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ABSTRACT

The need to reduce greenhouse gas emissions and diversify energy sources has driven the de-
velopment of hydrogen (H2) as a leading carbon-free energy vector with high gravimetric energy
density (33.3 kWh/kg) for stationary and transport applications. However, its storage and trans-
portation remain challenging. Therefore, ammonia emerges as a promising hydrogen carrier due
to its high energy density and ease of liquefaction and transport. This work presents the develop-
ment of a phenomenological based mathematical model for an ammonia electrolysis cell operating
in a zero-gap configuration with an anion exchange membrane. The model considers the contri-
butions of different overpotentials (activation, ohmic, concentration) and incorporates empirical
and semi-phenomenological expressions adjusted to experimental data from Zhang et al [1]. The
model shows both qualitative and quantitative agreement with experimental measurements,
achieving a determination coefficient (R?) of 0.9874. Beyond electrochemical modeling, the cell
model is integrated into a nonlinear programming (NLP) optimization framework to minimize the
total annualized cost (TAC) of the system. For hydrogen production of 1250 kg/h, the optimal so-
lution corresponds to 353 K, 0.82 A/cm?, and 1302 cells, yielding a TAC of about 45.0 MUSD/year.
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INTRODUCTION

Hydrogen (H2) is widely regarded as a promising en-
ergy vector due to its high gravimetric energy density
and carbon-free end use [2]. However, its low volumetric
energy density and wide flammability range pose chal-
lenges for storage and long-distance transportation, re-
quiring energy-intensive solutions such as high-pressure
compression or cryogenic liquefaction [2-3].

A promising alternative to overcome these limita-
tions involves storing hydrogen in chemical compounds
that can be easily transported and stored, with hydrogen
released on demand through chemical or electrochemical
processes. Among the available hydrogen carriers, am-
monia (NHs) stands out due to its high hydrogen content
(17 wt.%), relatively mild liquefaction conditions (~10 bar
at ambient temperature), and well-established global in-
frastructure [4-5].

In this context, ammonia electrolysis has emerged
as an attractive pathway for hydrogen production,
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offering a significant thermodynamic advantage over
conventional water electrolysis [5]. Recent studies high-
light that anion exchange membrane (AEM) electrolyzers
are particularly suitable for ammonia electrolysis due to
their chemical compatibility with NH3 and their ability to
operate under alkaline conditions. Furthermore, zero-gap
cell configurations have been identified as the most
promising architecture, as they minimize internal ohmic
losses while enabling compact and scalable designs for
industrial deployment [6]. However, despite the growing
number of experimental studies, the availability of math-
ematical models for system-level analysis and scale-up
remains limited.

The present work addresses this gap by developing
a mathematical model of an anion exchange membrane
ammonia electrolyzer within a compact zero-gap config-
uration.

The Methods section describes the electrolyzer
configuration, the modeling approach and assumptions,
the parameter estimation procedure, and the formulation
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of the optimization problem, minimizing the total annual-
ized cost (TAC). The model was parameterized using ex-
perimental data from the literature and optimized using
nonlinear programming (NLP) to minimize the total annu-
alized cost (TAC), evaluating the trade-off between the
number of cells and the applied current density for large-
scale hydrogen production. The Results section presents
the model fitting, followed by the optimal operating and
design conditions obtained from the TAC minimization.
Finally, the main findings and implications are summa-
rized in the Conclusions.

METHODS

A typical anion exchange membrane (AEM) electro-
lyzer cell consists of an anion exchange membrane sand-
wiched between an anode and a cathode, both compris-
ing catalyst and gas diffusion layers, as well as bipolar
plates containing engraved flow channels (Figure 1).

In the present system, an aqueous KOH solution is
supplied to the cathode, while a mixture of NHz and KOH
is fed to the anode. At the cathode, water is reduced to
hydrogen and hydroxide ions via the hydrogen evolution
reaction. The hydroxide ions migrate through the AEM to-
ward the anode, where ammonia electro-oxidation pro-
duces nitrogen and water. The generated gaseous prod-
ucts are removed through the respective flow channels.

