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ABSTRACT

The transition toward low-carbon ammonia production increasingly relies on highly efficient routes
for renewable hydrogen generation, with Solid Oxide Electrolysis (SOE) representing a particularly
promising solution. SOEs, operating with steam at elevated temperatures, offer intrinsic thermo-
dynamic advantages and are attractive when integrated with processes that can effectively utilize
or supply high-grade heat. This context opens the possibility for advanced energy coupling be-
tween hydrogen production and the exothermic ammonia synthesis process. This work investi-
gates such an energy integration strategy by simulating a small-scale ammonia plant where hy-
drogen is produced through an SOE system thermally coupled to the ammonia synthesis loop.
Specifically, high-grade heat available in the Haber-Bosch (HB) reactor outlet is recovered via a
“Heat Recovery Steam Generator” (HRSG) to provide a substantial fraction (55 wt%) of the steam
required by the electrolyzer. The assessment demonstrates that the integrated configuration sig-
nificantly reduces the external electrical demand for steam generation by 84%, achieving a sub-
stantial enhancement in system-level electrical efficiency. Total plant energy efficiency increases
from 57% to 62%, and the electricity-to-hydrogen ratio decreases from 45.9 to 42.1 kWh/kg. These
improvements translate directly into a decrease in the Levelized Cost of Ammonia (LCOA) by
4-5%, underscoring the relevance of high-temperature electrolysis supported by effective plant-
wide heat recovery.
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INTRODUCTION

Ammonia is a key industrial commodity, ranking first
in global production volume, with an approximate annual
yield of 185 Mt/y [1]. Its main synthetic route, the Haber-
Bosch process, converts nitrogen and hydrogen into am-
monia under severe high-temperature and high-pressure
conditions. While nitrogen is readily obtained from air, the
hydrogen feedstock is predominantly derived from fossil
fuels, primarily via steam methane reforming or coal gas-
ification. This dependence results in substantial green-
house gas (GHG) emissions. Thus, conventional ammonia
synthesis processes are highly CO2-intensive, releasing
an estimated 1.65 kgco.eq/kgnn,, Which accounts for ap-
proximately 440 Mtcozeq annually [2].

https://doi.org/10.69997/sct.181169
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Decarbonization efforts for ammonia production in-
herently necessitate the substitution of fossil-based hy-
drogen with “green” hydrogen, to be generated via water
electrolysis powered by renewable electricity. Electroly-
sis, an endergonic process, electrochemically dissociates
water into hydrogen and oxygen, yielding a carbon-free
hydrogen product when the electrical power source is re-
newable. State-of-the-art commercial technologies in-
clude low-temperature systems, such as alkaline (AEL)
and proton-exchange-membrane (PEMEL) electrolyzers,
which utilize liquid water. In contrast, solid oxide electro-
lyzers convert high-temperature steam into hydrogen,
offering superior thermodynamic efficiency due to the re-
duced electrical energy demand when operating at ele-
vated temperatures (i.e., 500-900 °C).
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The inherent thermal compatibility between the
high-temperature heat available in the exothermic am-
monia synthesis loop effluents and the high thermal de-
mand of the SOE steam feed is central to this integration,
providing a significant opportunity for system-level en-
ergy optimization via direct waste heat recovery.

This study investigates a 300 kgnns/h (small-scale)
green ammonia plant configuration where the hydrogen
feedstock is supplied by an SOE thermally coupled to the
synthesis loop. Waste heat recovery from the HB reactor
outlet is directly utilized to generate the required super-
heated steam feed for the electrolyzer. Therefore, the
primary objective of this work is to provide a plantwide
assessment of the energy integration potential, rigor-
ously evaluating the energetic and techno-economic per-
formance of this integrated configuration compared to a
baseline, non-integrated scenario.

