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ental analysis of an H2PEM power
station assisted by a dynamic simulation tool

Orlando Corigliano * and Petronilla Fragiacomo

This paper reports on the development of a numerical tool tailored to perform energy and environmental

analyses for an H2PEM power station, comprising fuel cell and electrolysis units, with a dual-mechanism H2

storage that incorporates compression and metal hydride tanks. A comprehensive methodology for the

design, modeling, and simulation is introduced, focusing on the interaction of the H2PEM with a higher-

level network that exchanges electrical power. The H2PEM is 1 kW level, with a H2 storage capacity of 5

Nm3. The work stands out for the modeling of subsystem interconnections under a strategic operational

plan, offering an integrated understanding of system behavior. The modeling includes temperature

regulation, encompassing the assessment of heat management, as well as that of the auxiliaries. Steady

state and dynamic simulations are conducted within the Matlab/Simulink computational environment to

assess the performance under various conditions. The energy and environmental analyses comprise

determining key parameters such as involved energies, hydrogen production and consumption, state of

charge of the hydrogen reservoir, CO2 emissions and savings, and associated temperature changes.

Three case scenarios are assessed, considering H2PEM interacting with a network powered by: (1) solely

fossil-based electricity, (2) the Italian energy mix for 2023, and (3) entirely renewable energy sources.

Results revealed nominal efficiency of 55% for the electrolyzer and 40.5% for fuel cell. About 1 order of

magnitude of CO2 is saved when the H2PEM is totally renewable (93.36 vs. 1.539 kgCO2
kgH2

−1). The

temperature increase associated is 10.5 × 10−3 °C per ppm of CO2 emitted.
Introduction

The global race towards energy transition to enhance energy
efficiency, mitigate climate change and environmental pollu-
tion is increasingly centered around hydrogen energy.1–7 On 8th
July 2020, the European Commission unveiled “A hydrogen
strategy for a climate-neutral Europe”, outlining a collective
European approach to promote hydrogen utilization.8–10 The
strategy aims to deploy a minimum of 40 GW of electrolyzers by
2030 and produce up to 10 million tonnes of renewable
hydrogen within the European Union. Alongside this strategic
plan, the European Clean Hydrogen Alliance11 was introduced,
serving as a collaborative platform for industry, national and
local authorities, civil society, and all stakeholders involved in
establishing a comprehensive and efficient European green
hydrogen supply chain.

Hydrogen plays a pivotal role in the energy transition by
offering a versatile and clean fuel alternative that aligns closely
with the United Nations Sustainable Development Goals
(SDGs).12 Specically, hydrogen supports SDG 7 (Affordable and
Clean Energy) by enabling the production of energy from
Management Engineering, University of
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diverse, renewable sources such as wind, solar, and hydro,
thereby reducing dependency on fossil fuels and enhancing
energy security. Additionally, hydrogen technology contributes
to SDG 13 (Climate Action) by signicantly lowering greenhouse
gas emissions.

Hydrogen is increasingly regarded as a key solution for
“hard-to-abate” sectors, with its use primarily linked to fuel cells
for energy generation. In this context, water is the only
byproduct, signicantly reducing carbon footprints and
contributing to climate change mitigation. Hydrogen can be
produced through various methods and technologies, ranging
from thermochemical processes13 such as reforming, bio-
gasication, and hydrocarbon cracking, to purely electro-
chemical techniques.14 Among these, electrolysis powered by
renewable energy sources is considered the cleanest and most
environmentally friendly approach.

This elucidates the rationale behind the substantial interest
surrounding electrochemical devices within the scientic and
industrial landscape of clean hydrogen energy.1,15–19 Signicant
benets arise from the widespread adoption of hydrogen
systems, including reduced fossil fuel consumption, lower CO2

emissions, and enhanced public health. These advantages are
closely aligned with ongoing technological advancements and
supportive policy frameworks.
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2433
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To achieve net-zero emissions by 2050, the deployed capacity
of electrolysis must reach nearly 3600 GW.20 Several initiatives
and government incentives are actively supporting this goal.
Additionally, electrolytic hydrogen production is encouraged to
generate other medium fuels, referred to as e-fuels, such as
ammonia, methane, andmethanol. These fuels are valuable not
only for their direct applications but also as hydrogen carriers.21

Numerous projects are currently underway. In this context,
Fig. 1 shows a map of announced low-emission hydrogen
production projects set for 2024, based on the IEA's ‘Global
Hydrogen Review 2024’ report.22

Government initiatives, including carbon pricing and
subsidies for low-carbon technologies, play a crucial role in
bridging the cost gap between hydrogen and fossil fuels. For
instance, implementing a carbon price of $50 per ton of CO2

could signicantly improve the economic viability of hydrogen
systems.23 Educational programs aimed at increasing public
awareness and reducing skepticism are equally essential for
accelerating the adoption of hydrogen technologies.

Integrating hydrogen energy systems with renewable sources
like solar and wind presents a valuable opportunity to stabilize
and diversify energy supplies. Hydrogen produced through
Power-to-Gas (P2G) technology can even be mixed with natural
gas within existing infrastructure, enabling its use in power
generation, transportation, and heating with minimal modi-
cations to current systems.24

PEM technology for electrolysis and fuel cells

Electrolyzers and fuel cells using Polymer Electrolyte Membrane
(PEM) have now gained a certain degree of technological
maturity.25–32 The PEM technology exhibits several advantages.
High power density, fast response times, and compact designs
are some of benets, to which a high level of safety and social
acceptance is added.33–38 PEM electrolyzers (PEMEL) produce
high-purity hydrogen and facilitate the utilization of surplus
renewable energy by converting it into storable hydrogen, thus
contributing to grid stability and the utilization of intermittent
renewable source.39,40 PEM fuel cells (PEMFC) are well-suited for
applications in stationary power generation, transportation and
even portable electronic devices.41–44 Pure hydrogen feeding
Fig. 1 Map of announced low-emissions hydrogen production
projects, 2024.22

2434 | Sustainable Energy Fuels, 2025, 9, 2433–2465
attributes to PEMFCs the great benet deriving by clean and
emissions-free energy conversion process.

However, challenges remain in the widespread deployment
of PEMELs and PEMFCs, such as cost reduction, durability
improvements, and scaling up production.2,4,8 Additionally,
targets are aimed to enhance the overall system efficiency9,10,45,46

through innovative design and manufacturing
approaches,30,47–49 integration of advanced materials,28,30 alter-
native and cheaper catalyst materials.46,47,50–52

These devices are modular in design, which facilitates the
assembly of large-scale systems by connecting multiple
modules. Regarding technical scalability, to meet large-scale
industrial demands, PEM electrolyzers can be congured in
units up to 10 MW, with projects like REFHYNE II† targeting
capacities of 100 MW or more. The Hysencia project,‡ for
example, incorporates a 35 MW electrolyzer paired with a 49
MWp solar photovoltaic plant, providing signicant renewable
electricity annually to power the electrolyzer. Additionally,
Cummins Technology's HyLYZER® 4000-30 has an installed
capacity of 20 MW. According to Wappler et al.,53 the potential
installed capacity of electrolyzers could reach 900 GW by 2030,
which would lead to a rapid reduction in costs due to economies
of scale and could reduce greenhouse gas emissions by up to
830 million tons of CO2 annually.23 PEM fuel cell systems also
demonstrate signicant scalability, as outlined in the SRIA
report.10 The manufacturing capacity for single PEMFC systems
ranges from below 5 kW to 500 kW, suggesting the potential for
widespread deployment at the decentralized level. Plug Power
commercializes PEM fuel cell systems up to 1 MW, based on
arrays of 125 kW ProGen§modules. Projections for 2030 suggest
signicant advancements in several areas.10 The energy
consumption of PEM electrolyzers (PEMEL) is expected to
decrease from 55 to 48 kW h kg−1, while the initial capital
expenditure (CAPEX) is projected to drop from 2100V per kW to
1000V per kW. Additionally, the degradation rate is anticipated
to improve, decreasing from 0.19 to 0.12% per 1000 operating
hours. For PEM fuel cells (PEMFCs), the CAPEX is also expected
to decrease, with the possibility of halving for larger systems.
The electric efficiency of PEMFCs is forecasted to increase from
45 to 56% by 2030. The durability of PEMFCs will also improve,
with the degradation rate projected to decline from 0.4% per
1000 operating hours to 0.2% by 2030. In terms of hydrogen
production costs from electrolysis, these are expected to fall
from 5.3 V per kg in 2020 to 4.4 V per kg in 2030, and further to
2.7 V per kg by 2050. Moreover, hydrogen production costs in
Asia could potentially drop to as low as 1.8 V per kg.54
Hydrogen storage technologies

Production and use of hydrogen cannot be separated from the
concept of storage,55 crucial for supporting a wide range of
applications, including transportation, power generation,
† https://www.reyne.eu/reyne-2/.

‡ https://dh2energy.com/en/projects/.

§ https://www.plugpower.com/fuel-cell-power/gensure-stationary-power-systems/
gensure-mw-scale-power/.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Energy requirements for different hydrogen storage methods

Energy expenditure

Storage Notes Storing H2 [kJ kg
−1] Releasing H2 [kJ kg

−1]
Energy ratio 3 ¼ Espent

Estroed

Compression 20 MPa 10 300 0 0.09
35 MPa 12 264 0 0.10
70 MPa 14 883 0 0.12

Liquefaction Liquid 42 600 0 0.36
Metal hydrides 15–30 6226–10 865 1071–6724 0.06–0.15
Ammonia Liquid 6900 17 670 1.16
Hydrate-based 11 215 0 0.09
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distribution and industrial processes.56 Hydrogen storage
technology can be classied according to physical and material-
based technologies.57,58 Compressed gas, liquid form and cryo-
compressed form are included in the physical-based methods.
Material-based methods, also known as solid-state storage,
involve sorption and desorption techniques.

Compressed gas storage involves storing hydrogen at high
pressures, typically in reinforced tanks (Type I–V). Liquid
hydrogen storage involves cooling hydrogen to extremely low
temperatures, allowing it to be stored as a liquid. Solid-state
storage methods utilize materials such as metal hydrides,
carbon nanotubes, or porous structures to absorb and release
hydrogen. Chemical storage involves chemically binding
hydrogen to specic compounds, such as chemical carriers,
which can release hydrogen through specic reactions.
Currently, the metal hydride-based storage system is gaining
considerable interest. This approach is highly regarded for its
high safety standards, stemming from the ability to efficiently
store hydrogen at low pressures and temperatures. In summary,
compressed gas storage of hydrogen in aboveground pressure
vessels up to 1000 bar is suitable for small to medium-scale
applications. For large-scale and long-term storage, salt caves
are being considered.59 Liquid hydrogen systems are primarily
used when high storage capacity is necessary,60 as for aviation
purposes. Chemical storage using ammonia is an attractive
option as it offers a high hydrogen storage density of 17.8 weight
percent (wt%) or 10.7 kg of H2 per 100 liters. Additionally,
ammonia can be easily liqueed.61 Hydride storage has notable
advantages, as it can accumulate comparable or even greater
amounts of hydrogen at relatively low pressures, making it more
socially acceptable. This technology can achieve an energy
density of approximately 5 kW hH2

l−1, which is up to three
times higher than the physical storage system at 700 bar.62

Various metals such as magnesium (Mg), sodium (Na), lithium
(Li), calcium (Ca), and aluminium (Al) show promise as candi-
dates for hydrogen storage. Sodium borohydride-based tanks,
for example, offer hydrogen storage capacities of around
10.7 wt% or 5.72 kg of H2 per 100 liters (1.3 wt% or 0.5 kgH2

/100 l
considering the entire system).63–66

Aboveground storage tanks are projected to have a capital
cost of 600V per kg, and storage capacity is set to increase from
the current 1.1 ton to 20 tons, with a storage density exceeding
40 kg of hydrogen per cubic meter of storage vessel. For more
This journal is © The Royal Society of Chemistry 2025
detailed information, refer to ref. 4. This review analysis is
summarized in Table 1, reporting the energy requirements for
different hydrogen storage methods.67,68

Metal hydrides represent one of the best energy storage
options, as they exhibit the lowest energy expenditure-to-storage
ratio. It is important to note that metal hydride systems require
cooling for hydrogen charging and heat for hydrogen release. In
the case of ammonia, the storage phase involves the conversion
of hydrogen into the e-fuel, which is exothermic. However, the
release phase requires energy for the reconversion of hydrogen,
as this process is endothermic.