Membrane

N, ,H,0, KOH

: ¥ NHs, H,0,KOH
H,0,KOH &

Anode

Cathode

Figure 1. Conceptual schematic of the anion exchange
membrane ammonia electrolysis cell.

Mathematical modeling

In contrast to previously reported ammonia electrol-
ysis models that focus either on detailed reaction mech-
anisms or highly resolved transport phenomena [7-8], the
present work adopts a physics-based zero-dimensional
modeling approach that is suitable for system-level anal-
ysis and optimization. The electrolyzer is treated as a
lumped system and spatial gradients of temperature,
concentration, and current density are neglected. The
model formulation is based on global electrochemical re-
lations and simplified thermal and pressure descriptions,
under the following assumptions:

1. Steady-state operation at constant temperature
and pressure;

Lefran et al. / LAPSE:2026.0329

Syst Control Trans 5:1007-1013 (2026)

Catalyst layers are treated as interfacial surfaces;

Ohmic losses are described using Ohm'’s law;

The electrolyte is an aqueous KOH solution;

Identical active areas and uniform current density at
both electrodes;

Gaseous species behave as ideal gases and are uni-
formly distributed;

Uniform pressure along gas flow channels;

8. Electrolyte ohmic resistance in the electrode gap is
neglected due to the zero-gap configuration;

9. Gas bubble coverage effects are not explicitly mod-
eled, as forced electrolyte flow and the zero-gap
architecture promote rapid bubble detachment.

The model builds upon established formulations
previously developed for anion exchange membrane wa-
ter electrolysis (AEMWE) [9-12] and alkaline water elec-
trolysis (AWE) [13-15].

The cell voltage is calculated as the sum the reversi-
ble cell potential (V,,) and the different overpotential
contributions, namely activation (n,y), concentration
(Meon), @nd ohmic (n,nm) Overpotentials, as expressed in
Equation 1.

aoawN

°

N

Vel = Vrev + Nact + Neon + Nohm M
The reversible cell potential is calculated using the

Nernst equation as expressed in Equation 2:
Viev = V19ev + Elnw (2)
z+F aNH,

Where R is the universal gas constant, F is Faraday’s con-
stant, a; denotes the thermodynamic activity of species
k, and z is the number of electrons transferred in the
overall ammonia electrolysis reaction. The standard re-
versible potential (/2,) is obtained from the semi-empiri-
cal correlation proposed by Estejab et al. [16]. The ther-
modynamic activities of hydrogen and nitrogen are as-
sumed to be equal to their respective partial pressures,
which are calculated following the procedure described
in [13].

The activity of ammonia is assumed to be equal to
that of the alkaline electrolyte composed solely of KOH,
since the ammonia concentration employed is relatively
low. The activity of water in aqueous KOH solutions is
calculated according to the correlation reported by Balej
[17].

The activation overpotential is expressed as the
sum of the anodic and cathodic activation contributions,
derived from the Butler-Volmer formulation, and written

in logarithmic form as Equation 3:
2.3sReT i 2.3¢ReT i
log (3)

i0
lano

Nact = —

where i is the operating current density, i%,, e i,,, are
the exchange current densities at the cathode and an-
ode, respectively, and a.,; and a,,, are the corresponding
charge transfer coefficients. The exchange current den-
sities are modeled as temperature-dependent quantities

cat  Z*%ano°F
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following an Arrhenius-type relationship (Equations 4-5):

0 _ 0 AGecat 1 1
Leat = leat,ref * exp[_ R * (; T : (4)
re:
0 _ ;0 AGano 1 1
lano = lano,ref * exp[_ R * (; e : (5)
re:

where %, s and iy, . represent the exchange current
densities at reference temperature T,., and AG., and
AG,,, denote the activation free energies associated
with the cathodic and anodic reactions, respectively.

