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Broader Context

Green hydrogen is widely regarded as a key energy vector for the energy transition, calling for
a rapid development and deployment of green hydrogen technologies. The literature has been
offering a growing number of Life Cycle Assessment (LCA) studies assessing their
environmental performance. However, these LCAs are based on heterogeneous
methodological choices that often make their findings not directly comparable, and prevent the
field from fully capitalizing on this expanding body of work. This lack of consistency ultimately
complicates decision-making related to investments, infrastructure development, and policy
design. This paper proposes (i) a harmonized methodological framework for the LCA of the
green hydrogen supply chain applicable to any technological contexts and applications, and
(i) its operationalization into an Open-Source software tool (HTWOL) for stakeholders with
different levels of expertise: from technology developers aiming to improve the eco-design of

electrolysers and fuel cells to energy planners and decision-makers that aims to improve their
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understanding on the environmental relevancy of hydrogen technologies. The results

demonstrate that hydrogen appears most relevant for hard-to-electrify sectors (chemical
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feedstock production or long-distance shipping). It is generally not environmentally competitive
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in applications where direct electrification is feasible (automobile transportation or heat

generation).
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Abstract

Despite a growing number of life cycle assessment (LCA) studies on green hydrogen
technologies, a lack of harmonization in how to scope the LCA modeling framework and
transparently disseminate results prevents the field from fully capitalizing on this expanding
body of knowledge. This paper presents a harmonized LCA framework to support a consistent
assessment of green hydrogen supply chains and comparison with functionally equivalent
alternatives. The framework guides the practitioners to define the functional unit, tailored to six
identified end-use applications of hydrogen. The process tree is developed as a unified and
agile modular structure applicable to describe the value chain of any green hydrogen
technology, each module representing a standalone building block that can be modified or

replaced within the product system. It provides a parametrized inventory model linking the
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flows of the product systems to key parameters characterizing their design or pesformanee:co7747+
The framework has been implemented in a dedicated LCA tool (the HATWOL), supported by a
library of modules representing pre-set configurations of elementary processes (e.g.,
electrolyser technologies), enhancing accessibility for users with varying levels of expertise.
The framework has been successively applied to representative use cases. Results show the
importance of ensuring low-impact energy supply and always striving to maximize the overall
energy-efficiency in delivering the functional units. Environmentally relevant deployment of
green hydrogen technologies would target end-use applications with no viable fossil
substitutions (e.g., production of ammonia) and long-term renewable electricity storage. Efforts

toward direct electrification and demand reduction must continue in parallel.
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Broader Context DOI: 10.1039/D5EE07747H

Green hydrogen is widely regarded as a key energy vector for the energy transition, calling for
a rapid development and deployment of green hydrogen technologies. The literature has been
offering a growing number of Life Cycle Assessment (LCA) studies assessing their
environmental performance. However, these LCAs are based on heterogeneous
methodological choices that often make their findings not directly comparable, and prevent the
field from fully capitalizing on this expanding body of work. This lack of consistency ultimately
complicates decision-making related to investments, infrastructure development, and policy
design. This paper proposes (i) a harmonized methodological framework for the LCA of the
green hydrogen supply chain applicable to any technological contexts and applications, and
(i) its operationalization into an Open-Source software tool (HTWOL) for stakeholders with
different levels of expertise: from technology developers aiming to improve the eco-design of
electrolysers and fuel cells to energy planners and decision-makers that aims to improve their

understanding on the environmental relevancy of hydrogen technologies. The results
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demonstrate that hydrogen appears most relevant for hard-to-electrify sectors (chemical
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in applications where direct electrification is feasible (automobile transportation or heat

generation).
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List of abbreviations

AEL, Alkaline Electrolyser

AFC, Alkaline Fuel Cells

AEMEL, Anion-Exchange Membrane Electrolyser
AEMFC, Anion-Exchange Membrane Fuel Cells
BEV, Battery Electric Vehicle

BoP, Balance-of-Plant

CC, Climate Change

EoL, End-of-Life

EQ, Ecosystem Quality

FC&EL, Fuel Cells and Electrolyser

FCEV, Fuel Cell Vehicle

FU, Functional Unit

GV, Gasoline Vehicle

HH, Human Health

HHV, Higher Heating Value

IW+, Impact World +

KOH, Potassium hydroxide

LCA, Life Cycle Assessment

LCI, Life Cycle Inventory

LCIA, Life Cycle Impact Assessment

LHV, Lower Heating Value

PEMEL, Proton-Exchange Membrane Electrolyser

PEMFC, Proton-Exchange Membrane Fuel Cells
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PSA, Pressure Swing Adsorption DOI: 10.1039/D5EE07747H
SMR, Steam Methane Reforming

SOEL, Solid Oxide Electrolyser

SOFC, Solid Oxide Fuel Cells

TRL, Technology Readiness Level

1. Introduction

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1.1 - Motivations
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Although interest in hydrogen dates to the oil crisis of the 1970s ', the molecule is re-emerging

(cc)

as a potential solution for decarbonization efforts 2. In particular, water electrolysis has gained
renewed attention as a promising pathway for producing hydrogen using electricity 5-°. Fuel
Cells and Electrolyser (FC&EL) technologies form the backbone of this hydrogen economy,
enabling the reversible conversion between electricity and hydrogen. Electrolyser technologies
use electricity to split water into hydrogen and oxygen, proposing an electrified alternative to
fossil-based hydrogen typically obtained by Steam Methane Reforming (SMR). Fuel cell

technologies perform the reverse electrolysis process, converting hydrogen back into
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electricity. Several literature reviews described a list of existing and potential applications-of:07747+