WATER ELECTROLYSIS

Water electrolysis is a key pathway for CO2-free hy-
drogen production utilizing renewable electricity. Signifi-
cant thermodynamic distinctions exist between low-tem-
perature liquid-water electrolysis and high-temperature
steam electrolysis, the latter being implemented exclu-
sively in solid oxide electrolyzers.

Thermodynamics of Water Splitting

Water splitting is a non-spontaneous, endergonic
reaction requiring an external electrical energy supply.
The minimum electrical energy demand is governed by
the Gibbs free energy change (AG), which decreases in-
versely with temperature. In the Solid Oxide Electrolyzer
Cell (SOEC), supplying superheated steam at 800 °C re-
duces AG from approximately 237 kJ/mol for liquid water
(ambient conditions) to about 189 kJ/mol. This corre-
sponds to a drop in the minimum electrical energy re-
quirement by roughly 20%. Crucially, this reduction is
cell-specific and does not account for the additional ther-
mal energy required to generate and superheat the
steam feed. Consequently, the net energetic advantage
of SOE technology is realized only when low-cost or
waste heat sources are available for steam generation.

This thermodynamic reduction is also reflected in
the cell-level reversible potential (a.k.a. Nernst potential),
which defines the minimum theoretical voltage required
under equilibrium conditions. The operating cell voltage
must exceed the reversible potential to compensate for
irreversible losses (i.e., overpotentials), including ohmic
resistance, activation barriers, and mass transport limita-
tions. For low-temperature water electrolysis at ambient
conditions, the reversible potential is approximately 1.23
V. Supplying superheated steam at 800 °C reduces the
reversible potential to approximately 0.83 V, a decrease
of nearly 30%. This substantial reduction underscores the
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potential for decreased electrical energy input per mole
of hydrogen in high-temperature steam electrolysis.

Another important reference voltage at the cell level
is the thermoneutral potential, which defines the ther-
moneutral operating condition where the supplied elec-
trical energy exactly balances the total reaction enthalpy.
At this potential, the cell operates with zero net heat ex-
change with the surroundings. Operating below this
threshold leads to an endothermic regime, where the
heat deficit for the electrolysis reaction is provided by the
feed gases. As a result, the outlet gas temperature is
lower than the inlet gas temperature. Conversely, oper-
ating above this value results in an exothermic regime,
where the outlet gas temperature is higher than the inlet
gas temperature. Operating near the thermoneutral con-
dition is preferred as it minimizes internal temperature
gradients, reducing thermal stress and enhancing long-
term stability. Low-temperature electrolyzers (AEL and
PEMEL) are generally constrained to the exothermic re-
gime. In contrast, SOEs offer greater operational flexibil-
ity by utilizing all three regimes, which is particularly ben-
eficial for process integration and the exploitation of
waste heat.

Solid Oxide Electrolysis Technology: Single
Cell Structure and Operation

The solid oxide electrolyzer is a high-temperature
electrolysis unit operating at elevated temperatures
ranging from 500 to 900 °C. The basic functional unit of
this technology is the single Solid Oxide Electrolysis Cell
(SOEC), schematically illustrated in Figure 1.
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Figure 1. Structure of the solid oxide electrolysis cell.

In the SOEC, superheated steam is supplied to the
cathode, where the hydrogen evolution reaction (HER)
produces hydrogen (H2) and oxide ions (0%). These ions
migrate through the solid ceramic electrolyte to the an-
ode, where the oxygen evolution reaction (OER) gener-
ates pure oxygen (O2). Due to incomplete steam conver-
sion, a portion of the feed steam exits the cathode along
with the produced hydrogen, necessitating downstream
separation.

The cell relies on an entirely ceramic composition,
ensuring mechanical integrity and thermal stability. Key
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materials include the Yttria-Stabilized Zirconia (YSZ)
electrolyte, which provides high oxide-ion conductivity.
The cathode consists of a Ni-YSZ cermet (ceramic-
metal), where nickel acts as a catalyst for the HER and
provides electronic conductivity. The anode is often
composed of a strontium-doped lanthanum manganite
(LSM) perovskite, which is thermally compatible with
YSZ.