The subsequent paragraph provides an overview of the
current state of modeling activities documented in the scientic
literature.
Literature background on system modeling

The mathematical modeling is fundamental for understanding
performance, critical issues and limitations, optimizing system
design, and predicting behavior under various operating
conditions, as well as facilitating scale-up of systems.

The scientic literature presents a substantial body of work
focused on numerical modeling activities related to PEMEL,
PEMFC, and hydrogen storage. Numerous review papers
continuously emerge, aiming to update modeling techniques in
line with technological advancements in these devices.69–78 By
employing diverse keywords in prominent bibliographic search
engines, researchers can access a vast array of pertinent results,
extending into the thousands. Models of varying complexities
are available, including those based on empirical,79–86 semi-
empirical,87–93 and mechanistic78,94–98 methods.

In order to comprehensively analyze the design of PEMEL
and PEMFC, models encompassing thermal-ow distributions
and energy performance can be developed at different levels of
complexity, spanning from lumped parameter or 0-dimensional
(0-D) models to 1-dimensional (1-D), 2-dimensional (2-D), and
3-dimensional (3-D) models. While 1-D and 2-D models offer
detailed characterization of physical processes, 3-D models
provide a comprehensive representation of the components and
the entire system. It is important to distinguish between
modeling at the cell/stack level and at the Balance of Plant (BoP)
level. In the latter case, the performance investigation serves as
a guide for designing the entire system and simulating its
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2435
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behavior under various operating conditions. The utilization of
0-D modeling is particularly relevant when focusing on BoP
considerations.

Modeling approaches in this context can also be categorized
as steady-state and dynamic.94,99–101 Steady-state models assume
that all state variables remain stable locally and offer
a comprehensive evaluation of cell and stack performance
under steady operating conditions. On the other hand, dynamic
models capture transient behavior by simulating changes
uncertain operating conditions, allowing for a detailed analysis
of system response to uctuations and dynamic processes.

Without going into excessive details of the modeling of
transport and/or electrochemical phenomena, since this is not
the scope of this work, the investigation is concentrated on the
papers dealing with system-level modeling with particular
reference to integrated energy systems with hydrogen accumu-
lation for exchanges of energy ows with external energy
networks.

The bibliographic search employed specic keywords and
key phrases to identify the most relevant papers for the study.
The selected terms included “PEM electrolyzer and fuel cell
modeling in integrated energy systems with hydrogen accu-
mulation for exchanges of energy ows with external energy
networks”. By utilizing these targeted search parameters, an
attempt was made to achieve a narrow focus, leading to the
selection of about 30 recent papers deemed worthy of thorough
investigation. This selection allowed valuable insights to be
gained into the current state of modeling and numerical anal-
ysis in this particular eld.

Shapiro et al. in 2005102 contributed a paper in which they
presented a system proposal PV-PEMEL-high-pressure
hydrogen and oxygen storage-PEMFC, in a closed water loop,
furnishing data about the intersection between PV current and
PEMEL current. Ferrero and Santarelli103 developed a 2D nite
element model for a high-pressure PEM water electrolyzer
coupled with a photovoltaic multi-junction solar cell installed
in a solar concentrator. The authors analyzed the thermo-
electrochemical performance of the PEMEL, concluding that
the coupling enhanced the performance. Ulleberg et al.104

evaluated the performance of an autonomous wind/hydrogen
energy demonstration system located on the island of Utsira,
Norway. They employed a set of updated hydrogen energy
system modeling tools (HYDROGEMS), specically developed
for TRNSYS16. The energy plant consists of a wind turbine (600
kW), a water electrolyzer (10 Nm3 h−1), hydrogen gas storage
(2400 Nm3, 200 bar), a hydrogen engine (55 kW), a PEM fuel cell
(10 kW), along with other auxiliary components. The tool allows
to use a library with empirical relationships for current–voltage
characteristics for solar cells or electrochemical cells and other
equipment. Gallardo et al.105 proposed a methodology to
perform optimal sizing of AC-linked solar PV-PEMEL systems
for hydrogen production. They used empirical equations and
Black box for the PEMEL system model functional to perform
multiyear simulations. Nsour et al.106 presented a design of
stand-alone PV-PEMEL-PEMFC system using HOMER,
a computer model that simplies the task of designing hybrid
renewable micro-grids. Caparrós Mancera et al.107 developed the
2436 | Sustainable Energy Fuels, 2025, 9, 2433–2465
design, implementation, and practical experimentation of
a BoP for a 4.5 kWel PEMEL, with a control logic to guarantees
efficient and safe operation. The authors presented a maximum
efficiency of higher than 50%. Gracia et al.108 presented a busi-
ness case for off-grid hydrogen production via electrolysis,
applied to the electrication of isolated sites, using the
ODYSSEY tool (a proprietary tool developed by CEA-LITEN).
This tool serves as an optimization platform for conducting
comprehensive techno-economic assessments of energy
systems, integrating renewable energy sources and energy
storage units. Möller and Krauter109,110 presented a model of
a hybrid energy and storage system based on photovoltaics
coupled with lithium-ion battery and hydrogen generator using
MATLAB/Simulink and HOMER, with an electrolyzer modeling.
De Lorenzo et al.111 developed dynamic electric simulation
model for a PEMEL system coupled with a hydrogen storage.
The authors developed a modeling in Matlab/Simulink envi-
ronment with a special dedication on power converter aimed at
receiving the external electric power. The objective was that of
assessing PEMEL and storage performance at varying condi-
tions. Zhang et al.112 investigated the mechanism of cross-
energy-form dynamic coupling, and proposed critical tech-
niques of multienergy hybrid simulation. Saedi et al.113 pre-
sented a novel IEGS a modeling aimed at green hydrogen
injections in the gas network by absorbing the variability of the
renewables into electrolyzers. The gas system is modelled as
a steady-state optimal gas ow. Pan et al.114 proposed an elec-
tricity hydrogen-integrated energy system planning model with
the aim to plan electricity production and power to hydrogen
and heat by occurrence. Boulmrharj et al.115 presented the
performance assessment for a hybrid system with a hydrogen
storage composed of PV-PEMEL-PEMFC. The modeling is
developed on simplied assumption that rapidly allow to assess
energy parameters necessary at investigating electricity and
heat delivery for buildings. A 900 W electrolyzer and a 1200 W
fuel cell are used in the analysis. Fan et al.116 developed a energy,
exergy, and economic modeling, then the optimization of
a ash-binary geothermal system aimed at power and hydrogen
production using PEMEL. The authors assessed an overall
power of about 115 kW and a hydrogen production capacity of
0.306 kg h−1. For what regards the PEMEL a steady state
approach was used. Ceylan et al.117 contributed a paper
proposing the design and simulation of the PV/PEM fuel cell
using MATLAB/Simulink. The authors subsequently extended
the calculation in using a PEMEL for hydrogen production. In
the latter case they used an empirical equation for the hydrogen
mass ow rate as a function of surplus electric power. In
general, modeling is approached by steady state modalities. Hai
et al.118 modeled and examined transiently a variegated energy
system with hydrogen generation, which include alkaline and
proton exchange membrane electrolyzers, as well as heating
and cooling systems. TRNSYS soware was used from a ther-
modynamic and environmental point of view. No details are
given on how hydrogen generation is modeled. Alirahmi et al.119

presented a comprehensive energy, exergy, and economic eval-
uations and optimizations of an integrated fuel cell/geothermal
energy system for cooling and electricity. The simulations are
This journal is © The Royal Society of Chemistry 2025
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conducted using Engineering Equation Solver soware, while
a multi-objective optimization method is applied in MATLAB. A
steady state approach was used in the simulations. Fărcaş
et al.120 presented a design and control method for PEM elec-
trolyzer and hydrogen storage system. A simplied model is
implemented for PEMEL in Matlab/Simulink environment. In
the paper of Rostami et al.121 a solar driven-polygeneration
energy system with electrical energy storage is investigated.
An organic Rankine cycle is used to electrify an electrolyzer,
whose H2 and O2 byproducts are subsequently used to power
a fuel cell. A simplied steady state approach is used to model
electrochemical devices. The authors declared a system effi-
ciency of about 60%. Gonzatti et al.122 contributed an interesting
review paper that adds the landscape of reviews in the eld of
modeling. The paper showcased a wide set of physic-chemical
equations that integrate a large number of parameters and
variables. Particular attention is dedicated to the storage system
based on hydride metal tank, thus presenting absorption and
desorption equations. Ganguly et al.123 modeled and analyzed
a 3.3 kW electrolyzer and two 480 W PEM fuel cell stacks in
order to meet the power requirements of a 90 m2

oriculture
greenhouse, having as primary energy source a photovoltaic
plant. The modeling was approached by a steady state typology
and implemented via computer codes using ‘C’ language.
Yelegen et al.124 developed a 3-D two phase ow modeling of
regenerative PEMFC. The modeling was applied to electro-cell
with a 5 cm2 active area. Pressure and velocity distribution
were assessed along the electrode planes, and I–V curves both
for electrolyzer and fuel cell were built under various tempera-
tures. Experimental activity was conducted parallel to numer-
ical one. 0.019 Sl min−1 of hydrogen and 0.0095 Sl min−1 of
oxygen gas was produced in the electrolyzer mode, while
a power density of 0.353 W cm−2 was obtained in the fuel cell
mode. Tao et al.125 investigated an organic Rankine cycle
coupled with a PEM electrolyzer, PEM fuel cell, and thermo-
electric generator. The authors analyzed the system from tech-
nical and economical viewpoints, declaring to assess an energy
efficiency of 16.77%, with a production of hydrogen of
0.0001632 mol h−1. No details on fuel cell are described in the
paper, as being referred to two bibliographic papers. No clear
information can be drawn about hydrogen generation.
Mohammadi et al.126 illustrated an integrated energy system for
clean and sustainable power functional to building applica-
tions. The system uses a PEM fuel cell fed with hydrogen
derived by syngas. The system is examined from a technolog-
ical, economic, and environmental aspect, while a multi-criteria
optimization is employed to search for the lowest cost and
emission as well as higher efficiency of the system. One valuable
outcome outlined the net energy efficiency of the system of
around 37.65%, employing a 5.04 MW PEM-FC. A semi-
empirical approach for fuel cell was used. Chadly et al.127

proposed a techno-economic analysis for an energy system
varying on three layout scenarios. The paper compares three
energy storage system technologies namely lithium-ion
batteries, PEM reversible fuel cells and reversible solid oxide
cells, with a stand-alone photovoltaic system. Zooming on
reversible PEM fuel cell/electrolyzer results, a stack power of
This journal is © The Royal Society of Chemistry 2025
about 250 kW for fuel cell and 590 kW for electrolyzer were
deduced for the purpose, with a net efficiency of respectively
about 50% and 77%, while a total system efficiency of about
38%. The results indicated a Levelized Cost of Storage of 41.42¢
per kW per h. Sun et al.128 proposed and investigated a solar-
based CCHP unit, comprising of a solar-geothermal driven
PEM electrolyzer in integration with Kalina cycle, absorption
refrigeration cycle, and reverse osmosis. A non-dimension
model was developed and a multi-criterial optimization
process was employed from exergetic, energetic and exergo-
economic standpoints. The analyses were conducted using
a combination of Minitab and engineering equation solver. No
equations are illustrated for what regards the electrolyzer and
understand the detail of its modeling. The optimized condition
expresses a unit cost of products and exergy performance of
1.7552 $ per GJ and 31.7133%. Calise et al.129 contributed
a paper presenting a dynamic simulation model of a poly-
generation system based on solar heating and cooling and PEM
technologies. The analysis was carried out by means of a tran-
sient simulation model, developed using TRNSYS soware and
included the investigation of the dynamic behavior of the case
study-building, developed in TRNBUILD. A 360 kWe PEM fuel
cell, with 34% of net efficiency was considered. Hydrogen and
oxygen partial pressures at the Three Phase Boundary are
calculated by empirical equations. The paper authored by
Persson et al.130 described the development of a semi-empirical
model for an electrolyzer, utilizing real data obtained from
a commercial electrolyzer. The essential data required for the
model are the energy consumption and hydrogen production of
the electrolyzer. Meanwhile, the article by Koundi et al.85

focused on various components of a hydrogen production
system based on PEM electrolyzer, including DC/DC power
converters and control methods. The authors conducted
a comprehensive review of the reference literature, examining
the current state of PEM electrical modeling. The review
encompasses empirical and semi-empirical models, both static
and dynamic, shedding light on the advancements in this eld.
In a different study, Boulmrharj et al.131 presented their research
on evaluating the performance of a hybrid system combining an
electrolyzer, fuel cells, and hydrogen storage, designed for
cogeneration in buildings. The paper outlines the modeling
work, simulations, experiments, and performance evaluation of
this innovative hybrid system, utilizing a photovoltaic plant as
the primary source of renewable energy for hydrogen produc-
tion. Still, the study of Chisatz et al.132 presented a thermo-
dynamic and exergo-economic assessment of a proton
exchange membrane fuel cell system at steady-state operations,
nding an energy efficiency of the of 36.7% as the highest.
Calise et al.133 performed dynamic modeling and simulation
using TRNSYS soware package and economic analysis, nding
a fuel cell electrical efficiency of 35%. The article of Kalinci et al.
performed energy and exergy analyses of a hybrid hydrogen
energy system, nding an efficiency of the electrolyzer of
59.68%.134 Instead, study135 introduced a computational algo-
rithm designed to model an integrated photovoltaic-
electrolysis-battery system. This work focused on optimizing
both the cost of the system and its hydrogen production rate.
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2437
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Discussion on literature and work contribution

From investigating the literature on PEM-based hydrogen
storage energy systems, it can be deduced (to the best of the
authors' knowledge) that this area is still susceptible to more in-
depth exploration. Integrated systems and mixed technology
hydrogen storage systems have not been fully modelled. Mixed
storage technologies have not been employed in conjunction
with each other. The examination of the selected papers has
revealed the utilization of models incorporating simplied
methodologies, black box techniques, and device-specic
equations, especially at system level (for instance136–138). Addi-
tionally, when investigating multi-objective optimization
models, simplied fuel cell and electrolyzer approaches are
usually adopted, leveraging straightforward empirical
equations.