FC&EL technologies'®-'3. The so-called green hydrogen produced by electrolysers supplied
with renewable electricity can serve as a cleaner industrial chemical platform for traditional
applications (e.g., reducing agent in metal transformation or reagent for chemical synthesis).
Beyond its use as an industrial chemical platform, the development of green hydrogen paves
the road for emerging hydrogen applications. By coupling electrolysers and fuel cell systems,
green hydrogen can serve as an energy carrier to facilitate the integration of renewable
sources in the energy mix by offering a flexible solution for energy storage and grid balancing.
The mobility sector is also seeking to replace conventional fuels with green hydrogen by
developing hydrogen-based fuel’® and by developing vehicles equipped with fuel cell

powertrains 1516,

FC&EL technologies can be broadly categorized into two main families based on their
operating temperature %17-'9, Low-temperature systems operate with liquid water at
temperatures typically ranging from 60 to 80 °C and include alkaline electrolysis (AEL) and
proton exchange membrane (PEM) technologies, both of which are commercially mature.
Alkaline electrolysers are cheaper and more robust, while PEM offers highly flexible operation.
An emerging variant within this category is the anion exchange membrane (AEM) technology,
which is still at a low Technology Readiness Level (TRL 6/7). In contrast, high-temperature
systems operate with steam at temperatures between 600 and 1000 °C. These systems offer
higher electrical efficiency due to favorable thermodynamics and kinetics at elevated
temperatures, but require significantly more heat input, and their operation offers low flexibility
due to the high temperature of operation. Solid oxide (SO) technologies are the most

developed among high-temperature systems, but they remain at the pilot or demonstration
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stage (TRL 8). Solid oxide system can be reversible — working both in electrolyser and fuehgelic, 1

mode (r-SOC) 2°. To supply hydrogen to its various end-use applications, these FC&EL
technologies must be integrated into complete supply chains 21%.1321, These include electricity
generation, hydrogen conversion via electrolysis, gas preparation and purification, storage and
distribution infrastructures, and potential reconversion of hydrogen into electricity using fuel
cells. Each stage of this chain involves material and energy inputs that contribute to the overall

environmental profile of the green hydrogen value chain.

As green hydrogen gains attention, several Life Cycle Assessment (LCA) have been
performed to assess their environmental performance. LCA offers a standardized framework
for quantifying the environmental impacts of a product or system across its entire supply chain
2223 Understanding the environmental impacts of FC&EL systems is essential for at least
three reasons. First, hydrogen is often portrayed as a "flagship" or “the most promising

technology” for the ecological transition 3524, but without a critical and systemic evaluation, its

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

true potential and limitations remain unclear. It is therefore crucial to assess the potential

environmental impacts of FC&EL technologies over the entire supply chain, and to compare

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)

them with existing technological systems fulfiling the same function. Second, the material
composition and the efficiencies differ between the families of technology (SO, AEM, PEM,
Alkaline) °. A comparison of the environmental performances of the different FC&EL
technologies specific to each application (i.e., function and technical requirements) would
enable a tailored development of the most promising technologies. Third, as FC&EL are still
emerging technologies, they present a unique opportunity to integrate eco-design strategies
at the early stage of their development 2526 through the identification of their environmental

hotspots and the most sensitive parameters affecting their environmental performances and
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by identifying the risk of burden shift of proposed innovations. These threeoquestions:o i
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correspond to the intended objectives that an LCA of FC&EL technologies can pursue.

According to ISO 14044 standards 2223, LCA must be tailored to the goal of the study, including
the specific type(s) of technology being developed, the end-use application(s) of the hydrogen
produced, the regional and temporal context, and the intended objectives of the study. Yet, to
date, there is no comprehensive LCA framework capable of consistently assessing any FC&EL
system—regardless of family, application, or study objective. As a result, a wide variety of LCA
models have emerged, each using different assumptions and terminology adapted to their
particular technologies and applications. The consequence is that existing case studies are
often neither comparable nor generalizable across different applications and technologies.
From a systemic perspective, this fragmentation hinders a coherent understanding of green
hydrogen potential across its diverse technologies and applications. Notably, no study has yet
succeeded in providing a comprehensive overview of these technologies, indicating that the
field is not yet fully capitalizing on the extensive knowledge and datasets generated so far by

the rapidly growing body of LCA research.

1.2 - Critical analyses of green hydrogen LCA frameworks and case studies

A structured literature review of existing LCA studies on green hydrogen is conducted to
identify methodological gaps hindering harmonization. Nine green hydrogen LCA reviews 2127~
34 complemented by two additional methodological contributions 235, thirty-six practical LCA
use cases 73672 and five techno-economic analyses 7377 have been reviewed (see
Supplementary Information SI-1). This review highlights the following methodological

inconsistencies and limitations. (i) Two types of functional unit (FU) are flexibly used to quantify
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the system’s primary function and serve as the basis for comparison: thosecbased,®n:077471
intermediate hydrogen products (e.g., kg or kWh of Hz produced) and those reflecting the final
service delivered by the hydrogen (e.g., km driven, MJ supplied). (ii) Key processes of the
supply chain delivering the final service are often omitted without justification: for instance,
storage, distribution, hydrogen leakage, end-of-life, or core stack components such as end-
plates or current collectors (iii) Life cycle inventories (LCI), which quantify physical input and
output flows of the product systems, are mainly based on static datasets (i.e., fixed or
aggregated values) rather than parametrized relationships expressed as a function of key
parameters of the system. (iv) Datasets from different LCA studies can barely be compared
due to misaligned metrics (e.g., stack manufacturing processes reported per kW, per m?, or
per stack unit) or misaligned definitions (e.g., multiple conventions coexist for quantifying
system efficiency: stack-limited or system efficiencies; Lower Heating Value-based, Higher
Heating Value-based, or thermoneutral-based efficiencies; beginning of life or average

efficiencies). (v) The maturity and size of the evaluated systems are not always described, and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

technologies are often compared on the basis of different maturity levels (defined as the

technology’s development stage, from current performance to anticipated 2050 targets) and

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.
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size (defined as the system production capacity, from lab-scale to industrial-scale

deployments).

