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ABSTRACT

Green hydrogen constitutes a strategic energy vector for achieving the Sustainable Development
Goals (SDGs 7, 9, 12, and 13) due to its high energy density, flexibility for renewable energy stor-
age, and direct emission-free operation. However, its production critically depends on the supply
of high-purity water, which is unsustainable in the context of a projected 40% global water deficit
by 2030. Given that more than 97% of available water is saline, integrating desalination processes
with electrolysis constitutes an essential strategy for transitioning toward circular economy mod-
els in water resource management. This work presents the conceptual design, detailed modeling,
and optimization of an integrated process for the sustainable production of green hydrogen from
saline water. The system couples a desalination technology (Solar Distillation) with two electrolysis
technologies (AEL and SOEC), modeled through physicochemical, electrochemical, and thermo-
dynamic principles. The objective is to determine technological configurations, materials, and op-
erating conditions that maximize the energy efficiency and minimize the LCOH, contributing to the
development of viable routes within the energy transition and circular economy. The results shows
that the viability of a integrated Seawater Green Hydrogen system with a detail model is possible.
In contrast to black-box models, this model yielded a detailed, geometrically accurate simulation
that captures phenomenological effects. It enables the development of processes that contribute
to the energy transition, reduce freshwater consumption, and assess their economic viability. The
sensitivity analysis revealed promising solutions, with LCOH values ranging from 4.22 to 7.10
USD/kg and overall energy efficiencies between 67% and 82%.
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1. INTRODUCTION

Green hydrogen, produced through electrolysis
powered by renewable energy, represents a key technol-
ogy for decarbonizing hard-to-abate industrial and en-
ergy sectors, in accordance with SDGs 7 (Affordable and
Clean Energy) and 13 (Climate Action) [1, 2]. However, its
production depends on the supply of ultrapure water,
which poses a critical challenge in the context of water
stress and the need to transition toward systems that
promote circular water use.

By 2030, the European Union aims to reach an an-
nual hydrogen production of 10 million metric tons. From

https://doi.org/10.69997/sct.164079

a stoichiometric standpoint, this target demands 89 mil-
lion metric tons of water, excluding supplementary re-
quirements like cooling systems [3]. For comparison, the
average domestic water consumption in nations like Ger-
many and the United Kingdom is currently 120 and 140
liters per capita per day (Icd), respectively [4]. Based on
the current EU population (~450 million) [5], the total do-
mestic water use amounts to 19, 700 million metric tons
annually. Therefore, scaling up hydrogen production
would introduce an additional water demand of 0.45 %
per year. Although this increase might not pose a sys-
temic threat to Europe's total water reserves, it consti-
tutes a substantial volume. This demand becomes
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Figure 1. Hydrogen production process flowsheet.

particularly challenging in decentralized, water-stressed
regions with limited freshwater availability, making the in-
tegration of seawater desalination a strategic necessity
for sustainable deployment in these regions.

Integrating desalination technologies with advanced
electrolysis systems avoids the use of potable water and
improves the sustainability of the energy-hydrogen-wa-
ter cycle [2, 6].

While desalination and electrolysis are mature tech-
nologies individually, their thermal and mass integration
presents non-trivial challenges. Most technoeconomic
studies rely on "black-box" models that fix the efficiency
of the electrolyzer regardless of operating conditions.
However, the specific energy consumption of an Alkaline
Electrolyzer (AEL) is sensitive to the void fraction gener-
ated by bubbles at high current densities, a phenomenon
that cannot be captured without a phenomenological ap-
proach. Furthermore, traditional experimental optimiza-
tion is time-consuming and capital-intensive, limiting the
ability to screen novel electrode materials or geometric
configurations.

This analysis forms the basis for future multi-objec-
tive optimization steps, addresses the geometric gaps by
developing a rigorous simulation framework that couples
electrochemical kinetics with a detailed thermodynamic
property package (Aspen Plus) and a desalinisation sys-
tem. Unlike standard models, this tool allows for the "vir-
tual prototyping" of the cell simultaneously varying geo-
metric parameters (gap, area) and electrolyte concentra-
tions, using both empirical correlation and fundamental
equations-based optimization of the coupled water-
Torres-Ayala et al. / LAPSE:2026.0235

hydrogen nexus before physical piloting.

2. METHODOLOGY

The process simulation strategy relies on a hybrid
architecture. The mass and energy balances, along with
the electrochemical equations, are solved in a Python en-
vironment, which dynamically queries Aspen Plus V14 to
retrieve physicochemical properties using the [e-NRTL /
Pitzer] method.

The process consists of a coupled desalination-
electrolysis system, beginning with a seawater desalina-
tion unit. Subsequently, a splitter separates the water
supply into an AEL line and a SOEC line, as shown in Fig-
ure 1. After each electrolyzer produces hydrogen, the
separation units purify and recirculate the water and
electrolyte.