This work presents a numerical tool designed for conducting
energy and environmental analyses of a hydrogen power
station, here referred as H2PEM. This system includes a PEMFC
and PEMEL, along with a dual-mechanism hydrogen storage
system featuring both compression and metal hydride tanks.
The tool, developed within the Matlab/Simulink computational
environment, is suitable for both on-grid and off-grid
applications.

This scientic endeavor stands out for its commitment to
precision and a comprehensive approach. A distinctive aspect is
the detailed attention to the interconnections between subsys-
tems. This approach not only enhances the realism and appli-
cability of the model but also contributes to a more integrated
and holistic understanding of the system's behavior. The work
describes each component of the balance of plant for subsys-
tems, such as electrolysis and fuel cell units, using the gov-
erning equations that dictate their operation. This approach
extends beyond the black-box one, up to include the auxiliary
systems integral to the operation of these technologies. This
allows for offering a level of detail and accuracy not commonly
found in the eld.

A lumped parameter model with a dynamic calculation
function, calibrated and validated, forms the core of the
Fig. 2 Work path.

2438 | Sustainable Energy Fuels, 2025, 9, 2433–2465
numerical tool. This choice is appropriate, as the objective of
this work is to analyze the system at a holistic level, while
capturing transient behavior in response to uctuations and
dynamic processes. This tool enables a thorough technical,
energy, and environmental analysis. It calculates various
aspects including energy involvement, hydrogen production
and usage, the state of charge of the hydrogen reservoir. The
energy mapping of the H2PEM system is then conducted under
a range of operating conditions. From an environmental
perspective, the analysis estimates CO2 emissions and savings,
as well as the associated temperature increase due to climate
change, under three different scenarios. These scenarios
consider the H2PEM interacting with a network powered by: (1)
solely fossil-based electricity, (2) the Italian energy mix for 2023,
and (3) entirely renewable energy sources. The Fig. 2 illustrates
the work path of the paper.
Impacts, challenges and applications of hydrogen systems

Hydrogen systems are gaining increasing attention for their role
in enhancing grid stability and supporting the transition to
renewable energy sources.139 These integrated systems leverage
the complementary capabilities of PEM fuel cells and electro-
lyzers to manage uctuations in power generation and
consumption, thereby contributing to more resilient and
sustainable energy grids.140 Hydrogen storage plays a crucial
role in this process by storing surplus energy as hydrogen,
mitigating the effects of low renewable output periods.141

Nonetheless, hydrogen systems face a number of technical,
durability, and economic challenges that must be overcome to
ensure their widespread deployment. The barriers faced
underscore the need for continued research and development
efforts aimed at improving efficiency, reducing costs, and
enhancing the durability and scalability of these systems. The
following lines briey (since this article is not focused on this
topic) illustrate the main problems of hydrogen systems. For
instance, electrodes in PEM fuel cells and electrolyzers can be
subjected to degradation due to possible corrosive environ-
ments.142,143 This could lead to a reduction in efficiency and
This journal is © The Royal Society of Chemistry 2025
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lifespan.142 As a consequence, degraded electrodes require
frequent replacement, thus adding to the operational cost and
limiting devices' long-term performance. Similarly applies to
the proton exchange membrane (typically Naon), it degrades
over time due to oxidative attack, mechanical stress, and
chemical reactions in the fuel cell's harsh environment.144,145

This could make arise the bottleneck increasing the internal
resistance of the fuel cell, which reduces its efficiency and
overall output.142 As a consequence, membrane replacement is
costly and reduces the overall lifespan of the fuel cell. According
to,146 the lifespan of a PEMFC is expected to be on average at
around 40 000 h, while study147 considers a lifetime typically of
40 000–60 000 h for PEMEL commercial systems. From an
economic perspective, the high initial cost (see paragraph “PEM
technology for electrolysis and fuel cells”) is primarily depen-
dant of platinum-based catalysts and the complexity of
manufacturing PEM devices fuel. About the storage (see para-
graph “Hydrogen storage technologies”), the main challenge
regards the storage capacity. Using conventional compression
system, extremely high pressures are required. Furthermore,
the compression tanks can suffer mechanical stresses like
fatigue and other problems.148 Fortunately, liquid and metal
hydride technologies address these challenges, improving
safety issues and social acceptability. Attention is dedicated to
thermal management of metal hydride storage, in order to
enhance the phase of absorption and desorption of hydrogen.149

The bottleneck could be the high current cost due to young
technology and not yet widely spread.

Regarding the integrated technologies in a system concept,
recent technological advancements have focused on improving
the efficiency and scalability of these systems. Advanced control
algorithms and real-time data analytics are essential for opti-
mizing system responsiveness to grid uctuations and
enhancing the efficiency of conversion devices,150 as approxi-
mately 60% of incoming electricity is lost in conversion to
hydrogen.151

In practical deployments, systems like “Energiepark Mainz”
in Germany convert excess wind power into hydrogen, which is
then used to generate electricity during low wind periods.152

Similarly, the HAEOLUS{ project integrates a 2.5 MW PEMEL in
a remote Norwegian wind farm, converting collected wind
energy into hydrogen with a 100 kW PEMFC.153 In the tele-
communications sector, H2PEM systems have shown promise.
Telecom towers, which consume hundreds to thousands of
kWh per month, are under pressure to reduce their carbon
footprint due to rising energy demand.154 Hydrogen fuel cell
systems have proven effective in powering these towers, offering
advantages over traditional backup power solutions.155 Study156

highlighted the competitiveness of hybrid renewable energy
systems over traditional diesel generators at off-grid telecom
stations, while study157 demonstrated that slightly increasing
the size of photovoltaic systems could reduce fossil fuel usage
by 20%, lowering the Levelized Cost of Energy (LCOE) to 0.5 ±

0.1 V per kW per h.
{ http://www.haeolus.eu/.

This journal is © The Royal Society of Chemistry 2025
The paper of Aliberti et al.158 proposed methods for
designing power supply systems for hydrogen-based telecom
towers, optimizing component sizing and ensuring grid
connectivity. Their work found that optimizing the system
conguration could reduce both the simple payback (SPB) and
LCOE by approximately 25 years and V0.30 kW h−1, respec-
tively, while halving the initial investment costs compared to
islanded congurations. Further applications include hybrid
renewable stations designed for power supply during grid
outages. For example, Zhang et al.159 proposed a hybrid energy
storage system integrating electrolyzers, fuel cells, and
hydrogen storage components connected to solar PV, providing
stable emergency power supply. This solution was proven
effective in terms of cost and environmental impact, contrib-
uting to reduced greenhouse gas emissions and more sustain-
able energy use. Additionally, study160 concerning a hybrid
hydrogen/battery system for a grid-connected building showed
a reduction in carbon emissions to 0.15 kgCO2eq kW

−1 h−1, while
a study on seasonal hydrogen storage in Finland demonstrated
a 69% reduction in CO2 emissions and decreased reliance on
fossil fuels.161

Looking ahead, a hydrogen distribution network is projected
to encompass 5000 km of pipelines by 2030,23 marking
a signicant step toward large-scale hydrogen adoption.

Building on the current state of research, the present paper
aims to contribute to the scientic eld by presenting
a numerical tool designed for energy and environmental anal-
ysis of H2PEM power stations, which are expected to play an
increasingly prominent role in the energy systems of the near
future.

H2PEM system layout

Aer a thorough review of the literature, the focus shis to the
core of the work. The embodiment of this system, herein
referred to as the H2PEM system or power station, is illustrated
in Fig. 3.

It can be interfaced with a power network, integrating with
other energy systems to either deliver energy services to specic
users or help maintain the electrical balance through the
management of energy inows and outows. The H2PEM
system consists of the key components: a PEMEL Electrolysis
unit for hydrogen production, a PEMFC fuel cell unit for
generating electricity, and a dedicated hydrogen storage unit
that incorporates both hydride (MHD) and compression (H2C)
methods for enhanced storage capacity and system exibility.

Additionally, DC/DC converters serve to stabilizing voltage
amidst the uctuating energy transfers. An external power
supply is necessary when additional energy is needed from the
centralized network to produce hydrogen.

The PEMEL electrolysis unit is supported by several auxiliary
components, including a demineralized water reservoir and
temperature regulation systems, which ensure optimal heat
management and operational efficiency. Additionally, a condi-
tioning power system facilitates interaction with the external
environment. The PEMEL functions as a hydrogen generator
under an applied electrical stimulus, maintained at a constant
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2439
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voltage. Consequently, the ‘in’ DC/DC power converter adjusts
the voltage–current pair required for the electrolyzer's proper
operation.

Similarly, the PEMFC fuel cell unit includes a process air
supply system, as well as auxiliary subsystems for operational
management. However, a dedicated section provides a detailed
analysis of the balance of plant for each individual unit. The
‘out’ DC/DC converter, as mentioned previously, is responsible
for delivering voltage-controlled electrical power.

The decision to employ two different hydrogen storage
technologies in this work is directly informed by the literature
study presented earlier. As discussed, conventional compres-
sion storage has limitations regarding storage capacity and
mechanical stresses due to the cyclic charging–discharging
process. In contrast, metal hydride (MHD) technology offers
signicantly higher storage potential than compression
systems. However, both technologies are adopted for several
reasons. Firstly, having two storage systems increases the
resilience of the entire system. If one is unavailable, the other
can still provide support. Secondly, the MHD system requires
much less space for storing the same amount of hydrogen.
Thirdly, to reduce volume requirements, hydrogen in the H2C
must be highly pressurized. This necessitates the use of
a hydrogen compressor, which can lower overall system effi-
ciency. The compressor requires energy to operate, which, in
a self-sustaining system, would ideally be supplied by the fuel
cell using hydrogen from theMHD. In extreme cases, the system
could rely on external grid energy. Finally, the option of using
very low pressure for hydrogen storage is possible, and in this
2440 | Sustainable Energy Fuels, 2025, 9, 2433–2465
case, storage can be effectively managed by utilizing the pres-
sure from the electrolyzer.

As noted in the literature, commercial PEM electrolyzers can
efficiently produce hydrogen at pressures up to 15–30 bar. In the
case of hydrogen usage in PEM fuel cells (PEMFC), this would
necessitate a pressure reducer that does not impose extreme
pressure reductions. Commercial PEMFCs typically operate
within a pressure range of 6 to 20 bar.

This work introduces a standardizedmethodology that can be
replicated and extended for different applications. As empha-
sized throughout, one of the main advantages of both fuel cells
and electrolyzers is their modularity. By stacking cells in series,
voltage requirements can be met, while parallel arrangements
adjust the current requirements. Therefore, modules are coupled
in parallel to meet the user's power delivery needs, allowing the
system to scale easily. As mentioned in previous sections, litera-
ture suggests system sizes ranging from a few kilowatts to
megawatts. However, the focus of this work is on smaller-scale
systems, specically around 1 kW of nominal electric power for
both the electrolyzer and fuel cell.