1.3 — Contribution of the paper

In response to these limitations, several solutions have been identified. First, the definition of
end-use oriented functional units, adapted to both traditional and emerging applications of
hydrogen technologies, to ensure consistent assessment and comparison across hydrogen

applications. Second, the organization of unit processes within the system boundaries
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according to a harmonized modular structure aligned with the FU and adapted to the differe

hydrogen product systems. A modular structure decomposes a supply chain into
exchangeable units (modules) that represent specific life-cycle stages or components 7°.
Modularization has been beneficial in other industries for simplifying the assessment of value
chains composed of several possible routes 788!, Third, the development of parametrized LCI
(also called parametric LCI) linking the inventory flows of each unit process through explicit
equations as a function of independent parameters characterizing technological properties,
rather than relying on aggregated or computed numbers 82, Parametrization successfully

enhances the transparency and adaptability of LCA in different fields 83-88,

The paper is organized into three main contributions.

(1) It develops a harmonized and flexible LCA framework that integrates the novel
methodological solutions identified above: end-use functional units, a modular structure, and
a parametrized inventory.

(2) It operationalizes the framework into a parametrized tool that automates the impact
assessment of the green hydrogen product system, and increases the tool's usability by
computing pre-set configurations, which are aggregated datasets that characterize
performance, material composition, or impact scores of reference FC&EL technologies,
storage and distribution processes, and energy mixes.

(3) It demonstrates the application of the framework and the tool through a series of illustrative

case studies.

07747H
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2- Methodology DOI: 10.1039/D5EE07747H

This section describes the novel approach developed for the LCA of FC&EL technologies. The
methodology is divided into three parts, each addressing a research objective. The first part
develops the harmonized LCA framework for the green hydrogen supply chain. The second
part explains how this LCA framework is operationalized in an online tool called H/7TWOL. The
third part illustrates the use of the framework and the H7TWOL fool for two applications of

hydrogen.

2.1 - Development of a harmonized LCA framework for green hydrogen supply chain

2.1.1 — Selection of the Functional Units and System Boundaries for each application

The LCA framework presented in this paper anchors the hydrogen supply chain to the main

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

applications of hydrogen technologies, as represented in Figure 1. The hydrogen value chain

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

is structured in six main life cycle processes: the production of electricity, the conversion of this

(cc)

electricity into hydrogen using an electrolyser, the post processing of the hydrogen to reach
technical requirements (such as pressure and purity required by the hydrogen application), the
distribution of the hydrogen from production site to application site, the storage of the hydrogen,
and the reconversion of hydrogen into electricity using a fuel cell (which co-produces heat)
9.11,13.21,89.90 The color code used in Figure 1 to represent these processes is used consistently
throughout the paper. The value chain processes included within the system boundary depend
on the end-use application of the hydrogen produced. Six main hydrogen applications have

been identified %1543, Hydrogen can be used as a chemical platform, serving as a molecular
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reduction and refining; as industrial heat, where it is burnt in a burner to supply high-

temperature needs in sectors like steel, cement, or glass; as domestic energy source, with co-

generation of power and household heating; for transportation, either in combustion engine

vehicles (e-fuel) or in fuel cell electric vehicles; and as renewable electricity storage, where

electricity is chemically stored in hydrogen molecules for later use.

The functional units are derived from the end-use services of hydrogen for each application,

ensuring that they specifically reflect the technical performances of the delivered service. End-

use processes (e.g., fuel cell vehicle, burner) may be needed to link the hydrogen produced or

the electricity reconverted by the system to its final service, extending the system boundaries

from an intermediate flow to the end-use functional unit.
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Figure 1. Graphical representation of the green hydrogen product system with expt‘b(;iioliljﬂé%%A E07747H
hydrogen applications. Boxes with green contours and rainbow fills represent the main life-
cycle processes, with the same color code used consistently throughout the paper. Red circles
describe current and prospective applications of hydrogen. An explicit functional unit is
associated with each application. Intermediate processes (black boxes) combine different
supply-chain processes to create intermediate products, which may require additional end-use

processes (grey boxes) to provide the intended end-use service/product.

Additionally, a flowchart has been developed as a guideline for practitioners to ensure the
construction of consistent system boundaries for each application, aligned with the goal of the
study and the recommended end-use functional unit (Figure 2). Through a series of guiding
questions, the flowchart clarifies which processes of the supply chain or end-use processes
should be included or not in the system boundaries: each colored zone indicates whether the
same-colored supply-chain process (from Fig. 1) is included within the system boundary. It

also specifies how the heat co-produced by fuel cells is accounted within these system

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

boundaries. To exemplify the use of the flowchart, it is applied to the main applications

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

identified above. For each case, the recommended end-use functional unit is recalled, a set of

(cc)

functionally equivalent technologies enabling meaningful comparisons is identified, and the
corresponding pathway through the flowchart is partially traced and represented by a colored

line.

For chemical platform applications, the functional unit is defined as supplying 1kg of H, at a
specific pressure, purity, and temperature. The system boundaries include electricity
generation and hydrogen production. Inclusion of hydrogen post-processing, storage, and

distribution depends on the application. These choices are consistent with the existing LCA of
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H, produced through Steam Methane Reforming from fossil resources °', enabliRgparo;7471
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comparison with this technology.

For industrial high-temperature heat production, the functional unit is defined as 1MJ of heat.
The system boundaries include electricity generation, hydrogen production, and combustion
in an adapted industrial burner. Depending on the application scale and requirements, daily
storage and distribution processes can be included %. Industrial heat systems can be

compared to alternative fuels currently used in industry (natural gas, fuel, and electric heaters).