The defining operational parameter is the high-tem-
perature operation, contrasting with low-temperature
technologies (AEL and PEMEL). SOEs typically operate at
pressures near atmospheric, as long-term stable perfor-
mance at significantly higher pressures remains a tech-
nological challenge. The wide operating voltage range
confirms the theoretical feasibility of operation in all three
thermodynamic modes. This high-temperature operation
provides a substantial energy advantage, reducing elec-
trical power consumption by approximately 25-28% rela-
tive to low-temperature electrolyzers. Crucially, this effi-
ciency gain is maximized when external low-cost or
waste heat sources supply the thermal energy for steam
generation. Table 1 summarizes the SOE’s key opera-
tional parameters.

Challenges associated with high-temperature oper-
ation include accelerated material degradation, which re-
duces cell lifetime and necessitates precise temperature
control and smooth transients to maintain structural in-
tegrity. Furthermore, from an industrial perspective, cur-
rent SOE unit capacities (up to 10 MW deployed) are sig-
nificantly smaller than those of AEL (>1 GW) and PEMEL
(>100 MW), indicating that scaling SOE technology for
large-scale hydrogen production remains a significant
commercial and engineering challenge [3].

Table 1: Operating parameters of solid oxide electrolysis
technology [4].

OPERATING Range of values
PARAMETER 9
T [°C] 500-900
P [bara] 1-3
) Cathode-supported cell
Cell type [-] (CSC)
Cell voltage [V] 1.1-1.5

DC electrical power con-
sumption [kKWh/kg,]
Voltage degradation rate
[%/1000h]

Industrial maturity

48 (with no steam import)
38 (with steam import)

0.55-1

< 10 MW deployed
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SOLID OXIDE ELECTROLYZER MODEL

A steady-state, zero-dimensional (OD) model was
developed to represent the electrochemical and process
behavior of the solid oxide electrolyzer in a simplified yet
physically consistent manner. A fully detailed electro-
chemical-thermo-mechanical model is outside the scope
of this work. Instead, the primary objective is to formulate
a computationally efficient representation of the SOE
suitable for implementation within the plantwide process
simulation environment used for the integrated ammonia
production system.

The model first describes the operation of the fun-
damental unit (i.e., the single electrolysis cell) and sub-
sequently extends this description to the stack level,
where multiple cells are electrically connected in series
to form an electrolyzer module of a defined size.

The core modeling assumption is that both the cell
and the stack operate within the linear region of their po-
larization curves. Under this premise, the irreversible
losses are not treated mechanistically but are collectively
quantified by a single, comprehensive parameter: the
Area Specific Resistance (ASR), in [Q-cm?]. The ASR term
incorporates all irreversible losses arising during cell op-
eration, including ohmic resistance, activation, and con-
centration overpotentials. The correlation for single cells’
ASR is typically obtained by regression of experimental
polarization curves, whose value is a function of operat-
ing conditions, primarily temperature and pressure. Con-
sequently, the single cell operating voltage, E,; [V], is
defined by the following linearized relationship, where
Ey [V] corresponds to the Nernst potential and i [A/cm?]
denotes the current density.

Ece” = EN +ASR . i (1)

At the stack level, additional irreversible losses arise
due to the series electrical connection of multiple cells.
To account for these effects, an additional constant re-
sistance contribution of 0.1 Q-cm?is incorporated into the
cell ASR correlation when evaluating cell performance
once integrated in a stack [5]. As a result of this ap-
proach, all cells in a stack are assumed to exhibit the
same behavior. This methodology preserves computa-
tional simplicity while providing a realistic representation
of the increased irreversibility observed in stack or short-
stack configurations.

