methane Reforming
SOEC Solid Oxide Electrolyser Cell
WGS Water Gas Shift
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