For domestic energy applications, a fuel cell system that combines the production of low-
temperature heat and electric power is considered. A functional unit of 1 MJ of energy supplied
is chosen, implying that electricity and heat are equivalent, because both forms of energy
provide a useful domestic service in this application. Therefore, an energy allocation is applied
to account for the heat co-produced by the fuel cells 3%. The system boundaries include
electricity production, electrolyser, hydrogen storage, and electricity reconversion processes
49,58 Distribution and post-processing can be included depending on the application. The
alternative includes energy systems combining a heat source (heat pump, electrical boilers,
gas or fuel boiler) and an electrical power source (the same as the one used for producing the
hydrogen). These alternative systems are sized to provide 20% of electricity and 80% of heat,

which is representative of the energy consumed yearly in a household #° (in Milan).

Transportation is modeled through two distinct hydrogen-based applications. First, the
transportation using fuel cell vehicles is assessed using an end-use functional unit of 1

vehicle.km (v.km), which can be adapted to different vehicle types. The system boundaries
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encompass the entire hydrogen supply chain, including hydrogen production, caenditieRing.co77471
distribution, and on-site storage at refueling stations, as well as the production and operation
of the fuel cell vehicle and its powertrain'48, Heat co-produced by the fuel cells is considered
a waste 8. This scope enables a functionally consistent comparison with alternative propulsion

technologies, such as gasoline vehicles (GV) and battery electric vehicles (BEV).

Second, hydrogen use for maritime freight transport is assessed through its conversion into e-
fuels, specifically liquid hydrogen. In this case, the functional unitis 1 ton.km (t.km) transported.
The system boundaries include hydrogen production, storage, and refueling infrastructure,
conversion to liquid hydrogen, as well as the production and operation of the vessel %. This
system can be compared to traditional maritime freight operated with heavy fuel oil. At present,
this application is restricted to shipping, since direct hydrogen combustion in jet turbines is still

at an early stage of development (TRL 3-4) °4.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

For renewable electricity storage, two functional units are defined. The first focuses on the

electricity storage function alone in a chemical form (hydrogen). Defining the functional unit as
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1 kWh of electricity stored during a defined duration allows isolating the impacts of the
electricity storage processes from those of electricity generation. These system boundaries
only include the conversion from electricity to hydrogen, hydrogen storage, and reconversion
to electricity, enabling a fair comparison with alternative storage technologies (battery, hydro
pump & storage). Heat recovery depends on the system configuration, and when applicable,
is accounted for using exergy allocation (as heat provides a secondary function in that context)
58,95 The second functional unit addresses the production of 1 kWh of controllable electricity,

integrating the electricity generation process with the electricity storage system defined before.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science Page 18 of 76

iew@sticle Online

This broader goal and scope allows for comparison between the green hydrogen [&QW@{O%Q £07747H
to-power system and other controllable electricity sources, such as nuclear or fossil-based

power plants.

These example system configurations can be used both by LCA practitioners operating within
specific hydrogen applications and by researchers and engineers focusing on stack
development. For the latter, we recommend evaluating emerging technologies across several
pathways to test the sensitivity of environmental results to the end-use context. Alternatively,
the framework allows the assessment of FC&EL technologies outside a specific application
context—although this option is not recommended and is therefore not represented in the
flowchart. In such cases, storage, distribution, and end-use processes are assumed to be
unnecessary, while standardized hydrogen conditioning requirements (1 bar, 98% purity,

25°C) are applied.
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Figure 2: Flowchart for defining harmonized LCA scope of green hydrogen supply, chains:o;74/1
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depending on the application and the goal of the study. Each colored zone guides the inclusion
of a supply-chain process in the system boundary. The method is demonstrated for six main
applications, with colored routes answering the decision nodes; two paths are shown where

alternatives remain.

2.1.2 — A common modular structure for the green hydrogen value chain

The simplified representation of the green hydrogen supply chains (Figure 1) is refined for LCA
modelling (Figure 3). The main life-cycle stages (electricity supply, electricity-to-hydrogen
conversion, post-processing, distribution, storage, reconversion of hydrogen to electricity, and
any additional end-use processes) are detailed and organized into a modular structure. A
module is defined as a group of one or more elementary processes that delivers a specific
intermediary flow through the hydrogen life cycle. It serves as a standardized building block
for constructing the foreground system. Modules can be included or excluded depending on
the study goal (see Figure 2), enabling an adaptable but consistent modelling approach across
all the functional units defined. Modules are interchangeable: because they are consistently
organized and named, different technologies or suppliers can be substituted within the same
structure. This ensures comparability across stack families or across storage and distribution

options.

The elementary processes in all the modules are classified into four categories: the operation
consumables (in pink), the stack manufacturing (in grey), the equipment manufacturing (in

brown), and the end-of-life of the system (in khaki). Operation consumables include the
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processes that feed the electrolyser stack (electricity, heat, ultrapure water,n&QH)z0the:077471
equipment (electricity), and the fuel-cell stack (hydrogen, KOH). The elementary flows (direct
emissions) released during operation (hydrogen leakage) are also represented in pink. The
equipment manufacturing covers the complete life cycle for the Balance-of-Plant of the FC&EL
systems, for the storage and distribution of hydrogen, and for the end-use processes. The
stack manufacturing comprises all processes for producing the FC&EL stacks. Each stack
consists of multiple identical cells (the core electrochemical components) arranged with a
frame, end plates, and seals. The cells contain functional layers described in the electrolyser
and fuel cell modules. Finally, the end-of-life includes all processes for managing the waste of

the system (stack and equipment).