Cell-Level and Stack-Level Formulation

The operating model of the solid oxide electrolyzer
is first formulated at the single-cell level and subse-
quently extended to the stack configuration. The model
requires both cell-specific (and, analogously, stack-spe-
cific) parameters and the set of operating conditions as-
sociated with the selected operational mode.

At the cell level, the model utilizes several inputs:
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the active cell area (where electrochemical reactions oc-
cur); the inlet hydrogen mole fraction at the cathode; the
Faradaic efficiency; the steam-to-hydrogen ratio; and
the ASR correlation that characterizes the cell’s resistive
behavior. The operating state is formally defined by tem-
perature, pressure, and the specified operating regime.

Based on these inputs, the model determines the
hydrogen production rate according to Faraday’s law for
electrolysis, the steam conversion at the cathode outlet,
the electrical power required to sustain the imposed op-
erating mode, and the resulting energetic efficiencies. A
summary of the input data and the corresponding output
variables is reported in Table 2.

When the modeling framework is extended to the
stack level, the same governing equations are preserved,
while specific input parameters are adjusted. Crucially,
the ASR correlation is modified to account for the incre-
mental resistive contribution, and the total number of
cells connected in electrical series is specified. Under
these conditions, the model computes the corresponding
performance metrics on a stack basis, accurately captur-
ing the linear voltage scaling imposed by series connec-
tivity and the uniform current density that characterizes
all cells within the assembly.

Table 2: Input parameters and resulting performance
outputs from the cell-level operating model.

SOEC-Level Operating Model
INPUT DATA OUTPUT RESULTS

Cell-specific parameters
Active cell area [cm?]
Cell Faradaic efficiency [%]
Steam-to-H: ratio
[kgsteam/kgHz]

ASR law at the cell-level

H2 production rate [mol/s]
Steam conversion [%]

Energetic (LHV and HHV)

Operating conditions efficiency [%]

Temperature [°C]
Pressure [bar]
Operating regime

Electrical power [W]

SOE Simulation and Balance of Plant (BOP)

SOEs require several auxiliary process units for
proper thermal, fluidic, and operational management. Ac-
cordingly, the entire hydrogen production section was
modeled in UniSim® Design RS00 to evaluate the associ-
ated mass and energy balances and overall performance.
The resulting process flowsheet, which models all key
components of the SOE unit and its Balance of Plant, is
shown in Figure 2.

Since UniSim does not feature a dedicated solid ox-
ide electrolyzer simulation item or tool, the electrochem-
ical behavior of the SOE stack was integrated into the
simulation environment via a spreadsheet interface. The
Macchi et al. / LAPSE:2026.0246

SOE was represented through a Conversion Reactor cou-
pled with the external SOE model described so far. Spe-
cifically, the OD thermoneutral stack model directly sup-
plies the Conversion Reactor with the key operating in-
puts: namely, the steam conversion and the electrical
power required to ensure thermoneutral operation.
Downstream of the reactor, a component separator rep-
licates the intrinsic outlet stream partitioning of an SOE,
separating the cathode effluent (hydrogen and uncon-
verted steam) from the anode effluent (oxygen and
sweeping air).

H, + H,0 H, + H,0

|

H,0 H,0

2 ) Heat 2
P=4
Recovery SOE
Section

(HRS-1) Air

| N—
Enriched Air Enriched Air
—

Figure 2. Schematic diagram of the hydrogen production
section and the 15t heat recovery section (HRS-1).

At the process level, liquid water is fed to the hydro-
gen production section and must be conditioned to the
SOE operating conditions. Preheating and vaporization
are primarily achieved in the heat recovery section HRS-
1, which recovers thermal energy from the high-temper-
ature SOE exhaust streams. Superheated steam is fed to
the electrolyzer, where conversion is deliberately limited
(i.e., never exceeding 90%). Unreacted steam leaves the
cathode together with the produced hydrogen. Separa-
tion is achieved through cooling and condensation, which
allows liquid water to be recovered and recycled.