Consequently, the hydrogen storage system also needs to be
appropriately sized. The logic applied here is to ensure a storage
capacity that can cover at least one full day in the event of a total
blackout of the external electrical network. This would enable
the fuel cell to provide energy for a sufficient number of hours to
restore the network. The design of the system, coupled with the
control strategy developed in this work, helps to optimize costs
by streamlining the management of incoming and outgoing
This journal is © The Royal Society of Chemistry 2025
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energy ows and minimizing the cost contributions associated
with the use of a compressor for hydrogen pressurization.

Regarding the functioningmodalities, the H2PEM activates to
address imbalances in the electric grid, whether there is excess
power (scenario a) or a deciency (scenario b). In scenario (a),
surplus electricity is converted into hydrogen for storage. In
contrast, scenario (b) sees the power station converting stored
hydrogen back into electrical energy to satisfy demand.
Numerical modeling

This section includes the comprehensive modeling of the
H2PEM system. The exposition delves into the 0D steady-state
modeling of individual subsystems, being the purpose of this
work to analyze at system level.
Steady state modeling

Table 2 reports the modeling concerning PEMFC and PEMEL
units. The equations employed span from eqn (1) to (5fc/el),
where the subscript ‘fc’ signies the fuel cell context, while
‘el’ pertains to the electrolysis system. The suite of equations
encompasses the energy conservation eqn (1), the mass
conservation eqn (2), the electrochemical reactions eqn (3fc)
and (3el), the electric equation concerning the stacks of the
electrochemical units eqn (4fc) and (4el), and the volumetric
ow rates eqn (5fc) and (5el) of the uids involved in the
processes. The energy conservation eqn (1) is crucial for
managing the thermal regulation of both the fuel cell and
electrolyzer. These devices are designed to operate at low
temperatures, making the proper management of energy ows
essential to maintain the system's operating temperature. This
aspect is further detailed in the energy analysis section. The
mass balance eqn (2) is used to calculate the required ow rates,
as outlined in eqn (5fc/el).

Eqn (3fc) and (3el) describe the reaction paths across the
sandwich structure of anode–electrolyte–cathode for both the
fuel cell and electrolyzer. For the fuel cell eqn (3fc), the anode is
where hydrogen decomposes into protons (2H+) and electrons
(2e−). The protons pass through the selective electrolyte to the
cathode, while the electrons travel through an external circuit to
reach the cathode. At the cathode, protons and electrons
combine with oxygen to form liquid water. The overall reaction
thus involves hydrogen and oxygen to generate electrical power
and produce liquid water.

For the electrolysis process, the reaction follows the reverse
path. Liquid water splits at the cathode into hydrogen protons
and electrons, releasing half a molecule of oxygen. The
hydrogen protons then combine with external electrons to form
a hydrogen molecule.

The fuel cell process is spontaneous, generating electrical
power, whereas the electrolysis process is non-spontaneous and
requires an external power supply to proceed.

The equations, reported in eqn (4fc) and (4el), determine the
key electrical parameters, primarily the voltage at the stack level
as a function of the electric current. In the case of the fuel cell
2442 | Sustainable Energy Fuels, 2025, 9, 2433–2465
(Vfcc ), the voltage equations account for polarization losses,
while for the electrolyzer (Velc ), they reect the overvoltage.

The Nernst voltage (EN_fc, EN_el) represents the ideal voltage
of the process, which is inuenced by polarization phenomena
(activation, ohmic, and concentration types). The electric
current (ifc) and (iel) are typically determined as the product of
the current density (j) and the reaction area (A).

Eqn (5fc) and (5el) calculate the ow rates within the
subsystems as a direct function of the electric current, with
units expressed in Nl min−1. For example, for the fuel cell, the

required hydrogen ow rate ð
�

V
ðinÞ
H2

Þ can be determined as

a function of the desired electric current (ifc), the number of
cells in the stack (nc), and other thermo-electrochemical
parameters, such as the Faraday constant (Fa), the number of
electrons exchanged (ne), and the hydrogen excess factor (lH2,fc).
Similarly, the rest of the volumetric ow rates can be calculated
using a comparable structure. The same approach applies to the
electrolysis process. For more detailed information, refer to the
Symbology section.

These models follow established methodologies for PEMFC
and PEMEL as documented in the literature. This foundational
modeling will support the subsequent energy analysis, detailed
in the following section, by calculating the net electric power
output of the fuel cell unit and the power consumption of the
electrolysis unit.
Dynamic modeling

The dynamic modeling is based on the electric double layer
(EDL) phenomenon, which involves the accumulation of
charges, including both electrons and protons, at the boundary
between the cell's electrode and the electrolyte. The charge
double-layer phenomenon is related to the characteristics of the
equivalent capacitor, as described in expression (6).

C ¼ Q

E
¼ 30$

s

d
(6)

Consequently, when there is a sudden change in current, the
activation overvoltage at both electrode sites is delayed in
following the current shi due to the reaction kinetics. This
phenomenon has a signicant impact on electrochemical
devices, including fuel cells and electrolyzers.162–166 Study167

emphasized the consequences of neglecting the charge-double
layer effect, revealing that rapid changes in input current can
result in discrepancies exceeding 15% between static models
and experimental data, particularly during transient operations.
In contrast, the dynamic model showed an error rate of less
than 4% compared to the experimental results.

This accumulation creates a capacitive effect at these
boundaries.168–171 To effectively model this dynamic behavior,
two RC branches are used to represent the EDL.

The dynamic interactions within the PEMEL and PEMFC
subsystems are therefore represented by eqn (7) and (8),
accordingly.
This journal is © The Royal Society of Chemistry 2025
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Eid � Ran$

�
i � C$

dVan

dt

�
� Rmem$i � Rcat$

�
i � C$

dVcat

dt

�
�Vreal ¼ 0 (7)

Vreal � Ran$

�
i � C$

dVan

dt

�
� Rmem$i � Vint

�Rcat$

�
i � C$

dVcat

dt

�
¼ 0 (8)

The reported values for double-layer capacitance are
consistent with those commonly observed in supercapacitors,
ranging from 3 to 69 F.172 In this study, the Larminie–Dicks
model is utilized due to its established accuracy and practical
applicability.170 Fig. 4 presents the schematic representation of
the electric equivalent approach.

The next step in this methodology involves identifying model
parameters through a systematic comparative assessment with
carefully selected literature data, which have been derived from
experimental ndings.
H2 storage modeling

The initial phase involves modeling the compression tank sub-
unit, whereby the state equation of the gas is applied. The
relationship between pressure and the accumulated hydrogen
mass within the tank is depicted by eqn (9), which takes into
consideration the inuence of real gas behavior through the van
der Waals equation, parameterized by ‘z’. Eqn (10) characterizes
the temporal stored energy.

dpH2CðtÞ
dt

$VH2C ¼ dmH2
ðtÞ

dt
$z$

R

MWH2

$T (9)
Fig. 4 H2PEM equivalent circuit: fuel cell PEMFC and electrolyzer
PEMEL.

This journal is © The Royal Society of Chemistry 2025
Es;H2C
H2

ðtÞ ¼ z$
pH2CðtÞ$VH2C

R

MWH2

$TH2C

$LHVH2
(10)

Metal hydrides (MH) are distinguished by a reversible reac-
tion (11) involving hydrogen and a metal alloy, encapsulating
the heat of the reaction as denoted by Dhr.

xMþ y

2
H2$MxHy þ Dhr (11)

Some assumptions are adopted to streamline the model.
These include: (1) the utilization of the ideal gas equation of
state, (2) the consideration of negligible effects from compres-
sion work and viscous dissipation, (3) the assumption of
negligible inuence from radiative heat transfer, and (4) the
premise of local thermal equilibrium with both gas and solid
maintaining the same temperature.173–176

The modeling framework is devoted to establishing a corre-
lation between the tank's pressure, hydrogen concentration
within the solid material, and the operational temperature eqn
(12)–(17). Building upon the methodology introduced in the
work by,177 the present investigation undertakes the modeling
of the metal hydride tank utilizing the Lacher modeling
approach.178–180

Eqn (12) calculates pressure as a composite of equilibrium
pressure (peq) and the Lacher function. The equilibrium pres-
sure is determined by Van't Hoff's eqn (13), which correlates the
temperature (T) of the hydride with the reaction enthalpy (Dhr)
and entropy (Dsr). The constancy of enthalpy and entropy
changes can be assumed for a given material under a common
reference point.181–183 Eqn (14) encapsulates the Lacher
component of the model, contingent on the T/Tc ratio, which
embeds insights into hydrogen absorption and desorption
through the term represented by q. Here, T and Tc correspond to
the operating and critical temperatures of the metal hydride.
The q ratio eqn (15) delineates the proportion between H2

concentration eqn (16) at time t and the hydride's maximum
capacity. Es;MHD

H2
ðtÞ signies the H2 energy stored at time t eqn

(17).

ln(pMHD) = ln(peq) + La* (12)

ln
�
peq
� ¼ Dhr;MHD

R$TMHD

� Dsr;MHD

R
(13)

La* ¼
��

a1$
lnðqÞ
1� q

�
þ
�
a2$

TMHD

Tc

$

�
1

2
� q

��	
(14)

q ¼ cðtÞ
cmax

(15)

cðtÞ ¼ mH2 ;MHDðtÞ
mmax

H2 ;MHD

(16)

Es;MHD
H2

ðtÞ ¼ q$cmax$mMHD$LHVH2
(17)
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2443
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Finally, SOC(t) represent the state of charge of the storage
unit, reported in eqn (18).

SOCðtÞ ¼ Es
H2
ðtÞ

Emax
H2

(18)

Energy analysis

The energy analysis consists of assessing the energy-related
parameters for machine energy-mappings. Therefore, it is
necessary to know the energy involvement in fuel cell and
electrolysis units. To this purpose Fig. 5 serves as showing the
schematic representations of the Balance of Plant (BoP)
congurations for both the units. The fuel cell unit delivers an
electrical power, which is the gross quota of the stack, reduced
by that required for the auxiliary components. Analogously for
the electrolysis unit, its gross power constitutes the sum of the
electric power essential for the stack, augmented by the
contributions from auxiliaries. The BoP framework encom-
passes a comprehensive ensemble of elements, including
blowers for air supply, blowers dedicated to cooling to effec-
tively dissipate excess heat, electric warmers designed to heat-
up in case of over-cooling, and electric warmers tasked with
heating the uids entering the devices. DC/DC converters serve
to electric power conveyance.

Table 3 presents the key eqn (19)–(26) used for conducting
the energy analysis. Eqn (19fc) and (19el) calculate the stack
electric power, which is essential for extending the energy
analysis to the entire system. In this context, this is depending
on the number of the cells that constitute the fuel cell or the
electrolyzer. Additionally, if the system exceeds the thermo-
neutral condition, the subsystems generate heat. This is caused
by side reactions involving overpotentials. Fuel cell easily
operate above the thermoneutral point, as governed by spon-
taneous and exothermic processes. In electrolyzers, when
operating beyond the thermoneutral point, additional energy
(usually in the form of increased voltage) is needed to drive the
Fig. 5 Balance of Plant for electrolysis unit and fuel cell unit.

2444 | Sustainable Energy Fuels, 2025, 9, 2433–2465
water electrolysis reaction. This extra energy, which is not used
to split water molecules, manifests as excess heat. This excess
heat is described by eqn (20fc) and (20el). Consequently, this
heat must be dissipated to prevent overheating of the device.
Analyzing the equations, these mainly depends on the reaction
enthalpy, the voltage and electric current operated.

Eqn (21)–(24) detail the auxiliary power requirements
necessary for system operation, based on the schematic in
Fig. 5. Eqn (21) indicate the required electric power for air
venting, necessary to cool the fuel cell or the electrolyzer. Eqn
(22) determines the power to blow air to cathode of the fuel cell.
Eqn (23) regards the electric power employed to warm the uids
and prepare them. Eqn (24) calculates the electric power to heat
the device. As a consequence, the electric power at the terminals
of both the fuel cell and electrolysis units is determined using
eqn (25fc) and (25el), accounting for all auxiliary power needs
for system self-sustenance. The electric power of the fuel cell, as
a net contribution delivered to the terminals (P(net,out)DC/DC ), is given
by the stack power, which is the gross quota, diminished of the
electric power required for each auxiliary component.

Conversely, the electric power required to operate the elec-
trolyzer is determined by the gross power (P(gross,in)DC/DC ), which
accounts for the electrical power needed by the stack for the
electrochemical process, in addition to all auxiliary power
contributions.