In reality, the electrolyser system draws a single electricity inflow. In the model, this flow is
disaggregated into three processes: electricity consumed by the stack, electricity consumed

by the BoP (both shown as pink processes in the electrolyser module), and the chemical

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

energy stored as hydrogen (corresponding to the main life-cycle module in red in Figure 3).

This disaggregation enables transparent identification of key contributors to environmental

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.
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impacts at each stage and highlights eco-design levers for improvement.

Modules are supplied by the background system, which consists of processes for which
primary data on materials, energy, and services are generally unavailable; generic datasets
are therefore used to estimate cradle-to-gate life cycle inventories of the respective supply

chains.
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Figure 3. Modular structure of the green hydrogen product system. The system is organized
into modules—coherent groups of one or more elementary processes that deliver a specific

intermediary flow throughout the hydrogen life cycle.

2.1.3 — Parametrized Life Cycle Inventory Modeling

This section presents the main assumptions and the key parameters (i.e, parameters
characterizing a process or a technology) that support the parametrized modeling of the LCI

of the fuel cell and electrolyser modules. Figure 4 illustrates the structure of the parametrized
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LCIl model, linking input key parameters (i.e., parameters configurable by the bmadeleror:o/74/1
through a pre-set configuration), calculated key parameters (i.e., intermediate, commonly used
metrics that clarify system performance and design, which are calculated by the model), and
the resulting parametrized flows. The detailed equations used to calculate the flows are

provided in Supplementary Information SI-3.
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Figure 4. Mapping the main key parameters determining intermediary and elementary flows in

(cc)

the FC&EL system modules. Colored hexagons denote input key parameters for the stack
(grey), balance of plant (brown), operational conditions (pink), and end-of-life (khaki). Arrows
indicate how these input parameters feed into the calculation of calculated key parameters

(white hexagons) and ultimately determine the flows of the module (white ellipses).
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Electrochemical cell. Each electrochemical cell has the same active surface area. The physical
structure of the cell is described by a series of functional layers composing the electrochemical
core, each characterized by its material, thickness, surface ratio (relative to the active area),

and, when applicable, coatings or additives.

Stack. Identical cells are assembled into stacks, with the maximum number of cells per stack
defined as a key parameter. The stack structure includes additional non-electrochemical
components (frame, current collector, sealant), characterized by their material composition and
expressed as mass per active surface, except for the endplates, which are modeled using the

same parameters as the functional layers.

Balance of Plant (BoP). The BoP encompasses all peripheral equipment required for system
operation. Each component is defined by its own capacity, expressed per unit of hydrogen
flowrate (e.g., kW/(kg Ho/h) for a compressor or m?/(kg H./h) for a heat exchanger (HEX)),
depending on the nature of the equipment. This parametrization reflects the core functionality
of each device, which is scalable according to the hydrogen flowrate it handles throughout the

process.

System. The complete system (i.e., stack and BoP) is dimensioned to meet the required
capacity: a hydrogen flowrate (kg Hy/h) in electrolysis mode or an electrical power output (kW)
in fuel cell mode. The operating current density is a key parameter that governs stack

operational performance. Given this current density and the required service, the total active
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surface area (the sum of the active areas of all electrochemical cells in thepsystem)ois:o7747+
determined. From this, the number of cells and the number of stacks (based on a maximum
number of cells per stack) are derived. All components are then scaled to the functional unit
by calculating the total quantity of product delivered over the system’s lifetime (i.e., lifetime x
capacity). As the BoP is parametrized per unit of flowrate, the capacity of each equipment is

divided by its lifetime to match the functional unit.

End-of-Life. For stacks, potential recycling of metallic parts is considered; a recycling rate is
defined as an input key parameter, and the unrecycled remainder is considered disposed of.
The end-of-life of equipment is already included in the cradle-to-gate datasets representing
those components and is not modelled again here. A cut-off approach is used to model the
end-of-life in this work, meaning that the product system includes the burdens of primary and
recycled material production (which includes waste treatment and recycling processes), while

no credits are assigned for material substitution in subsequent life cycles 2.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Electrical Conversion. Electricity consumed (electrolyser) or generated (fuel cell) is determined
by the average cell voltage, which reflects both the useful energy and faradaic losses (ohmic
resistance) %97, For electrolysers, higher voltages increase losses; for fuel cells, lower voltages
indicate reduced electrical efficiency. The operating voltage evolves over time due to
degradation. For simplicity, a linear voltage drift is assumed over the system's life 67.76
Additionally, in fuel cells, hydrogen is supplied in excess to protect the stack. Despite

recirculation, part of the hydrogen is inevitably lost, reducing the conversion efficiency %9,


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Page 26 of 76

View Article Online
DOI: 10.1039/D5EE07747H

BoP Electrical Consumption. Electricity is used to operate equipment such as the compressor,
the rectifier, the pump, the chiller, and instrumentation. Depending on the components, the
electricity consumed per FU is based on the input power of the equipment (compressor, pump,

chiller, instrumentation) or operational inefficiencies of the equipment (rectifier) 68100,

Thermal management. Electrolysers may require external heat input due to their endothermic
reaction and/or their operating temperature. Heat demand depends on operating conditions
and heat integration of the system; this demand is modeled as an aggregated parameter. For
fuel cells, the exothermic reaction generates recoverable heat. The amount of heat recovered
per FU is also considered as an aggregated parameter. This heat can be valued as a co-

product or treated as waste, with system boundaries adjusted accordingly (see Figure 2).

Energy Mixes. The model allows users to define the energy supply configuration through the
parametrization of the electricity mix and the heat mix. It is considered that systems are
supplied with medium voltage electricity, which can be sourced from wind, hydro, PV, nuclear,
or fossil-based generation sources. Heat can come from natural gas or electricity. An additional
option includes fatal heat, referring to waste heat recovered and valorized from unrelated
industrial processes, which is assumed to be impact-free 8. These mixes determine the

upstream environmental impacts of the energy used.