In the present model, the charge transfer coeffi-
cients a,, and a,,, are assumed to be temperature-de-
pendent. Similar behavior has been reported in previous
electrochemical modeling studies [9-11]. In this work,
empirical correlations as functions of temperature were
obtained by regression of experimental polarization data
and are described by third-order polynomial expression.
The nonlinear temperature dependence of a observed for
ammonia electrolysis contrasts with the commonly as-
sumed linear behavior in water electrolysis and reflects
the higher mechanistic complexity of the ammonia oxida-
tion reaction.

The concentration overpotential is derived from the
Nernst equation combined with Fick’s law to account for
mass transport limitations associated with gas diffusion
through the porous electrodes. Following an approach
from Chang et al. [11], the concentration overpotential is
expressed as Equation 6:

2.3¢ReT

CHZ,cal 2.3¢ReT

Og CNZ,ano (6)

Ncone =
CNZ,low

NcateF CHZ,low NanoF

where Cy, ano and Cy, cor are the concentrations of
hydrogen and nitrogen, respectively, at the membrane-
electrolyte interface, while Cy, 10w and Cy, 10w denote the
reference concentrations at working conditions. The pa-
rameters n., = 2 and n,,, = 6, represent the number of
electrons required to produce one mole of Hz and N, re-
spectively.

The ohmic overpotential accounts for electrodes
and membrane resistances within the electrolyzer and is
calculated by modeling the different cell components as
electrical resistances connected in series. The effective
cell resistance (R..;) is obtained as the sum of the elec-
trode resistances (Reectrodes) and the separator re-
sistance, which in the present case corresponds to the
anion exchange membrane (Rpemprane)- Accordingly, the
ohmic overpotential is given by Ohm'’s law (Equation 7):

Nohm = I * Reenn (7)

The total electrode resistance is calculated accord-
ing to the Equation 8:

_ Scat Sano
Relectrodes = Pef,cat ® A * Pef,ano * A (8)
€ e

where pegcar @Nd perano are the effective resistivities
of the cathode and anode, respectively, 8., and §,,, are
the corresponding electrode thicknesses, and A, is the
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active electrode area. The expressions used to calculate
the effective resistivities are taken from the correlations
reported in [13].
The membrane resistance is given by Equation 9:
Sm
(9)

Om*Am

R =

where 8., is the membrane thickness, A, is the ac-
tive membrane area, and o, is the ionic conductivity of
the membrane material.

Experimental data and parameter estimation

Experimental polarization data reported by Zhang et
al. [1] were used to estimate the model parameters. The
experiments were conducted in a zero-gap membrane
electrode assembly (MEA) electrolyzer with an active
area of 5 cm?, operating between 323 and 363 K. The
anode was supplied with an aqueous solution containing
3 M KOH and 3 M NHs, while the cathode was fed with 3
M KOH, both at a flow rate of 3 mL/min and atmospheric
pressure.

Model parameters, including anodic and cathodic
exchange current densities, activation energies, and
membrane thickness, were estimated through nonlinear
least-squares regression. Parameter estimation was per-
formed using a routine developed in Python (Python Soft-
ware Foundation, USA), employing the curve_fit function
from the SciPy library together with NumPy [18]. The op-
timization was carried out using the Trust-Region Reflec-
tive algorithm.

Model performance metrics

Model performance was evaluated by calculating
the determination coefficient (R?), mean absolute error
(MAE), mean absolute percentage error (MAPE), and root
mean square error (RMSE). Parameter uncertainty and
identifiability was assessed using the bootstrap method,
confirming the robustness of the estimated parameters.

Optimization framework

To evaluate the techno-economic performance of
the zero-gap ammonia electrolyzer and its scale-up to
plant level, the developed electrochemical model was
embedded into a nonlinear optimization framework to
minimize the total annual cost (TAC), implemented in Py-
thon using the Pyomo package (version 6.10.0) [19]. The
formulation accounts for electrochemical, thermal, and
economic trade-offs, enabling the identification of opti-
mal operating and design conditions.

The TAC (Equation 10) accounts for both capital and
operating expenditures associated with the electrolyzer
system.