Finally, the efficiencies are calculated using eqn (26fc) and
(26el). For the fuel cell, the efficiency is the ratio between the net
electrical power at the terminals and the chemical power
provided by the hydrogen fed into the system. For the electro-
lyzer, the conversion efficiency is the ratio of the chemical
power in the hydrogen produced to the total electrical power
supplied to the system. These equations are expressed as
functions of primary parameters, such as reaction enthalpy
variation, electric current, and auxiliary power contributions.

To the scope of determining the ventilation requirements for
cooling both the fuel cell and the electrolyzer, standard aeraulic
expressions are used. For fuel cells this is calculated from the
This journal is © The Royal Society of Chemistry 2025
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Table 3 Energy analysis

Fuel cell (PEMFC) Electrolyzer (PEMEL)

Electric power of
the stack

P(p)el = nc$V
fc
c $i

fc (19fc) P(in)el = nc$V
el
c $i

el (19el)

Thermal equations
P
ðpÞ
th ¼ �nc$i

fc

ne$Fa
$½D~hr;H2

þ ðne$Fa$V fc
c Þ� (20fc) P

ðgenÞ
th ¼ �nc$i

el

ne$Fa
$½D~hr;H2O � ðne$Fa$Vel

c Þ� (20el)
Blower power
for air cooling Pcool

blow ¼ V
� cool

air $Dptot
hblow

(21)

Blower power
for air supply P

air;in
blow ¼ V

� in

air$Dptot
hblow

(22fc)

Electric power
for uid warming Pwarm

fluid ¼ F in
fluid$D

~h
in
fluid

hwarmel
(23)

Electric power
for device warming

P
ðel-warmÞ
fc=el ¼ mfc=el$cp$DT

hwarmel
(24)

Electric power at
system terminals

Pstack(gross)FC = P(p)el = P(net,out)DC/DC + DP(out)DC/DC + P(sup)AIR

+ P(cool)AIR + P(el-warm)
fc + P(warm)

in-gas (25fc)
P
stackðnetÞ
EL ¼ P

ðusÞ
el ¼ P

ðgross;inÞ
DC=DC � DP

ðinÞ
DC
DC

� P
ðcoolÞ
AIR

�P
ðwarmÞ
H2O � P

ðel-warmÞ
el (25el)

Efficiency
hfcel ¼

nc$i
fc$V fc

c � P
ðauxÞ
el

ifc$nc
ne$Fa

$D~hr;H2

(26fc)
helH2

¼
nc$i

el

ne$Fa
$D~hr;H2O

nc$V el
c $i

el þ ðPðel;inÞ
th � P

ðgenÞ
th Þ þ P

ðauxÞ
el

(26el)
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equation shown in eqn (27), while eqn (28) is used for the
electrolyzer. The criterion approached is that of keeping the
temperature constant at each work conditions. Any excess
thermal power is carefully managed, either dissipated or inte-
grated, depending on the current operating conditions. Heat is
dissipated through air venting into the channels of the elec-
trochemical devices. Conversely, in case of cooling, heat needs
to be supplied. This provision is done by overheating the uids.

As regards the heat dissipation process, it refers exclusively
to heat exchange by forced convection through the cooling air
ow. The radiative heat exchange is neglected.

F in
H2
$D~h

in

H2
þ F in

Air$D
~h
in

Air þ

�
V fc

tn � V fc
st

�
$ifc
�þ F in;cool

Air $D~h
in;cool

Air

¼ Fout
H2O

$D~h
out

H2O
þ Fout

Air $D
~h
out

Air þ Fout;cool
Air $D~h

out;cool

Air (27)

F in
H2O

$D~h
in

H2O
þ 
�V el

st � V el
tn

�
$iel
�þ F in;cool

Air $D~h
in;cool

Air

¼ Fout
H2

$D~h
out

H2
þ Fout

O2
$D~h

out

O2
þ Fout;cool

Air $D~h
out;cool

Air (28)

Environmental analysis

The environmental analysis is based on determining the CO2

“equivalent” emissions and the associated climate implications
in terms of temperature change. CO2 productions and emissions
are computed with hydrogen production and its subsequent use
in electricity generation. Three scenarios are considered.

(1) Electrolysis powered by grid electricity: the electrolysis
unit operates using electricity from the conventional electricity
grid. The emissions are estimated based on the average CO2

intensity of the grid electricity, which includes totally fossil
fuels (coal, natural gas, oil).

(2) Electrolysis powered by grid electricity, considering the
current energy share: the electrolysis unit operates using
This journal is © The Royal Society of Chemistry 2025
electricity considering the current energy share of the grid, as
a combination of renewable sources (solar, wind, and hydro)
and conventional energy sources. The CO2 emissions are
calculated by determining the emissions intensity of the elec-
tricity mix fed into the electrolysis unit. This analysis considers
the proportion of renewable and conventional energy sources in
the network and their respective CO2 emission factors.

(3) Electrolysis powered by a renewable-dominated energy
network: the electrolysis unit is powered by a higher-level energy
network consisting totally of renewable sources.

The analysis is therefore structured into the following key
components:

CO2 emissions from electrolysis – rst the CO2 emissions
associated with hydrogen production via electrolysis are
calculated.

Impact on climate change – the climate change implications
in this study are assessed by estimating the temperature
increase due to CO2 emissions. This involves Temperature
Increase Modeling. This step utilizes data from climate science
literature to link CO2 emissions with potential changes in global
temperatures.

CO2 savings analysis – the CO2 savings are computed by
comparing the CO2 emissions from H2PEM to those from
conventional fossil fuel-based systems. The calculation includes:

� Emission savings during hydrogen production: the CO2

emissions saved by producing hydrogen from a mix of renew-
able energy sources compared to using fossil fuel-based elec-
tricity. This is determined by calculating the difference in CO2

emissions between the renewable-powered electrolysis and
fossil fuel-powered electrolysis.

� Emission savings during electricity generation from
hydrogen: this is conducted evaluating the CO2 emissions
avoided by using the hydrogen fuel cell to generate electricity
instead of a conventional power plant.
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2445

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00257e


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

26
 4

:3
6:

50
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The model for calculating CO2 emissions and the associated
temperature increase involves the following equations.184 Eqn
(29) estimates the CO2 emissions per kilogram of hydrogen
produced when the electrolysis unit is powered by electricity
from the grid. Eqn (30) calculates the contribution of fossil fuels
to CO2 emissions per kilogram of hydrogen produced. Eqn (31)
determines the CO2 emissions per kilogram of hydrogen when
the electrolysis unit is powered by a mix of renewable and
conventional energy sources. Eqn (32) calculates the amount of
fossil fuel required to generate the equivalent electrical power
(Pfcel) that would otherwise be produced by the fuel cell. This
calculation is used to estimate the CO2 emissions avoided by
using the hydrogen fuel cell. Eqn (33) calculates the tempera-
ture increase resulting from the change in atmospheric CO2

concentration (Dc [ppm]).185,186 The term ‘S’ is the continuous
“climate sensitivity” parameter.186 The estimation of global
warming takes into account not only the increase in CO2

concentrations but also the rising levels of other greenhouse
gases. The uncertainty range is represented between S = 2.0 °C
and S = 3.1 °C.

X
grid
CO2

¼ 1e� 3$ms
f$LHVf$e

fa
f (29)

ms
f ¼ 3:6$

1

hf
el

$
Es

H2

LHVf

(30)

X comb
CO2

¼ Es
H2
$½ðCs$EsÞ þ ðCw$EwÞ þ ðCh$EhÞ þ ðCo$EoÞ� (31)

mel;fc
f ¼ 1

hf
el

$
Pfc

el

LHVf

(32)

DTðcÞ ¼ S$log2

�
c0 þ Dc

c0

�
(33)

For denitions and explanations of the symbols used, please
refer to the Symbology section.
Table 4 Main parameters of model settings for simulations

Fuel cell energy unit (PEMFC)
Number of cells nc 47
Active area 100 cm2

Catalyst – Pt

Electrolysis unit (PEMEL)
Active area 56 cm2

Catalyst – Pt/Ir
Number of cells nc 6 —

H2storage unit
H2C
Volume storage VH2C 2 Nm3

Minimum pressure pmin 6 bar
Maximum pressure pmax 16 bar

MHD
Volume storage VMHD 3 Nm3

Minimum pressure pmin 11 bar
Maximum pressure pmax 16 bar
Settings, model assumptions and
flowchart

For this purpose, a 1 H2PEM kW system is conceived, with a H2

storage capacity of 5 Nm3.
As planned, the storage volume capacity is selected to ensure

operation for an entire working day, even in the event of an
outage of the external energy network. For the fuel cell unit,
a commercial PEM-based model from Ballard is used as the
reference. It comprises a stack formed by 47 cells. Each cell has
an active area of 100 cm2.187,188

The standard operating conditions for the fuel cell are 80 °C
and 6 bar. The electrolysis unit consists of a stack of 6 electro-
lytic cells, each with an active area of 56 cm2, and operates at
80 °C and 16 bar. It is based on a well-characterized single
electrolytic cell model.189,190 The details of the electrolysis unit
assembly, along with other fuel cell specications, are reported
in a subsequent section.
2446 | Sustainable Energy Fuels, 2025, 9, 2433–2465
The tool is primarily designed for low-capacity H2PEM power
systems (1–10 kW). Its balance of plant focuses on auxiliary
components suitable for small-scale systems, particularly in
terms of thermal management, while the hydrogen storage
section is sized accordingly. In this work, thermal management
is achieved using air. However, for larger systems, it is more
appropriate to implement thermal management using a liquid-
based system.191 As the system size increases, certain governing
parameters may need to be updated or scaled up—such as
improving auxiliary system efficiency, which typically enhances
in larger systems, larger storage capacity, etc.192 These adjust-
ments are straightforward. Specically, when adapting the
thermal management for a larger system, modications would
involve altering the energy balance, replacing the air-based
thermal management system with a liquid-based one, and
changing the mover from a blower to a pump. Furthermore, this
work does not include an additional compressor for hydrogen
pressurization prior to storage. Instead, the innovation lies in
operating at low pressures, where the electrochemical
compression of the electrolyzer is utilized. This approach
leverages the capability of commercial electrolyzers, which are
already capable of operating efficiently at pressures between 15
and 30 bar. Therefore, hydrogen is pressurized in the tanks
directly via electrolyzer.

As anticipated, for this scope the use of metal hydrides for
hydrogen storage becomes more signicant, as their ability to
accumulate large quantities of hydrogen at relatively low pres-
sures is repeatedly emphasized as one of their key advantages.
Ultimately, the H2 storage unit consists of an H2C tank with
a capacity of 2 Nm3, and a MHD tank with a capacity of 3 Nm3.
The rest of the setting parameters can be viewed in the Table 4.

The assumptions for simulations are listed below:
� 0D-detail modeling;
� PEMFC/PEMEL – heat evacuation is considered to take

place exclusively via forced convection of the cooling air, thus
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Model flowchart.
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neglecting the natural (non-forced) convective-radiative heat
exchange with the external environment.

� PEMFC/PEMEL – isothermal process;
� PEMFC/PEMEL – cold start-up and shut-down stages not

considered;
� PEMFC/PEMEL – fast electric response of auxiliary

components;
� MHD – negligible effects from compression work and

viscous dissipation;
� MHD – negligible inuence from radiative heat transfer;
� MHD – local thermal equilibrium with both gas and solid

maintaining the same temperature.
� MHD – isothermal process.
The model is codied, implemented and run in the Matlab/

Simulink computational environment.
The integration of the single components needs to be

managed by a superior control strategy, whose foundation is
based on the model algorithm. Fig. 6 illustrates the owchart
that governs the logic behind the modeling algorithms. A
streamlined representation of the algorithm's computational
blocks is provided, minimizing diagram complexity to ensure
that even less experienced users can easily follow the opera-
tional ows.

The modeling is based on the governing equations detailed in
a previous section. The second step involves the steady-state
characterization, serving as analyzing the system's energy
behavior under various electric currents. This helps determine
system performancemetrics such as electric power, energy usage,
conversion efficiencies, and hydrogen production or consump-
tion. Once the system's performance is mapped, the dynamics
block links the H2PEM system with a higher-level network that
can operate both on-grid and off-grid. This dynamics block
receives an input signal of positive or negative electric power.

This signal activates the system, directing it to the State of
Charge (SOC) verication block. If the SOC exceeds its boundary
This journal is © The Royal Society of Chemistry 2025
limits, the process halts; otherwise, the signal is routed to either
the PEMFC (for DP−) or the PEMEL (for DP+). This routing
results in hydrogen consumption or production, which adjusts
the SOC. In this algorithm, priority is given to the Metal Hydride
(MHD) reservoir, while the Compressed Hydrogen (H2C)
reservoir serves as an emergency or backup system, activating
only when the MHD SOC exceeds its limits.