Other Consumables. Water and KOH are modeled as direct input parameters expressed per

functional unit.
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H, Leakage. Hydrogen leakage is quantified by the leakage rate specified for the @Jeﬁi[@jy@@gﬁoﬁwH
and the fuel cell. This results in both elementary emissions of hydrogen to the atmosphere and

additional hydrogen production or consumption to compensate for the loss.

2.1.3.3 - Complementary modules along the supply chain

Electricity Stored in H,. Hydrogen is assumed to contain 33.3kWh/kg H, of chemical energy
that is provided by electricity during the water electrolysis process, which corresponds to the

Lower Heating Value (LHV) of hydrogen.

Post-processing, Storage, and Distribution. These modules share a common structure, each
comprising three processes: equipment manufacturing, electricity consumption (cradle-to-gate
processes), and H, consumption (provided by the upstream processes of the supply chain).

The following key parameters are associated with these elementary processes: the equipment

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

size, the electricity consumed to provide the service, and the hydrogen leakage rate during
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For the storage and the distribution, H, pressure and purity required are included as additional

input key parameters, to comply with specific hydrogen specifications for these modules.

For post-processing, the type of equipment, the size of the equipment, and the electricity
consumed depend on the hydrogen requirements:
- A compressor is operated when the pressure of the hydrogen produced by the

electrolyser is lower than the pressure required. The model of Escamilla et al. (2022)
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is used to size the compressor %6 depending on the hydrogen pressure before. and-aftero7747+
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compression.

- A Pressure Swing Adsorption (PSA) unit is used as a proxy to represent hydrogen
purification processes. The PSA is operated when the hydrogen purity supplied by the
electrolysis does not reach the required purity 37191, The size of the PSA depends on
the difference between the required purity and the purity of hydrogen supplied by the

FC&EL system 9102,

End-Use Process Module. End-use processes constitute the final step to reach the end-use
functional unit and may form a separate sub-system, treated as a cradle-to-gate process. This
module is parametrized by two elements: the hydrogen leakage rate, to quantify the elementary
hydrogen emission; and the quantity of intermediate product required per FU, either hydrogen
(kg H, per FU) or electricity (kWh per FU), which specifies and links the upstream supply

needed to deliver the final service.

2.1.3.4 — Influence of the size and the maturity

The critical review identified up-sizing (predicting impacts of larger systems delivering more H:
or power) and up-scaling (predicting impacts of more mature systems, i.e., systems at higher
TRL and/or further advanced through learning-curve effects and prospective improvements)
as distinct challenges for prospective LCA. The parametrized framework offers a novel
approach to model the influences of size and maturity on the environmental impacts of the

supply chain.
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Size. Current literature provides no consistent evidence that size systematically alters stackeo, 4t

operation parameters (cell voltage, current density), or equipment operation parameters
(efficiencies or hydrogen leakage rates). For stack design, as literature reports diverge on how
cells per stack scale with size 678, it is considered that system up-sizing affects only the
number of stacks deployed and the cell active area. These parameters do not influence the life
cycle inventory (see SI-3). Stacks are assumed without explicit manufacturing gains at scale
(neither in material production nor in stack assembly) 8. By contrast, BoP components exhibit
economies of scale’®. To represent this, BoP components follow a power-law scaling*®#8 using
empirically derived factors from ecoinvent'®3, adjusted to reflect environmental rather than

economic scaling; the approach is detailed in SI-4.

Maturity. As the values of the input key parameters evolve with learning and development of
the technologies, the level of maturity is modeled through differentiated scenarios in the data

collection (3.2.1).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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2.2 - LCA framework and inventory data management

The following sections describe the sources and methods used for data collection and
quantification, including (i) the development of pre-set configurations characterizing the unit
processes in the foreground system (i.e. the gate-to-gate processes identified in the modular
structure); (ii) the creation of LCI datasets for representing the background system (i.e. the

cradle-to-gate processes that complete the life cycle of processes in the modular structure);
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and (iii) the selection of the Life Cycle Impact Assessment (LCIA) method and indicators,for:07747+

feeding the characterization matrix.

2.2.1 — Generating pre-set configurations of unit processes of the modular structure

Pre-set configurations of elementary processes have been developed to provide greater
granularity and flexibility in modeling the LCA results. These ready-to-use configurations set
default values to key input parameters and assign default materials and energy providers to
model cradle-to-gate processes. Together, the different pre-set configurations enable a
comprehensive definition of all input parameters, ensuring usability for practitioners with
varying levels of expertise. At the same time, each parameter can be modified manually,
allowing advanced users to refine assumptions and achieve a higher level of detail when
needed. Table 1 provides illustrative default values for a subset of the pre-set configurations,
while a comprehensive list of default inputs across all configurations is available in
Supplementary Information SI-2. Pre-set configurations are defined for: electrolyser and fuel
cell systems, storage and distribution systems, and energy mixes. For electrolyser and fuel cell
systems, a pre-set configuration is defined by the combination of technology and maturity. Four
technology types are modeled (Solid Oxide, Proton Exchange Membrane, Anion Exchange
Membrane and Alkaline), plus one specific scenario of PEMFC adapted to vehicles. Three
scenarios of maturity have been modeled: 1- one characterizing the current performances of
the technologies (2025); 2- one characterizing the target or prospective performances for 2030;
and 3- one quantifying the target or prospective performances for 2050. To develop these
configurations, a systematic review of existing FC&EL was conducted, with the studies being
classified according to their technology type and maturity level