Capital expenditure (CAPEX, Equation 11) was as-
sumed to be proportional to the number of cells (N), the
cost of a cell per area (C.;), and the cell area (A.p)-

Operating expenditure (OPEX, Equation 12) includes
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electricity and steam consumption. The capital recovery
factor (CRF, Equation 13) was calculated assuming a
plant lifetime (n) of 20 years and interest rate (j) of 10%.
The parameters used to calculate the expenditures are
listin Table 1.

TAC = CRF . CAPEX + OPEX (10)
CAPEX = N. Cce“ . Acen (11)

OPEX = Cqjeet * P o hop + Cgteam * Q¢ * hop (12)

CRF = Ja+" (13)
1+)H™-1

where C,,., is the electricity cost (USD/MWh), P is the to-
tal electrical power (MW), h, is the annual operating time
(h/year), Cyeam is the steam cost (USD/GJ) and Q, is the
total thermal demand (GJ).

The thermal energy required to heat the electrolyte
was estimated using a surrogate model derived from pro-
cess simulations performed in Aspen Plus v.12, using a
temperature-dependent polynomial correlation. These
simulations were used to calculate the specific heat re-
quirement per unit mass of electrolyte solution,
Qspec(GJ/Kg), under representative operating conditions.

Within the optimization framework, the total thermal
demand was then obtained by scaling the specific heat
requirement with the electrolyte mass flow per cell and
the total number of cells, Equation 14:

Q= Qspec s Mgy o N (14)
where my,, is the electrolyte mass flow rate per cell.

Table 1. Main parameters of the optimization problem.

Parameter Value Reference
h,,, (h/year) 8000 Adopted
Ceen (USD/m?) 16200 [20]
Csteam (USD/GJ) 12.85 [21]
Celect (USD/MWh) 136.95 [21]
Acell (m?) 3.14 [

The main decision variables of the optimization
problem are:

= Current density, i (A/lcm?);
=  Number of cells, N;
»  Operating temperature, T (K).

These variables simultaneously control the electro-
chemical performance of the cell and the overall plant
sizing, directly affecting hydrogen production, energy
consumption, and total system cost.
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The optimization problem was formulated as the
minimization of TAC, subject to electrochemical, physical,
thermal, operational, and hydrogen production con-
straints, as expressed in Equations 15-20.

min TAC, (Equation 10) (15)
s. t. cell voltage equation, Eq. (1) (16)
H, production : ﬁMMHz > 1250 kg/h (17)
T'<T<T" (18)
Nl <N <N (19)
f<i<i (20)

where T is the operating temperature of the electrochem-
ical cell, which was allowed to vary between T'=323 K
and T"=353 K. The current density i was evaluated in the
range i'=0 to i"=2 A/cm? and the number of electro-
chemical cells was varied between N!=0 and N"=400
000.

A minimum hydrogen production target of 1250 kg/h
was imposed to represent large-scale centralized pro-
duction, consistent with the hydrogen demand of multi-
ple refueling stations, where a single station typically
consumes about 1000 kg/day of hydrogen.

The resulting nonlinear programming (NLP) problem
was solved using the IPOPT solver [22], which is well
suited for constrained nonlinear optimization with contin-
uous decision variables.

RESULTS

Modeling results

The model parameters were estimated through non-
linear regression using the experimental polarization
data. The regressed model was then compared with the
experimental measurements to assess its ability to repro-
duce the observed electrochemical behavior.

Figure 2 presents the experimental polarization
curves together with the corresponding model predic-
tions at different operating temperatures between 323
and 353 K. Over this temperature range, the model re-
produces the experimental cell voltages with good
agreement across the investigated current density do-
main. At higher temperatures beyond the analyzed range,
deviations are expected due to the reduced ammonia
solubility at elevated temperatures, which affects mass
transport phenomena.

Statistical goodness-of-fit indicators as R?= 0.9874,
and MAE=0.0126, MAPE= 2.72%, and RMSE = 0.0155, in-
dicate a strong agreement between the regressed model
and the experimental data within the range of operating
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conditions considered.