The computational architecture of the H2PEM system
utilizes a dynamic array to efficiently handle time-variant
signals, leveraging arrays and matrices to optimize data pro-
cessing. Decision-making is carried out through an “if-else/
while/for” structure, with the “if-else” framework being essen-
tial for ON/OFF decisions regarding machine operations and
directing computational signals. The “while” loop is particu-
larly crucial for handling complex variables that require itera-
tive techniques, such as determining the voltage–current
coupling in the electrochemical stack. The model operates
within a thermo-electrodynamic framework, continuously
updated with key variables like enthalpies, ow rates, temper-
atures, and pressures. This ensures the system remains adapt-
able to varying external power conditions while accounting for
system constraints and limitations in terms of response and
capacity.

As deductible from Fig. 2, the primary goal is to characterize
the H2PEM system from both an energy and environmental
perspective.
Validation

The numerical modeling is validated for each component (fuel
cell unit, electrolysis unit, and metal hydride storage) based on
experimental data from the reference literature. Additionally, the
H2PEM power station is dynamically validated as an integrated
system, with comparisons made to experimental data. Details of
the validation process can be found in the authors' prior study.193
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2447
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Fig. 7 System validation during fuel cell (a) and electrolyzer (b) call (black: literature, red: model).
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Furthermore, an additional system model validation is per-
formed with literature data194 referring to a renewable energy
network, containing among the sub-systems also an electrolysis
unit and a fuel cell unit. The conguration and load requests
are recreated in the Matlab/Simulink computational environ-
ment. The simulations are carried out in dynamic regime and
are conducted over a 15-hour time window. Fig. 7 compares
literature data and model results in terms of electric power
exchanged inow and outow as a function of the time loads.
Literature data and model results match for all the investigated
conditions and parameters, indicating the accuracy of the
present methodology.
Energy involvement in steady state
regime

This section presents the energy analysis of the fuel cell and
electrolyzer based on their operating pressures, as usually rec-
ommended by the manufacturers: 6 bar and 80 °C for the
PEMFC, and at 16 bar and 80 °C PEMEL generates hydrogen.
This rst analysis is carried out at varying electric current. The
analysis is then extended to include a broader range of possible
operating temperatures and pressures.
Fuel cell

Fig. 8 illustrates the key stack and system performance
parameters. In particular, the gure is organized into 4 graphs
showing (a) the power curves with the auxiliary contributions,
therefore the net system one, (b) the stack and system efficiency
curve, (c) the hydrogen consumption prole, (d) the prole of
the electrical ratio between the gross power and net system
power. A detailed analysis of the auxiliaries' power consumption
is provided at the end of this section.
2448 | Sustainable Energy Fuels, 2025, 9, 2433–2465
Zooming into chart (a), the electrical power curve of the
system, which reaches its maximum value of about 1376 W just
over 50 A. The electric power curve associated to the auxiliaries
has an increasing value with the current, with a prole that
tends to assume an almost exponential trend at high currents,
and this is mainly due to the high heat to be evacuated due to
the aforementioned irreversibility. Taking into account the
internal electrical self-absorption, the net power of the system
assumes its maximum of about 1073 W at an electric current of
45.28 A. Therefore, about 250 W have to be destined to sustain
the fuel cell as system. This self-sustainability is clearly reected
also in the electrical efficiency. Graph (b) illustrates the stack
and system electrical efficiency proles. The proles have
a trend similar to the polarization curve, therefore with
a decreasing trend with the current. An offset increasing with
current separates the stack efficiency prole from the system
one. The stack efficiency assumes the value of 46% at the
nominal current of 51.28 A, while the electrical system efficiency
assumes the value of 40.5% at the nominal system current of
45.28 A. Graph (c) shows the trend of hydrogen consumption,
which is quite linear, except in the vicinity of the streams where
the polarization by concentration begins to have an inuence.
Clearly, it is worth underlining that the fuel cell is operated in
the safety eld, therefore long before the onset of concentration
phenomena that are dangerous for operation. At nominal
conditions the hydrogen consumption is higher than 12
Nl min−1. Finally, the power ratio (chart (d)) between the stack
electrical power and the net system electrical power reects the
inuence of internal self-absorption. A power ratio close to 1.2
can be considered in the operating range of the fuel cell.
Electrolyzer

Fig. 9 shows the performance analyses for what concerns elec-
trolysis system. It is based on a single cell (characterized in
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Performance charts of the fuel cell unit: (a) electric powers, (b) electric efficiency, (c) hydrogen consumption, (d) power ratio.
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laboratory) and is scaled up to 1 kW to for the purpose of this
work. For this, 6 cell stacked in series are required. The gure is
organized in 4 graphs showing: (a) the voltage and power
curves, (b) the power curves with the auxiliary contributions,
therefore the net system one, (c) the hydrogen production
prole, (d) the system efficiency curve together with the prole
of the electrical ratio between the gross power of system and the
power required by the stack. A nominal hydrogen production of
3 Nl min−1 is estimated. From the voltage and electric power
curve, a supply electrical current of around 73.6 A is calculated,
which reects a voltage of 11.35 V and an electrical power
absorption of about 850 W at stack level. Considering the net
internal self-absorption for the maintenance of the auxiliary
components, the gross power to be allowed in absorption to the
electrolysis system must be increased by approximately 160 W,
bringing the power absorption to over 1 kW. This makes it
possible to evaluate the electrolysis efficiency at the system level
which assumes a parabolic-like prole with the current. The
maximum electrolysis efficiency value is around 55%, for elec-
tric current values of 40 A. At maximum electric current, the
This journal is © The Royal Society of Chemistry 2025
electrolysis efficiency decreases but remains at interesting
values, around 50%.

Auxiliary components are essential for the system's func-
tionality, as they are required for the operation of the PEMFC
and PEMEL. However, they consume energy, which, as
mentioned previously, needs to be supplied by the system itself
for self-sustainability. In this context, the PEMFC and PEMEL
are considered operational aer their respective start-up pha-
ses, which are handled separately. For the PEMFC, auxiliary
functions include air blowing for cooling and temperature
regulation, air supply to the cathode, and heating uids
entering the system, such as hydrogen to the anode and air to
the cathode. Since hydrogen is pressurized in the MHD and
H2C storage tanks, no dedicated mover is necessary for
hydrogen transfer. For the PEMEL, auxiliary functions include
water heating, ambient air blowing for cooling, and water
pumping to ensure proper water ow into the electrolyzer to
maintain its operation.

Fig. 10 presents the charts for the fuel cell unit, breaking
down the power consumption into its key components. In chart
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2449
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Fig. 9 Performance charts of the elecrolysis unit: (a) stack voltage and electric power, (b) power contributions, (c) hydrogen production, (d)
conversion efficiency and power ratio.

Fig. 10 Auxiliary analysis. Powers vs. electric current (a); power vs. electric efficiency (b).

2450 | Sustainable Energy Fuels, 2025, 9, 2433–2465 This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Auxiliary analysis. Powers vs. electric current (a); power vs. conversion efficiency (b).
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(a), it is evident that the power required to blow air into the
cathode is negligible compared to the other contributions. The
power needed to warm the reactant gases, on the other hand,
follows a linear trend with the electric current, reecting its
direct proportionality – as the electric current increases, the
demand for heated reactant uids also increases. The most
signicant power consumption is associated with cooling,
which uses ambient air. Once the fuel cell surpasses the ther-
moneutral condition and begins operating, the heat that must
be evacuated shows an exponential trend, which becomes more
pronounced as the system approaches its nominal operating
conditions. At approximately 55 A, the auxiliary power required
for safe fuel cell operation can exceed 450 W, potentially
becoming the dominant contributor. Chart (b) assesses the
Fig. 12 PEMFC energy mapping. Net electric power delivered (a), net el

This journal is © The Royal Society of Chemistry 2025
relationship between auxiliary power consumption and the
system's electric efficiency. As expected, there is a direct corre-
lation between the two. When auxiliary power consumption
becomes more signicant, the electric efficiency of the fuel cell
declines, dropping to values as low as 20%.

Fig. 11 provides a similar analysis for the electrolysis unit.
For the electrolyzer, a constant volume of water, approaching
the maximum required amount, is continuously heated in
preparation for use.

The heating power required for water typically hovers around
150 W. As the process progresses, air is introduced for cooling
the PEMEL. Below 30–40 A, the cooling air power consumption
is negligible, but it increases to approximately 50 W at the
maximum operating current. As is well-known, electrolysis
ectric (system) efficiency (b).

Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2451

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00257e


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

26
 4

:3
6:

50
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
requires both energy and heat to function. It is also important to
note that the electrolyzer can generate excess heat if the ther-
moneutral condition is surpassed. To maintain temperature
control, this excess heat must be evacuated, and the need for
heat dissipation becomes more signicant at higher currents,
particularly above 40 A.

Discussion

Auxiliary power requirements are crucial factors that impact the
efficiency of the system. This is especially true for smaller-scale
systems, where precise control can be challenging. In this
analysis, the subsystems are assessed from an energy perspec-
tive. As seen in the results, depending on the operational mode,
the PEMFC unit shows a decreasing electric efficiency but an
increasing electric power output, while the PEMEL unit exhibits
increasing conversion efficiency and rising electric power
consumption. In both cases, the auxiliary power consumption is
the primary contributor to inefficiencies. A more comprehen-
sive analysis, considering both technical and economic
parameters, is necessary and should ideally be incorporated
into an optimization framework.

Based on technical and operational constraints (e.g., PEMFC:
highest power output or highest efficiency, with minimal
associated costs; PEMEL: highest hydrogen production or
highest conversion efficiency), the optimization solution will
help determine the optimal operating conditions. Unfortu-
nately, in the case of H2PEM power station installations, their
operation is oen dictated by a higher-level energy network. The
incoming and outgoing energy ows are determined by external
signals. The control strategy plays a signicant role in this: for
example, conguring the H2PEM system to always operate at
nominal or maximum capacity optimizes the devices, mini-
mizing capital expenditure and preventing oversizing.
Fig. 13 PEMEL energy mapping. Gross electric power absorbed (a), con

2452 | Sustainable Energy Fuels, 2025, 9, 2433–2465
Alternatively, the control strategy can be set to prioritize
achieving the highest possible efficiency, in which case system
oversizing should be considered to ensure efficiency is maxi-
mized despite increased capital costs.

Sensitivity analysis and performance mapping. This section
presents the results focused on mapping the performance of
both the PEM fuel cell and PEM electrolyzer. The analysis is
complemented by a sensitivity study, which expands the oper-
ational parameters to include varying working pressures and
temperatures. Specically, a pressure range of 1–30 bar and
a temperature range of 60–90 °C are considered. These oper-
ating conditions are within the feasible limits of the
technologies.

The goal of these analyses is to identify the most advanta-
geous operating conditions from an energy efficiency perspec-
tive and to generate a detailed performance mapping for both
energy units. The electric power delivered by the fuel cell and
absorbed by the electrolyzer, along with their respective energy
conversion efficiencies, are carefully assessed. New 3D charts
are introduced, with each chart accompanied by the corre-
sponding 3D equations, derived using the Matlab tting App. It
is important to highlight that the kit of 3D equations can be
useful for researchers and professionals, as it provides easily
accessible data for application without the need for developing
complex models or running computationally intensive
simulations.

Fig. 12 illustrates the performance mapping for the fuel cell
unit. Chart (a) shows the net electric power delivered, while
chart (b) represents the electric efficiency at the system level. It
can be observed that power increases with both temperature
and pressure. As expected, temperature positively inuences
ohmic polarization, and pressure enhances the Nernst voltage
and gas diffusion. To present some specic values, the
version (system) efficiency (b).