Moreover, a minimum hydrogen fraction (=10 mol%)
was assumed at the cathode inlet to prevent oxidation of
the metallic nickel phase in the Ni-YSZ cathode. Further-
more, an air sweep system was assumed at the SOEC an-
ode to mitigate safety risks associated with the presence
of pure oxygen at high temperatures. The literature does
not always explicitly address these requirements [6]: in
the present work, the necessary hydrogen fraction is
provided by recycling a defined portion of the hydrogen-
rich stream; simultaneously, hot air is supplied to the an-
ode to dilute the produced oxygen, ensuring that the ox-
ygen concentration in the anode exhaust remains at an
acceptable level.

In such a process configuration, the final hydrogen
product stream leaving the SOE section is delivered at
approximately 40 °C and ambient pressure, containing a
residual moisture content of ca. 7 mol%.
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PROCESS SIMULATION OF THE GREEN
AMMONIA PRODUCTION PLANT

In green ammonia configurations, the Haber-Bosch
synthesis loop remains the central component of the
plant; yet, the conventional grey-hydrogen production
train is entirely replaced by the SOE section for renewa-
ble hydrogen sourcing. The hydrogen produced from the
SOE is inherently carbon-free; however, it contains resid-
ual water, shifting the process focus from carbon removal
to effective dehydration, as water is a strong poison for
the ammonia synthesis catalyst. Therefore, water is first
removed immediately downstream of the SOE through
cooling to ambient temperature and condensation. Addi-
tional moisture is eliminated during interstage cooling of
the hydrogen compressor, and final ppm-level purifica-
tion is achieved with a molecular sieve dryer placed at
the compressor outlet. A further distinction from conven-
tional plants is that only hydrogen, nitrogen, and ammo-
nia circulate within the synthesis loop. This feature elim-
inates the need for a purge stream, which is typically
mandatory in grey ammonia plants due to the presence
of inert species such as methane or argon, avoiding syn-
gas losses.

The ammonia synthesis loop consists of three main
sections: compression, reaction, and separation. In the
compression section, hydrogen from the SOE and nitro-
gen from the Air Separation Unit (ASU) are independently
compressed to high pressure (i.e., the operating pressure
of the entire loop) and subsequently mixed to form the
ammonia syngas. The reaction section is centered on an
ammonia converter operating at high temperature (350-
550 °C) and high pressure (150-250 bar). Here, ammonia
is formed over an iron-based catalyst, following Temkin-
Pyzhev kinetics, and exhibits a relatively low per-pass
conversion [7]. Finally, in the separation section, the am-
monia product is removed from the unconverted gases
through a two-step condensation sequence: first using
cooling water and then via a mechanical refrigeration cy-
cle that uses ammonia as refrigerant. The unreacted hy-
drogen and nitrogen are recycled to the reactor inlet.

Finally, the liquid ammonia product is obtained at ca.
8 bar and 15-20 °C, with a purity higher than 96.5 mol%.

Energy Integration Strategy

An energy integration strategy is proposed to en-
hance the energy efficiency of the SOE-based hydrogen
production section by using steam produced in the am-
monia synthesis loop.

The effluent from the ammonia reactor exits at high
temperature, providing a substantial thermal source. Alt-
hough a portion of this heat is inherently used to preheat
the incoming ammonia syngas, the present work aims to
recover as much of the remaining thermal potential as
possible. To this end, a Heat Recovery section (HRS-2) is
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installed downstream of the reactor, as shown in Figure
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Figure 3. Schematic diagram of the ammonia synthesis
section and the 2" heat recovery section (HRS-2).

The introduction of the HRS-2 results in a signifi-
cantly lower temperature of the product stream leaving
the reaction section (i.e., a drop of around 260 °C), which
in turn decreases the thermal duty satisfied by the cool-
ing water in the first ammonia condensation stage.