2.1 Electrochemical Modeling

Mathematical models were developed in an open-
source language for Alkaline (AEL) electrolysis technol-
ogy and Solid Oxide technology, incorporating mass and
energy balances, electrochemical models for overpoten-
tials, ionic transport, and equations for thermodynamic
behavior under different materials, and operating condi-
tions.

The cell voltage (V) is the primary performance
indicator in this type of analysis, and is calculated by
summing the reversible potential and the overpotentials,
as defined in Eq. (1) reported by Abdin et al. (2017) [7]
report in their model:
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Figure 2. Contribution of overpotentials to the total cell voltage for Ni-Mo and Ni-Co electrodes.
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The overpotential includes in a explicit way the ef-
fect of physic, geometric and transport variables such as
the ohmic overpotential (1,,,) in Eq. (2) or the activation
overpotential (n,.) in Eq. (3) shows:
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The (9,n,) accounts for the contribution of electrode
gap (1), the bubble coverage (6) effect on electrolyte con-
ductivity (third and fourth term of sum) and membrane
electric resistance (fifth term of sum) to name some var-
iables. This rigorous treatment allows the model to pre-
dict the sharp voltage increase at high current densities

+

due to bubble accumulation, a critical factor for sizing the
circulation pumps and optimizing the operating pressure
and current density. The production of Hydrogen was es-
timated with Eq. (4):

Ncathode,gen _ leen (4)

H; 2F,

2.2 Desalinisation system

The desalination subsystem was modeled to ensure
the water requirements of electrolysis were met, allowing
for future evaluation of their energy integration under
water efficiency criteria. This part of the process was de-
veloped with a Solar Still technology proposed by Abdel-
Rehim & Lasheen (2005) [8].

This model allows estimating the necessary surface
area of the solar still to supply water production, taking
into account heat transfer under specific climatic condi-
tions (solar resource, wind speed and ambient tempera-
ture), as well as energy and mass balances.

2.3 Separation units

The separation train (flash units and heat exchang-
ers) was modeled using phase equilibrium equations and
energy balances, allowing the electrolyte to be recovered
and recirculated, which improves the overall efficiency of
the process.

2.4 Sensitivity Analysis
A sensitivity analysis was performed using Monte
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Table 1. Variables and ranges explored in the sensitivity analysis.

Variable Lower Limit Upper Limit  Units
Split 0 100 %
Distilled water recovery fraction 35 55 %
Temperature step size for flash stages 5.0 30.0 °C
AEL recirculation ratio 20.0 60.0 -
Electrolyte fraction in AEL cathode 40 60 %
AEL operating temperature 35 95 °C
AEL operating pressure 1 40 Bar
AEL current density 1000 6000 A/m?
Electrolyte concentration 20 30 wt%
Cathode-membrane gap 0.0002 0.006 m
Anode-membrane gap 0.0002 0.006 m
AEL cathode thickness 0.0005 0.003 m
AEL anode thickness 0.0005 0.003 m
SOEC water consumption fraction 60 85 %
SOEC operating temperature 700 900 °C
SOEC condenser temperature 25 60 °C
SOEC flash operating pressure 1 5 Bar
SOEC current density 2000 10000 A/m?2
SOEC electrolyte thickness Se-6 50e-6 m
SOEC cathode thickness 250e-6 1000e-6 m
SOEC anode thickness 20e-6 100e-6 m
Table 2. List of material in the sensitivity analysis.
Component Material 1 Material 2 Material 3
AEL cathode material Ni-Mo alloy Classic Ni-Al alloy (Ni Raney) SS 316L
AEL anode material Ni-Fe alloy Ni-Co spinel SS 316L

Carlo simulations complemented by machine learning
techniques (Random Forest) to identify the variables with
the greatest impact on LCOH and energy efficiency. The
variables explored and the evaluated ranges are detailed
in Table 1.

Material Screening

Furthermore, the model's versatility was utilized to
screen different electrocatalyst combinations by adjust-
ing the kinetic parameters (e.g., exchange current den-
sity). Three materials were compared on each electrode,
as shown in Table 2.

3. RESULTS AND DISCUSSION

The integrated model was simulated across a wide
range of operating conditions, as described in the meth-
odology section, enabling various types of analysis.

3.1. Voltage Breakdown Analysis

Understanding the distribution of energy losses is
vital for stack design. Figure 2 presents the breakdown
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of the cell voltage at representative conditions (85°C, 30
bar).

The dominance of ohmic losses at high current den-
sities highlights the necessity of zero-gap configurations.