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Overall H2PEM system efficiency vs. load.
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minimum electric power delivered occurs at 1 bar and 60 °C,
with a value close to 600 W. The maximum electric power is
achieved at 90 °C and 30 bar, where it more than doubles,
reaching over 1200 W. Other values can be easily extracted from
chart (a). When examining the system efficiency of the fuel cell
unit, a distinct pattern emerges. The efficiency curve exhibits an
‘S’ shape with respect to pressure and a ‘U’ shape with respect to
temperature. As known, pressure is generally benecial for
efficiency, but its effect diminishes at higher temperatures. At
lower temperatures (60 °C), the highest efficiency (close to 43%)
is observed at the highest pressure. However, at higher
temperatures (90 °C), the highest efficiency occurs not at the
highest pressure, but around 20 bar, where the efficiency
approaches a value slightly above 43%. This is due to the less
pronounced effect of temperature on efficiency at higher pres-
sures. The ‘U’ shape effect due to temperature is attributed to
the energy required to heat the incoming uids into the PEMFC.
At lower temperatures (60 °C), the energy expenditure for
heating the uids is minimal, resulting in a benecial effect on
efficiency. Conversely, as the temperature increases, the energy
required to heat the uids becomes more signicant, which
reduces the efficiency. At approximately 75 °C (1 bar), the lowest
efficiency is observed. However, as the temperature continues to
rise, the energy gain from the higher temperature exceeds the
energy loss, and the efficiency begins to increase again.

Fig. 13 presents similar analyses for the electrolysis unit in
chart form. From a thermo-electrochemical perspective, the
trends observed are consistent with those seen in the fuel cell
unit. As shown in chart (a), the electric power required by the
electrolysis unit to produce hydrogen increases as the temper-
ature decreases. This is because the energy expenditure due to
overpotentials outweighs the benet gained from lower heat
loss during water heating. As is well-known in theory, higher
pressures reduce the electric power absorption. The most
challenging operating condition in the assessed range occurs at
1 bar and 60 °C, where the electric power demand exceeds
1050 W. Conversely, the optimal condition is at 90 °C and 30
bar, where the power requirement drops signicantly, staying
below 1000 W. In chart (b), the conversion efficiency of the
electrolyzer follows a similar pattern to the power absorption.
This journal is © The Royal Society of Chemistry 2025
Under the worst condition (1 bar, 60 °C), the conversion effi-
ciency is approximately 51.5%. At the best condition (30 bar, 90
°C), the efficiency approaches 55%.

Another insightful analysis involves presenting the overall
energy efficiency of the H2PEM system as a function of the load.
In this context, load refers to the current electric power
exchanged (either incoming or outgoing) divided by the
maximum value (approximately 1 kW). Fig. 14 illustrates this
relationship. As seen in the chart, the overall H2PEM efficiency
prole follows a parabolic curve, which attens in the central
region of the loads. This chart is valuable because it highlights
the operational load ranges where inefficiencies are minimized
and where the H2PEM power station likely delivers its best
performance. Specically, it can be concluded that within the
load range of 30–90%, the H2PEM efficiency remains above
25%. The highest efficiency, approximately 30%, is observed
around 55% of the load.

An analysis of the ndings reveals that they are consistent
with those reported in the literature and examined in this
study.10,107,127

Dynamic energy analysis

The dynamic simulations are designed to evaluate the system's
response to uctuations in external electric power, specically
surplus or decits in the network. The aim of this paper is to
validate the tool, so the simulations involve a random signal
representing positive (surplus: DP+) and negative (decit: DP−)
power variations, which reect the characteristics of an energy
network predominantly powered by renewable sources. The
simulations are conducted over a period of 90 000 seconds, with
hypothesys of power variations occurring in cycles of 3600
seconds.

Fig. 15 illustrates the dynamics of the H2PEM power station,
including: (a) the D power inputs, (b) the state SOC of the MHD
and H2C, (c) the power response of the PEMFC, (d) the
dynamics of hydrogen consumption and production, (e) the
power response of the PEMEL, and (f) the energy efficiency.
Generally, the activation of the electrolyzer corresponds to
power surpluses, while the activation of the fuel cell corre-
sponds to power decits. However, this pattern may vary due to
the control logic, which considers both SOC limits and the
operational constraints of the electrolyzer and fuel cell. For
example, if the power surplus does not exceed the auxiliary
power requirements of the electrolyzer plus a safety threshold,
the control logic may not activate the electrolyzer.

Analogously, the fuel cell is activated if the power to be
compensated is higher than its auxiliary absorption. The fuel
cell can compensate for power decits up to its maximum
nominal power. Additionally, the system's operation is con-
strained by the SOC of the hydrogen storage units. The
minimum SOC for MHD storage is set at 30%, while for the H2C
storage, it is set at 50%. As depicted in Fig. 15b, the primary role
in meeting power demands is fullled by the MHD, with the
H2C providing supplementary support once the MHD reaches
its minimum SOC (around 10 000 seconds). When both the
MHD and H2C storage units hit their minimum SOC levels, the
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2453
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Fig. 15 Dynamic simulations – (b): black, (r): red. Electric power variation (a), SOC of H2 reservoirs (b), fuel cell power (c), consumption and
production of H2 (d), electrolyzer power (e), fuel cell and electrolyzer efficiency (f).

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

26
 4

:3
6:

50
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
H2PEM system can no longer address power shortages and
must wait for a power surplus to regenerate hydrogen pressure.
This scenario is evident between 30 000 and 50 000 seconds. By
approximately 50 000 seconds, the MHD tank has been repres-
surized. The control logic allows the H2C to be repressurized
when the MHD reaches 100% SOC. Consequently, hydrogen
from the MHD is used to meet electric power requests, as
observed around 80 000 seconds. Fig. 15 f illustrates the effi-
ciency of the machines, with the PEMFC efficiency uctuating
2454 | Sustainable Energy Fuels, 2025, 9, 2433–2465
around 45%, peaking above 50%, while the PEMEL efficiency
averages 50%, with peaks exceeding 55%.

Within the broader context of the energy transition, the
network would predominantly rely on renewable sources. It
should be emphasized that the numerical tool has successfully
been tested for rapid electric load variations, demonstrating
how the system effectively responds to rapid electric load
changes, occurring within seconds.193
This journal is © The Royal Society of Chemistry 2025
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Table 5 Parameters for environmental analysis

Scenario Energy share Fossila Solar Wind Hydro

1 Fossil 100% — — —
2 Share (Italy 2023) 72.2% 4.83% 9.8% 13.18%
3 All renewable — 17.4% 35.2% 47.4%
CO2 equivalent emission factor [kgCO2eq

MW−1 h−1]
307.7 48 11 24

Reference / 195 184 184 184

a Fossil-based energy is intended as thermal power plant fed by natural gas.

Table 6 Specific results of the environmental analysis

Scenario Energy share CO2 emissions [kgCO2
kgH2

−1] Fuel used [kgfuel kgH2

−1] Temperature increase DT [°C ppmCO2

−1]

1 Fossil 93.36 11.74 10.5 × 10−3

2 Share (Italy 2023) 14.91
3 All renewable 1.539
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CO2 emissions and climate-change
related implications

This section presents the results of the environmental analysis
for the three hypothesized scenarios. For the benet of the
reader, the scenarios are repeated.

Scenario 1: hydrogen is produced using electricity sourced
entirely from the grid, with the assumption that all energy
comes from fossil fuels.

Scenario 2: hydrogen production relies on electricity from
the Italian grid. According to the “TERNA Driving Energy”
report (TERNA is the operator of the Italian high and very high
voltage electricity transmission network – https://www.terna.it/
it), the energy mix for 2023 was as follows: 72.2% from fossil
fuels (primarily natural gas power plants), 4.83% from solar
photovoltaic plants, 9.8% from wind energy, and 13.18% from
hydroelectric power plants.

Scenario 3: hydrogen is produced using a network powered
entirely by renewable energy. This scenario assumes that fossil
energy is completely phased out, with the energy mix being fully
renewable.
Fig. 16 CO2 emissions and saving: (a) instantaneous, (b) cumulated. Co

This journal is © The Royal Society of Chemistry 2025
Table 5 lists the parameters used, including the energy share
and the CO2 emission factors for each energy source. CO2

emission factors are taken from highly reputed documents. The
CO2 emission factor for the Italian power plants (powered by
natural gas) is taken from the official report “Emission factors
for electricity production and consumption in Italy, 2024” of the
Italian Institute for Environmental Protection and Research.195

Regarding the renewable energy plants, the CO2 emission
factors of Solar, Wind and Hydro power plants, are taken from
the recent study (2023) of Aghakhani et al.184 It is very important
to underline that in all cases the CO2 emission factor must be
intended as CO2 equivalent, thus including the effects of the
other known greenhouse gases, such as methane and oxides of
nitrogen. These values consider the entire life cycle of the
plants, including the energy used for the construction.

Based on the above premises, the CO2 emission factors of the
natural gas-powered plants is equal to about 308 kgCO2eq MW−1

h−1. The emission factors of solar, wind and hydro power plants
are respectively: 48, 11, 24 kgCO2eq MW−1 h−1.

Table 6 details the specic results of the environmental
analysis, including CO2 emissions per kilogram of hydrogen
mparison between scenario 1 and 2.

Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2455
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Fig. 17 Climate change: temperature increase associated to CO2 emissions. (a) instantaneous, (b) cumulated. Comparison between scenario 1
and 2.

Fig. 18 CO2 emissions and savings: (a) instantaneous, (b) cumulated. Comparison between scenario 1 and 3.

Fig. 19 Climate change: temperature increase associate to CO2 emissions. (a) instantaneous, (b) cumulated. Comparison between scenario 1
and 3.
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produced for each scenario. In Scenario 1, where hydrogen is
produced entirely using electricity from fossil fuels, CO2 emis-
sions amount to 93.36 kgCO2

kgH2

−1. In Scenario 2, which
reects the energy mix in Italy for 2023, CO2 emissions decrease
to 14.91 kgCO2

kgH2

−1. The most favorable Scenario 3, utilizing
2456 | Sustainable Energy Fuels, 2025, 9, 2433–2465
only renewable energy sources, reduces CO2 emissions to 1.539
kgCO2

kgH2

−1. The analysis also calculates the temperature
increase associated with CO2 concentration changes, showing
a rise of 10.5 × 10−3 °C per ppm of CO2 emitted into the
atmosphere. This result is consistent with experimental
This journal is © The Royal Society of Chemistry 2025
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evidence, showing a temperature change of approximately 0.1 °
C for every 10 ppm increase in CO2 concentration.

Fig. 16–19 display simulations conducted over 90 000
seconds to better illustrate system dynamics, including both
instantaneous and cumulative values. These gures indicate
that by the end of the simulations, the H2PEM power station
can avoid approximately 15 kg of CO2 when powered by the
energy mix of Scenario 2 (green chart in Fig. 16(b)). Scenario 3
achieves a greater reduction, avoiding more than 17 kg of CO2

(green chart in Fig. 18(b)). Comparing temperature increases,
Scenario 1 results in a DT of about 15 × 10−15 °C (Fig. 17(b)),
Scenario 2 results in DT of approximately 2.4 × 10−15 °C, and
Scenario 3 shows a DT of only 2.5 × 10−16 °C (Fig. 19(b)). This
demonstrates a reduction of 60 times when transitioning from
fossil to renewable energy sources.

For a more comprehensive analysis, it is important to consider
existing technologies in similar applications, particularly in inte-
grated electric networks. Conventional and mature technologies,
such as Internal Combustion Engines (ICE) and Gas Turbines
(GT), should be included in this context. While these technologies
are still far from being fully compatible andmature with hydrogen,
some research papers provide both numerical and experimental
studies on their potential use with hydrogen. In a realistic scenario,
ICEs and GTs would be fueled with natural gas from the existing
distributed infrastructure. In such cases, the analysis becomes
straightforward, with the CO2 emission factor chosen to corre-
spond to ICEs and GTs operating on natural gas.

Conclusions

This paper presented the development of a numerical tool
devoted to energy and environmental assessment, when a 1 kW-
H2PEM power station interacts with a superior energy network.
Central to this endeavor was the deployment of a robust
hydrogen storage entity, engineered to bolster system reliability
and adaptability. The H2PEM is composed of a PEM fuel cell
(PEMFC), PEM electrolyzer (PEMEL), compression (H2C) and
metal hydride (MHD) storage reservoirs.

A series of simulations was conducted to characterize the
system's energy performance and dynamics. The results
revealed a nominal electric efficiency of 40.5% for the fuel cell
system and 55% for the electrolysis unit, operating at pressures
of 6 and 16 bar, respectively. The modeling framework is
regulated to maintain a constant temperature (conventionally
80 °C) carefully analyzing heat exchange dynamics required by
uctuations in electric current. The system is managed by
a control logic that accounts for technical and operational
constraints, including SOC limits and the operating conditions
of both the electrolyzer and the fuel cell. The MHD plays
a primary role in meeting power demands, while the H2C
provides additional support once the MHD reaches its
minimum SOC. When both the MHD and H2C storage units
reach their minimum SOC levels, the H2PEM system cannot
address power shortages and must await a power surplus to
regenerate hydrogen pressure in tanks.