Integration Mechanism in the SOE BOP

Heat recovered in the first recovery section of the
SOE unit (HRS-1) and in the second recovery section
(HRS-2) downstream of the NHs converter are combined
to generate all superheated steam requirements of the
SOE section. Although the total steam demand of the SOE
remains unchanged, a fraction is now provided by the
ammonia synthesis loop. On the other hand, the remain-
ing portion is still produced internally within the SOE Bal-
ance of Plant from liquid water under ambient conditions.

This modification substantially decreases the elec-
tric heating duty, otherwise required to raise the steam
to the SOE operating temperature, thereby reducing the
total energy consumption of the section and improving
the overall energy efficiency of the hydrogen production
system.

PERFORMANCE ANALYSIS OF SOE
TECHNOLOGY AND ENERGY
INTEGRATION

The performance of the SOE system was evaluated
using the developed 0D electrochemical model and pro-
cess simulations, examining operational behavior at the
cell, stack, and system levels, as well as energy efficiency
enhancements resulting from thermal integration with the
ammonia synthesis loop.

Operational Modelling of SOE Technologies

Three literature-reported SOEC architectures (i.e.,
Anghilante [5], Wendel-Braun [8], and Becker [9]) were
simulated using the developed electrochemical model.
Their geometric characteristics, operating specifications,
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and permissible operating ranges are those reported in
the aforementioned literature sources.

The behavior of a single cell is evaluated with the
first model, with comparisons across the three models
carried out under identical operating conditions: atmos-
pheric pressure, 800 °C, and thermoneutral operation.
This ensures that differences in operational outputs re-
flect intrinsic cell properties. At the cell level, results indi-
cate that hydrogen productivity, steam conversion, and
power demand strongly depend on intrinsic cell features,
including the required inlet hydrogen molar fraction and
the magnitude of internal irreversibility (described by the
ASR). Conversely, energy efficiency is identical at 96%
for all three cathode-supported cell types, as it is deter-
mined by imposing the thermoneutral operating regime.

The analysis is then extended to the stack level, fol-
lowing two approaches. In the first approach, each stack
consists of 75 cells electrically connected in series. This
approach quantifies the reduction in per-cell hydrogen
productivity when cells operate as part of a stack. The
additional irreversibility arising at the stack scale reduces
individual cell productivity from 21% (Anghilante SOEC)
to 29% (Becker SOEC). In the second approach, the elec-
trolyzer's hydrogen production rate is fixed at 55 kg/h.
This target value was selected to maintain the required
electrical power within the limits reported in scientific lit-
erature for each SOE technology and to comply with in-
dustrial-scale applications below 10 MW. Under equal hy-
drogen output, the total electrical demand of the three
electrolyzers is nearly identical (within 2% discrepancy)
and slightly above 2.1 MW, resulting in comparable per-
formance of the three SOE technologies under ther-
moneutral operation conditions.

Lastly, the analysis is extended to the system level,
combining each SOE with its corresponding Balance of
Plant through steady-state UniSim simulations, referring
to hydrogen production at 55 kg/h. Since the electrolyzer
power demand is almost the same across the three tech-
nologies, the focus shifts to the BOP power requirements.
Overall, the BOP accounts for between 17% (Anghilante
SOE BOP) and 20% (Wendel-Braun SOE BOP) of the total
electrical consumption of the hydrogen production sec-
tion. The dominant BOP contributor is the electric heater
for steam superheating, representing 57% (Becker SOE)
to 70% (Wendel-Braun SOE) of the BOP demand, making
it the primary target for process energy integration. Con-
sidering both SOE and BOP contributions, the hydrogen
production section exhibits a total electrical demand
ranging from 2.5 MW (Anghilante SOE system) to 2.7 MW
(Wendel-Braun SOE system). This corresponds to energy
efficiency ranging from 68% (Wendel-Braun SOE system)
to 73% (Anghilante SOE system). The resulting specific
energy consumption of the electrolysis unit (defined as
the total electrical energy required to produce one kilo-
gram of hydrogen) ranges from 45.9 kWh/kg (Anghilante
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SOE system) to 49 kWh/kg (Wendel-Braun SOE system).