It is observed that at low current densities, activa-
tion losses dominate due to the catalytic barrier. How-
ever, as production increases, the ohmic component be-
comes the governing factor, driven by bubble accumula-
tion and electrolyte resistance. This validates the im-
portance of operating at high pressures to compress gas
bubbles and reduce the void fraction effect.

3.2. Sensitivity and Operating Maps

Sensitivity analysis allowed for the robust identifica-
tion of the design and operating variables with the great-
est influence on the overall system performance. Specif-
ically, it was observed that operating temperature and
current density are the dominant factors in energy con-
sumption due to their direct impact on overpotentials
and, consequently, on cell voltage, as shown in Figures
3,4 and 5.
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Global Sensitivity Analysis (Feature Importance)
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Figure 3. Relative importance of each variable on LCOH.
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Efficiency.

High-temperature operation minimizes voltage but
requires careful thermal management to prevent electro-
lyte boiling. The results indicate that increasing temper-
ature from 60°C to 90°C results in a voltage reduction of
approximately 150-200 mV at high currents, which trans-
lates to a significant decrease in energy consumption.

Torres-Ayala et al. / LAPSE:2026.0235

There are zones where the temperature can be
lower and maintain good efficiencies at high currents as
shown in Figure 5, but in general, the best results are
found at high temperatures.

3.3. Geometric Optimization

The impact of the geometric variables showed high
sensitivity and highly dispersed values even among the
most promising simulations, highlighting the need to
measure the impact of these variables when there is a
trade-off between configurations with lower ohmic re-
sistances and those with lower manufacturing and mate-
rial costs, when applying a multi-objective optimization
approach.

The inter-electrode gap is a critical design parame-
ter. Figure 6 illustrates the sensitivity of the voltage to
gap variations.

Response Surface: AEL Cell Voltage by Gaps (V)
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Figure 6. Impact of electrode gap distance on cell
voltage.

Reducing the gap is the most effective strategy to
minimize ohmic resistance in theory but the analysis sug-
gests that there are multiple gap combinations that mini-
mize the cell voltage and is lower when cathode have a
greater gap than the anode.

3.4. Integrated Process Performance

The three best plants obtained by plotting the Pa-
reto front shown in Figure 7 correspond to designs with
a low LCOH (<5 USD/kg) and high overall efficiency
(>65%). These points share an operating temperature of
the AEL around to 90 °C, although they are quite hetero-
geneous in the other variables, including the Split system,
which has values of 90%, 66%, and 95% at these points.

These results demonstrate that the integration of
the desalination and electrolysis system is technically
feasible and allow for the delimitation of feasible operat-
ing regions as a starting point for more aggressive opti-
mization algorithms that consider environmental indica-
tors.
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Thermoeconomic Trade-off: LCOH vs Efficiency
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From an economic perspective, the results indicate
that it is possible to achieve substantial reductions in
LCOH through the appropriate selection of operating var-
iables and materials. Operating regions are identified
where the trade-off between energy efficiency and in-
vestment costs is optimal, validating the importance of
sensitivity analysis as a tool for reducing the search
space in complex optimization problems.

4. CONCLUSIONS

Taken together, the results not only demonstrate
the viability of the integrated system but also provide key
information on the most promising technological path-
ways. Furthermore, they highlight the importance of sim-
ultaneously considering energy, water, and economic as-
pects in the design of sustainable processes, aligning
with the principles of process intensification and the cir-
cular economy.

The integration of desalination technologies with
advanced electrolysis systems represents a robust strat-
egy for ensuring the sustainable production of green hy-
drogen, reducing dependence on freshwater and
strengthening the transition to circular models in re-
source management. This approach allows for the de-

energy systems and promoting circular water use
schemes.

The development and application of rigorous math-
ematical models accurately capture the complexity of the
phenomena involved, providing a solid foundation for de-
cision-making in the early design stages. Through sensi-
tivity analysis, it was possible to identify the variables
most influential on system performance, facilitating the
implementation of more efficient and targeted optimiza-
tion strategies.

The results obtained confirm that the appropriate
selection of operating conditions, materials, and geomet-
ric configurations can lead to significant reductions in the
levelized cost of hydrogen and substantial improvements
in energy efficiency. In this sense, the work lays the
groundwork for the development of multi-objective opti-
mization methodologies that integrate economic, envi-
ronmental, and safety criteria.

Finally, this study directly contributes to the ad-
vancement of technological solutions aligned with the
2030 Agenda by proposing a green hydrogen production
scheme with a smaller water footprint, greater efficiency,
and high potential for industrial scalability, thus consoli-
dating its role within the global energy transition.

coupling of hydrogen production from the use of conven- ~ ACKNOWLEDGEMENTS
tional water resources, strengthening the resilience of
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