The estimated parameters are reported in Table 2.
The obtained values for the exchange current densities
at reference temperature, fall within ranges commonly
reported in the literature for alkaline electrolysis [9], [13],
[23], varying between 10-2 and 10" A/cm?, supporting the
physical consistency of the proposed modeling ap-
proach. Similarly, the estimated activation free energies
are close to values previously reported in the literature
[23], [24].

0.90
o
00
0.754
5
§00.60—
5
S
0.45 1
Model 323 K
Model 333 K
0.304 Model 343 K
Model 353 K
00 02 04 06 08 1.0

Current density (A/cm?)

Figure 2. Comparison of experimental data with model
predictions.

Table 2. Estimated model parameters from non-linear re-
gression.

Parameters Value

12 0.rer (AlCm?) 7.64-107
AGano (J/m0|) 24935.61
1% rer (AlCm?) 3.32-10°5
AGy (J/mol) 16524.13
S (cm) 0.0034

Optimization results

Solving the nonlinear optimization problem resulted
in a unique set of operating and design conditions that
minimize TAC while satisfying the minimum hydrogen
production constraint. Figure 3 illustrates the variation of
TAC with current density for the different operating tem-
peratures considered. A well-defined minimum is ob-
served at 353 K, indicating that this temperature pro-
vides the most favorable trade-off between improved
electrochemical performance and increased thermal and
operating costs.

At the optimal temperature of 353 K, the optimal
current density was found to be 0.82 A/cm?2. This value
represents a compromise between higher hydrogen pro-
duction rates and the increase in activation, concentra-
tion, and ohmic overpotentials at elevated current
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densities. The resulting optimal cell voltage is approxi-
mately 0.81 V, leading to a total plant electrical power
consumption of about 27.1 MW. The optimal current den-
sity and cell voltage obtained in this work are in good
agreement with limits reported for ammonia electrolysis,
which indicate that economically viable operation re-
quires current densities close to 1 A/cm? while maintain-
ing the applied cell potential below approximately 1 V
[25].

160
—T=323K
—T=333K
T ——T=343K
51201 ——T=353K
9) Optimal Point
D
=
&) i
= 80
[_4
40 T T

0.0 0.4 0.8 1.2 1.6 2.0
Current density (A/cm?)

Figure 3. Variation of TAC at different temperatures.

The corresponding optimal number of cells was de-
termined to be N = 1302, as illustrated in Figure 4 at 353

160 12000
—T=353K
—— Number of cells | 1000
- *  Optimal Point
g 1204 *  Optimal Point L 8000 %
A 3
2 F6000 &
s E
E %04 F4000 =
2000
40 . - 0

0.0 0.4 0.8 1.2 1.6 2.0
Current density (A/cm?)

Figure 4. Optimization of TAC and number of cells at 353
K.

The estimated capital expenditure (CAPEX) under
optimal conditions amounts to approximately 132.5 mil-
lion USD, dominated by the installed electrochemical ac-
tive area. The annual operating expenditure (OPEX) was
calculated as approximately 29.5 million USD/year, pri-
marily driven by electricity and steam consumption. The
resulting minimum TAC is approximately 45.0 million
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USD/year. Under these optimal conditions, the system
achieves the target hydrogen production rate of 1250
kg/h. The estimated cost of hydrogen production is ap-
proximately 4.5 USD/kg H2, excluding ammonia feed-
stock cost, and it falls within the range reported values
for alkaline water electrolysis [26]. A complete techno-
economic assessment including ammonia supply, stor-
age, logistics, and sensitivity analysis is left for future
work.

CONCLUSIONS

This work developed a mathematical model of a
zero-gap AEM ammonia electrolyzer integrated into a
techno-economic optimization framework. The model
was fitted to experimental polarization data and de-
scribes the main factors affecting cell voltage, energy ef-
ficiency, and hydrogen production, showing good agree-
ment (R? = 0.9874). For the base case, optimal configu-
ration corresponds to a temperature of 353 K, a current
density of 0.82 A/cm?, and 1302 cells, resulting in a TAC
of about 45.0 MUSD/year.
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