In this work, the SOEC model reported in Anghilante
[5] was selected for subsequent integration with the am-
monia production section.

Impact of Energy Integration on Plant-Level
Performance

As mentioned earlier, the proposed energy integra-
tion strategy is based on two Heat Recovery Sections
(HRS), the first in the SOE unit (HRS-1) and the second
downstream of the ammonia reactor (HRS-2). This pro-
cess integration leads to an 84% reduction in the electri-
cal power required for steam superheating. This results
in a substantial energy benefit for the renewable hydro-
gen production section, reducing its total energy demand
by 8%. Correspondingly, the section’s energy efficiency
increases from 73% to 80%, and the specific energy con-
sumption of the electrolysis unit ratio decreases by 8%,
from 45.9 to 42.1 kWh/kg.

Table 3: Comparative Plant Performance Metrics (Inte-
grated vs. Non-Integrated Scenarios) at a production ca-
pacity of 55 kg/h of hydrogen and 300 kg/h of ammonia.

Case 1: Case 2:
Non Energy
Integrated Integrated

Performance

. Ai2)-(1%
Metric @7

SOE section:
Electrical demand 259 42
of ELH [kW]
SOE section:
Energy efficiency 73 80
[%]
Overall plant:

Energy efficiency 57 62
[%]
Specific energy
consumption of
electrolysis unit
[kWh/kgH,]
Specific energy
consumption of
the plant
[KWh/kgnh.]

-84%

+7%

+5%

45.9 42.1 -8%

8.32 -9%

The reduced energy demand in the SOE section also
positively impacts the overall plant performance. The en-
ergy efficiency of the entire green ammonia plant rises
from 57% to 62%; thus, the specific energy consumption
of the power-to-NHs plant decreases by 9%, from 9.13 to
8.32 kWh/kg, confirming the effectiveness of the pro-
posed integration strategy. A summary of the key perfor-
mance enhancements achieved through the thermal in-
tegration is provided in Table 3.

Syst Control Trans 5:352-359 (2026) 357



TECHNO-ECONOMIC IMPACT OF THE
ENERGY INTEGRATION

The techno-economic assessment provides a pre-
liminary cost evaluation (AACE Class 4: Feasibility Esti-
mate) aimed at quantifying the economic impact of the
proposed energy integration strategy on the green am-
monia production plant. This analysis, based on the Uni-
Sim-simulated process configurations, focuses on the
estimation of capital and operating expenditures, ac-
knowledging the inherent uncertainty (-30% to +50%) as-
sociated with Class 4 evaluations [10].

Capital Expenditure (CapEx) Analysis

Capital expenditure was estimated using the Module
Costing Technique, with equipment costs updated to
2023 using the Chemical Engineering Plant Cost Index
(CEPCI). The solid oxide electrolyzer is the dominant cost
component, representing approximately 58% of the total
plant CapEx with a specific investment of 2, 268 USD/kW
[6]. Since the integration strategy does not modify the
SOE operation or size, its cost remains unchanged across
the two plant configurations.

The primary CapEx effect of the integration arises
from the electric heater used for steam superheating. Be-
cause its capital cost scales directly with the electrical
duty, the 84% reduction in power requirement results in
a proportional decrease in heater cost, lowering the hy-
drogen section BOP capital cost by 52%.

Conversely, in the ammonia synthesis section, the
required addition of HRS-2 increases the CapEx of the
reaction section by approximately 13%. Considering both
sections, the opposing contributions nearly compensate:
the total plant CapEx varies only slightly (+0.4%), indicat-
ing that the proposed energy integration strategy has no
significant impact on the overall investment cost.