9.17.19.30,38,40.42,46,49.61,64,65.67.,72.83,100.104-161  The key parameters for the parametrized inventory
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modeling (Figure 4) were extracted for each study. The pre-set configurations owere:os 471
constructed by assigning average parameter values and selecting representative materials for
each technology and maturity level. Similarly, pre-set configurations for hydrogen storage
(buffer tank, salt cavern, refueling station) and distribution (pipeline, shipping) were defined for
the three maturity levels (2025, target 2030, target 2050) 8°162-174_ For energy inputs, different
pre-set electricity and heat mixes are implemented. For electricity, three configurations were
considered: a 100% renewable mix 175, the current average European grid mix, and a 100%
nuclear mix. For thermal energy, three supply scenarios were modeled: 100% natural gas,
using a conventional boiler integrated into the BoP; 100% electricity, via an electric heater; and
a “fatal heat” scenario assuming freely available industrial heat, representing potential
synergies between electrolysers and nearby high-temperature industrial processes. The
complete list of parameters and process selection, including all assumptions, organized
references, and pre-set configurations preparation, is provided in the Supporting Information

(SI-2).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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representing the elementary processes. Technical systems are classified by life cycle stages
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(e.g., electrolyser (EL), fuel cell (FC)), by type (e.g., Alkaline (A), proton-exchange membrane
(PEM), anion-exchange membrane (AEM), and solid oxide (SO)), and maturity level (‘2025’

current performances and ‘2050’ prospective targets).

Electrolyser

Description AEL PEMEL AEMEL SOEL

Maturity 2025 | 2050 2025 | 2050 | 2025 2050 | 2025 | 2050

Current Density
0.3 2.0 1.4 4.0 0.2 1.8 0.3 2.0
[A/cm?]

Beginning of 1.96 1.70 2.03 1.68 2.05 1.70 1.32 1.28
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Life Cell Voltage DOL 10.1036/05¢
[V]
Degradation

0.2 0.1 0.2 0.1 1 0.5 1.9 0.1
Rate [%/kh]
Stack Lifetime

70 100 50 110 10 30 20 80
[kh]
Stack Elec.
Demand 59.3 52.0 61.0 51.3 60.3 52.7 50.5 38.0
[kWh/kgH,]
BoP lifetime [kh] | 100 250 100 175 100 175 100 175
Water Demand

15 15 13 13 13 13 13 13
[L/kgH2]
Heat Demand

- - - - - - 10 7
[kWh/kgH,]
BoP Elec.
Demand 6 6 58 58 5.6 5.6 55 55
[kWh/kgH,]
Hydrogen

1.23 0.15 1.23 0.15 1.23 0.15 1.23 0.15
Leakage [%]

Fuel Cells

Description AFC PEMFC AEMFC SOFC FCEV (PEM)
Maturity 2025 | 2050 | 2025 | 2050 | 2025 | 2050 | 2025 | 2050 | 2025 | 2050
Current Density

0.2 4.0 0.6 2.2 0.8 1.3 0.3 1.0 0.9 1.3
[A/cm?]
Cell Voltage [V] | 0.64 | 0.85 | 0.65 | 0.89 | 0.60 | 0.76 | 0.65 | 0.81 | 0.70 | 0.77
Fuel Utilization

09 [ 098 | 09 | 098 | 09 | 098 | 09 | 098 | 09 0.98
[-]
Degradation

3.1 0.5 1.4 0.4 5.6 1.0 1.7 0.2 4.2 3.5
Rate [%/kh]
Stack Lifetime

5 10 15 80 10 10 20 80 4 8
[kh]
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FO7747H

Stack Elec. po!:}10.1030/D56]
Reconverted 134 | 214 | 124 | 198 | 6.5 | 181 | 10.7 | 18.1 | 14.3 15
[kWh/kgH,]
BoP lifetime [h] 50 100 | 50 100 | 50 100 | 50 100 | 50 100
Heat Available
13 8 17 12 17 12 15 12 - -
[kWh/kgH,]
BoP
Consumption 65 | 65| 63 | 63 | 63 | 63 | 48 | 48 | 76 7.6
[kWh/kgH,]
Hydrogen
231|085|231 1085|231 |085 231|085 231 | 0.85
Leakage [%]
Storage
Description Buffer Tank Buffer Tank Salt Cavern Refueling
(Day) (Week) (Season) Station (FCEV)
Maturity 2025 2050 2025 | 2050 | 2025 2050 2025 2050
Hydrogen
0.32 0.07 2.14 0.36 1.53 0.68 1.95 0.25
Leakage [%]
Pressure
50 50 100 100 100 100 700 700
Required [bar]
Distribution
Description Pipeline (250km) Pipeline (2500km) Shipping (2500km)
Maturity 2025 2050 2025 2050 2025 2025
Hydrogen
0.82 0.15 0.82 0.15 1.53 0.29
Leakage [%]
Pressure
100 100 100 100 100 100
Required [bar]
Electricity Mix
Description 100% Renewable Mix Grid-based Mix | Nuclear Power Only
Wind Power 75% 0% 0%
Hydro Power 18% 0% 0%
Solar Power 7% 0% 0%
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[9CO.eq./kWh]

Nuclear Power 0% 0% oot 101088 cko7 /a7t
European Grid 0% 100% 0%
Carbon Intensity
34.5 320 8.7
[9CO.eq./kWh]
Heat Mix
Description Industrial Coupling Electric Heater Fossil Burner
Fatal Heat
64% 0% 0%
Electric Heat
36% 100% 0%
Natural Gas
0% 0% 100%
Heat
Carbon Intensity
12.4 34.5 280

Default configurations have also been defined for the end-use processes. A 90% LHV-based

efficiency is considered for the burner 76177  including 0.5% of hydrogen leakage. This

increases the quantity of hydrogen (LHV of 120MJ/kg H,) produced per MJ of industrial heat

to 9.3 g H,/ MJ heat. For the FCEV, an average European fuel cell automobile is modeled. The

characteristics of the car are taken from Carculator 8. The parametrized tool PETRAUL 86 was

used to estimate the energy demand to be supplied by the fuel cell system, set at 0.20 kWh/km.