A comprehensive energy analysis was conducted to map the
overall performance of the H2PEM power station, identifying
This journal is © The Royal Society of Chemistry 2025
the most favorable operating conditions for achieving high
system efficiency.

The tool was also dynamically tested with random-variable
electric power inputs over a simulation period of 90 000
seconds to assess the system's robustness and resilience. The
results showed that the PEMFC efficiency varied around 45%,
with peaks exceeding 50%, while the PEMEL efficiency averaged
50%, with peak values surpassing 55%.

The environmental analysis, which examines CO2 produc-
tion and related temperature changes, was conducted under
three scenarios: (1) electrolysis powered by electricity from
a fossil-fuel-based grid, (2) electrolysis powered by the electricity
grid based on Italy's 2023 energy mix, and (3) electrolysis pow-
ered entirely by renewable energy sources (composed of solar,
wind, and hydro plants according to 2023 Italy's renewables'
share). In Scenario 1, CO2 emissions amount to 93.36 kgCO2

kgH2

−1. Scenario 2, reecting the 2023 Italian energy mix,
reduces CO2 emissions to 14.91 kgCO2

kgH2

−1.
The most favorable Scenario 3, utilizing solely renewable

sources, reduces CO2 emissions further to 1.539 kgCO2
kgH2

−1.
The temperature increase associated with CO2 concentration
changes is 10.5 × 10−3 °C per ppm of CO2 emitted into the
atmosphere. Dynamic analysis, using random power exchange
conditions over 90 000 seconds, showed that the H2PEM power
station can avoid approximately 15 kg of CO2 with the energy
mix of Scenario 2 and more than 17 kg of CO2 with Scenario 3.
Temperature increase comparisons reveal that Scenario 1
results in a DT of about 15 × 10−15 °C, Scenario 2 yields DT of
approximately 2.4 × 10−15 °C, and Scenario 3 results in a DT of
only 2.5 × 10−16 °C.

Future work will enhance the numerical tool by integrating
a comprehensive model of the overarching energy network,
including components such as photovoltaic systems, wind
turbines, the electricity grid, and battery storage, all of which
will supply a potential user. Additionally, a comprehensive
environmental impact life cycle assessments will be developed
according to structures and material used for such systems.
Future research directions

Building upon the ndings of this study, future work could
explore the integration of additional renewable energy sources
such as biomass, wind, geothermal power (even the low-quality
heat technology of the Organic Rankine Cycle) into and together
the H2PEM system, further enhancing its exibility and
sustainability. Additionally, investigating different congura-
tions of the hydrogen storage system, such as hybrid systems
combining metal hydride storage with compressed gas storage,
could offer new insights into improving system performance
and resilience. The development of a more advanced control
logic, capable of optimizing energy management across diverse
renewable inputs, would also contribute to improving the
operational efficiency of the system. Finally, long-term experi-
mental validation of the model's predictions under real-world
conditions could help to rene the system's performance and
robustness, providing more reliable guidance for large-scale
deployment.
Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2457
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Symbology

Table 7 includes denitions and explanations of the symbols
used in this paper.
Table 7 Symbology

Symbol Unit of measure Meaning

General
P W Power

Ct J K−1 Thermal capacity

Pin W Generic input power

Pout W Generic output power

p bar Pressure

p0 bar Reference pressure

T °C Temperature

ne — Number of electrons

Fa C mol−1 Faraday constant

R J mol−1 K−1 Gas constant

nc — Number of cell

Pcoolblow W Generic electric power for blower working
_Vcool
air Nl min−1 Flowrate of generic air cooling

Dptot bar Pressure losses

hblow — Blower efficiency

Pwarmfluid W Generic electric power for uid warming

hwarmel — Electric efficiency of generic electric warmer

Finfluid mol s−1 Flowrate of generic input uid

D~hinuid J mol−1 Enthalpy of generic input uid

P
(el–warm)
fc/el W Generic electric power for device warming

mfc/el kg Generic mass of device

cp J mol−1 K−1 Specic heat

DT °C Temperature variation

Fw — Friction factor

3a mm Absolute rugosity

deq mm Equivalent diameter

y m2 s−1 Cinematic viscosity

r kg m−3 Mass density

rco — Factor for distributed head losses calculation

Dpd bar Distributed pressure losses

nl — Number of channels

lair cm Length of channel

Dpc bar Concentrated pressure losses

c — Factor for concentrated head losses calculation

cair m s−1 Air velocity

C Farad Capacity

Ran U Anodic resistance

Rmem U Electrolyte resistance

Rcat U Cathodic resistance

Vreal V Real voltage at terminals

Van V Anodic voltage

Vcat V Cathodic voltage

Vint V Internal voltage

i A Electric dynamic current

Es
H2
ðtÞ J Hydrogen energy stored at time t

Emax
H2

J Maximum hydrogen energy stored

2458 | Sustainable Energy Fuels, 2025, 9, 2433–2465 This journal is © The Royal Society of Chemistry 2025
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Table 7 (Contd. )

Symbol Unit of measure Meaning

SOC(t) — or % State of charge of H2 storage unit

f ampl
FC — Amplication factor in fuel cell

f ampl
EL — Amplication factor in electrolyzer

DPfc− W Electric power to be erogated by the fuel cell unit

DPel+ W Electric power to be absorbed by the electrolysis unit

Q, E, 30, s, d Parameters related to capacitance calculation (eqn (6))

d.ðtÞ
dt

Time derivative

Fuel cell
Vfc
c V Single cell voltage

EN_fc V Nernst voltage

A — Modeling parameter in activation

jfc A cm−2 Electric current density

jn A cm−2 Electric current density

j0 A cm−2 Exchange electric current density

jL A cm−2 Limiting electric current density

ASR U cm−2 Area specic resistance

B — Modeling parameter in concentration

ifc A Electric current

Ac,fc cm2 Active surface

P(p)th W Produced thermal power

D~g0fc (T, p0) J mol−1 Gibbs free energy variation for fuel cell

D~hr,H2
J mol−1 Electrochemical reaction

lH2,fc — Hydrogen supply excess factor

lO2,fc — Oxygen supply excess factor
_Vout
an Nl min−1 Output anodic owrate
_Vout
cat Nl min−1 Output cathodic owrate

V
� ðrÞ
H2

Nl min−1 Reacted hydrogen owrate

V
� ðrÞ
O2

Nl min−1 Reacted oxygen owrate

V
� ðpÞ
H2O

Nl min−1 Produced water owrate

V
� ðinÞ
H2

Nl min−1 Input hydrogen owrate

_V in
air Nl min−1 Input air owrate

Pstack(gross)FC W Stack gross electric power

P(p)el W Produced electric power

P(net,out)DC/DC W Net electric power at DC/DC terminals

DP(out)DC/DC W Power loss at DC/DC

P(sup)AIR W Electric power for air supply

P(cool)AIR W Electric power for air cooling

P(el-warm)
fc W Electric power for fuel cell warming

P(warm)
in-gas W Electric power for entering gas heat-up

Pair,inblow W Electric power for blow working

hfcel — or % Electric efficiency

F in
H2

mol s−1 Hydrogen input owrate

D~h
in
H2

J mol−1 Hydrogen input enthalpy

FinAir mol s−1 Air supply input owrate

D~hinAir J mol−1 Air supply input enthalpy

V fc
tn V Thermoneutral voltage of the fuel cell stack

V fc
st V Voltage of the fuel cell stack

F in,cool
Air mol s−1 Air cooling input owrate

This journal is © The Royal Society of Chemistry 2025 Sustainable Energy Fuels, 2025, 9, 2433–2465 | 2459
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Table 7 (Contd. )

Symbol Unit of measure Meaning

D~hin,coolAir J mol−1 Air cooling input enthalpy

Fout
H2O mol s−1 Output water owrate

D~h
out
H2O

J mol−1 Output water enthalpy

F out
Air mol s−1 Output air supply owrate

D~houtAir J mol−1 Output air supply enthalpy

F out,cool
Air mol s−1 Output air cooling owrate

D~hout,coolAir J mol−1 Output air cooling enthalpy

Electrolyzer
V el
c V Single cell voltage

EN_el V Nernst voltage

iel A Electric current

Ac,el cm2 Active surface

P(gen)th W Generated thermal power

D~g0el (T,p0) J mol−1 Gibbs free energy variation for fuel cell

D~hr,H2O Electrochemical reaction

lel — Water supply excess factor
_Vout
cat Nl min−1 Output cathodic owrate
_Vout
an Nl min−1 Output anodic owrate

V
� ðpÞ
O2

Nl min−1 Produced oxygen owrate

V
� ðinÞ
H2O

Nl min−1 Input water owrate

V
� ðrÞ
H2O

Nl min−1 Reacted water owrate

Pstack(net)EL W Net electric power at stack terminals

P(us)el W Used/absorbed electric power

P(gross,in)DC/DC W Gross electric power at DC/DC terminals

DP
ðinÞ
DC
DC

W Power loss at DC/DC

P(cool)AIR W Electric power for air cooling

P
ðwarmÞ
H2O

W Electric power for entering water heat-up

P(el-warm)
el W Electric power for warming

helH2
— or % Hydrogen production efficiency

F in
H2O

mol s−1 Water input owrate

D~h
in
H2O

J mol−1 Water input enthalpy

Fin,coolAir mol s−1 Air cooling input owrate

D~hin,coolAir J mol−1 Air cooling input enthalpy

V el
tn V Thermoneutral voltage of the stack

V fc
st V Voltage of the stack

Fout
H2

mol s−1 Output hydrogen owrate

D~h
out
H2

J mol−1 Output hydrogen enthalpy

Fout
O2

mol s−1 Output oxygen owrate

D~h
out
O2

J mol−1 Output oxygen enthalpy

F out,cool
Air mol s−1 Output air cooling owrate

D~hout,coolAir J mol−1 Output air cooling enthalpy

Hydrogen compression tank – H2C
pH2CðtÞ Pa Pressure of hydrogen in H2C at time t

Vtank m3 Tank volume

mH2ðtÞ kg Hydrogen stored at time t

z — Factor for real gas

2460 | Sustainable Energy Fuels, 2025, 9, 2433–2465 This journal is © The Royal Society of Chemistry 2025

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

6/
20

26
 4

:3
6:

50
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5se00257e


Table 7 (Contd. )

Symbol Unit of measure Meaning

MWH2
g mol−1

Es;H2C
H2

ðtÞ J Hydrogen energy stored at time t

E
s;max;H2C
H2

J Maximum hydrogen energy stored at time t

LHVH2
J g−1

Hydrogen metal hydride tank – MHD
pMHD bar Pressure

peq bar Equilibrium pressure

La* — Lacher function

Dhr,MHD J mol−1 Reaction enthalpy in MHD

Dsr,MHD J mol−1 K−1 Reaction entropy in MHD

TMHD °C Working temperature

Tc °C Critical temperature

q — Concentration ratio

a1, a2, n1, n2, k1, k2 — Modeling parameters

c(t) — Hydrogen concentration at time t

cmax — Maximum hydrogen concentration

mH2,MHD(t) kg Hydrogen mass stored at time t

mmax
H2 ;MHD kg Maximum mass energy stored

E
s;MHD
H2

ðtÞ J Hydrogen energy stored at time t

E
s;max;MHD
H2

J Maximum hydrogen energy stored

Enviromental analysis and climate change implications

X
grid
CO2

kgCO2
kgH2

−1 CO2 emissions associated to electrolysis entirely powered by fossil energy

t kg−1 1 × 10−3

ms
f kgf kgH2

−1 Specic mass ow rate of fuel

LHVf GJ t−1 Low heart value of fossil fuel

efaf kgCO2
GJ−1 Co2 emission factor

(GJ/t) (kg/kW h)−1 3.6

hfel — Electric efficiency of power plant fed by fossil fuel

Es
H2

kW h kgH2

−1 Specic electric energy of electrolysis

X comb
CO2

kgCO2
kgH2

−1 CO2 emissions associated to combustion of fossil fuel

Cs, Cw, Ch, Co % MW h Energy share (solar, wind, hydro, rest)

Es, Ew, Eh, Eo kgCO2
MW−1 h−1 CO2 emission factor per energy source

S °C Climate sensitivity factor

c0, Dc ppm Initial and delta concentration of CO2

DT(c) °C Temperature variation (increase)
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Data availability

The data used for the validation of the tool can be consulted via
the associated reference. The code of this work was developed
in-house using the Matlab/Simulink environment on Matlab
version 2022a. All results are generated via code executions and
are presented as graphs.
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