Operating Expenditure (OpEx) Analysis

The operational expenditure assessment includes
maintenance, raw materials, utilities, and electricity
costs. Annual maintenance is assumed to be 2% of the
corresponding CapEx, including a stack replacement cost
set at 18.5% of the SOE CapEx with a five-year interval
[6]. With the proposed energy integration strategy, raw
material (demineralized water) consumption remains es-
sentially unchanged. Utility costs are impacted: the lower
reaction section effluent temperature in the integrated
configuration reduces the cooling water demand of the
first ammonia condenser by 81%, substantially lowering
this cost component.

Electricity constitutes the dominant contribution to
overall OpEx, accounting for approximately 77% of total
operating costs. A continuous supply of renewable power
is assumed through a Power Purchase Agreement (PPA),
and electricity prices are represented by the Value
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Adjusted Levelized Cost of Electricity (VALCOE), which
we evaluated for four countries (the United States, the
European Union, China, and India) to capture geograph-
ical variability [11]. The energy integration strategy ena-
bles a decrease in electricity-related operating costs of
approximately 7% across all countries considered, corre-
sponding to an overall reduction of about 8% in total plant
OpEx.

Levelized Cost Assessment

As a final step, we evaluated the Levelized Cost of
green Hydrogen (LCOH) and the Levelized Cost of green
Ammonia (LCOA). In the base configuration (without en-
ergy integration), the average LCOH is 4.55 USD/kg, de-
creasing to 4.31 USD/Kkg in the integrated configuration
(i.e., a reduction of approximately 5-6%). A similar trend
is observed for LCOA, which decreases from an average
value of 1, 024 USD/t to 979 USD/1 (i.e., a reduction of
about 4-5%).

The strong dominance of renewable electricity cost,
which alone accounts for more than half of the total am-
monia production cost, ensures that the improvements
achieved through energy integration directly translate
into lower levelized costs.

The cost variability across regions is significant,
mainly driven by the VALCOE. For the LCOH, China (re-
porting the highest VALCOE at 70 USD/MWh) yields a
cost 9% higher than the calculated average value, while
India (having the lowest VALCOE, at 50 USD/MWh) yields
an LCOH 11% lower. An analogue geographical impact is
observed for the LCOA: costs in China are approximately
8% higher than the average value, whereas costs in India
are nearly 10% lower.

Overall, these results confirm that the proposed en-
ergy integration strategy not only enhances process ef-
ficiency but also yields non-negligible economic benefits
across diverse geographic markets by mitigating the cost
volatility associated with the primary operational ex-
penditure driver (i.e., the electric energy input).

CONCLUSIONS

We proposed and techno-economically assessed an
energy integration strategy between a solid oxide elec-
trolyzer for green hydrogen production and an ammonia
synthesis loop. Our approach, which consisted of improv-
ing the heat integration of the plant with two heat recov-
ery sections, one in the SOE unit and one downstream of
the ammonia converter, proved highly effective. It re-
sulted in a significant reduction (i.e., 84%) in electric-
heater duty. This modification successfully shifts the SOE
system thermal load, resulting in a 7% increase in the SOE
section’s energy efficiency (from 73% to 80%) and a cor-
responding enhancement in the overall plant efficiency
(from 57% to 62%).
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At the economic level, the integration yields non-
negligible economic benefits. The reduction in electrical
demand translates directly into a decrease in the LCOH
and LCOA, with average savings of 5-6% for LCOH and
4-5% for LCOA.

Lastly, this study is currently subject to several lim-
itations, notably the assumption of steady-state opera-
tion (i.e., continuous renewable electrical power input
was considered) and the inherent uncertainty associated
with a Class 4 cost assessment. However, despite these
limitations, the results clearly indicate that solid oxide
electrolysis, when appropriately integrated with high-
temperature chemical processes, such as the Haber-
Bosch loop, offers a highly promising route for efficient
green ammonia production.
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