For the hydrogen-fueled shipping application, 0.85 g H,/ t.km (with a Grade D purity '62) are

required to propel the ship %; the hydrogen liquefaction (including 2% hydrogen leakage and

11kWh/kgH, electricity consumed) and the cargo manufacturing are modeled from literature

93

2.2.2 — Modeling cradle-to-gate life cycle inventories for green hydrogen product system


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 35 0of 76 Energy & Environmental Science

View Article Online

Cradle-to-gate LCI datasets were developed for elementary processes supplyingtheomain:o,747+
materials, equipment, and energy sources required by the elementary processes of the
modular structure. They are based on models from the literature7.38.39.49.64,67,101,149,168,178,179 gnd
ecoinvent database v3.10 193, All these assumptions and models are available in

Supplementary Material SI-2.

2.2.3 — Modeling alternative technologies

The alternative technologies used for comparison with FC&EL systems (Figure 2) were
modeled using ecoinvent and complemented with data from recent studies, reflecting the
current performance of batteries '8 and the characteristics of an average-size European
vehicle (gasoline and battery electric) 8386, For all electricity-powered systems, three electricity
mix scenarios (100% renewable, European average, and 100% Nuclear) were applied,

consistent with those used for FC&EL technologies.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)

2.2.4 - Life Cycle Impact Assessment Method

The potential environmental impacts have been assessed using three versions of the Impact
World + v2.0 method'®', enabling users to select the LCIA version most suited to their expertise
and the LCA goal. The first version is a Climate Change-only method, applied to assess
greenhouse gas emissions (GWP100, in kgCO,eq.). The second possibility is the Expert
version of IW+, which aggregates damage results into two Areas of Protection: Human Health

(expressed in DALY) and Ecosystem Quality (expressed in PDF.m2.yr), with midpoint
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indicators feeding into these endpoints. The third possibility is the Footprint versionof IVkdhe
assesses five categories of impacts: the Carbon fooiprint (GWP100, in kgCO.eq.), the Water
Scarcity footprint (in m3 world-eq), the Fossi/ and Nuclear Energy Use (in MJ deprived), the
Remaining Human Health (in DALY) and the Remaining Ecosystem Quality (in PDF.m2.yr).
The category indicators rest of human health and rest of ecosystem quality are presented
excluding the contributions of climate change indicators and wafer availability indicators. The
climate change impact of hydrogen emissions in the air is currently not addressed in LCIA
methodologies. A characterization factor of 10.8 kgCO»,eq./kg H, derived from Warwick et al.
(2022) was applied to assess climate change impacts of hydrogen emissions (GWP100) 82,
Effect factors for Expert Version categories have been calculated in Supplementary

Information (SI2 — Consumables Background).

2.2.5-The HTWOL

The LCA framework for the hydrogen product system is operationalized on a web-based tool.
The so-called H7TWOL tool combines the algorithms and matrices defined by the framework,
enabling automated calculations of environmental impacts according to the parametrized
matrix formulation. Results automatically generated include contribution analyses of the
reference scenario; comparison of different configurations of green hydrogen supply chain;
and comparison with alternative technologies offering equivalent functions. Two versions of
the tool have been created. An open-access demo version' is based on a limited life cycle
inventory database generated from publicly available data from literature. The full version of

the tool, based on the ecoinvent database, is available on request through a valid ecoinvent

Uhttps://htwol-co2.streamlit.app/

Page 36 of 76

rticle Online


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 37 of 76

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)

Energy & Environmental Science

View Article Online

license. The user guide and the architecture of the HTWOL tool to organize these. datasets:os 47+

and run the calculations are further discussed in the GitHub repository of the tool 8.
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3 - Results DOI: 10.1039/D5EE07747H

The results are structured in three sections, each answering one of the LCA intended
objectives addressed by our framework: identification of the hotspots along the respective
hydrogen product systems; comparison between different FC&EL technologies; comparison of
hydrogen technologies with alternative functionally equivalent technologies. Detailed results

are available in Supplementary Information SI-5.

3.1 — Identification of the hotspots for a solid oxide system

In this section, contribution and scenario analyses are performed for a green hydrogen supply
chain delivering 1 kWh of controllable electricity. The reference scenario uses a commercial
SOEL (Current Performance) producing 10kgH./h, pipeline distribution (250 km), seasonal
storage, and reconversion via a commercial 100kW SOFC (Current Performance); renewable

electricity and electric heat are assumed for energy inputs, and no heat recovery is included.

The modular structure facilitates the interpretation of LCA results by organizing the contribution
analysis by life cycle stages or elementary processes. In Figure 5.a, the results highlight the
hydrogen-to-electricity reconversion (dark blue) as the most impactful life cycle stage (68-
70%). The electricity (from renewable sources) converted and stored as chemical energy in
hydrogen (33kWh) represents 11-15% of the overall impact score (red). The other contributors
in decreasing order of importance are the electrolysis (orange, 12-13%), post-processing
compression (yellow, 3-4%), distribution (green, 1-2%), and storage (skyblue, 1-2%). The

contribution analysis by elementary processes (Figure 5.b) is dominated by the surproduction
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of hydrogen to compensate for H, losses (62-67%). Electricity consumed (including botk the:07747+
33kWh electricity stored into hydrogen, but also electricity losses along the supply chain)
contributes to 20-26% of the impact scores. Smaller contributors to the overall impact scores
are stack manufacturing (2-9%), equipment manufacturing (1-4%), heat consumed (supplied
by electrical heaters, 3-4%), water consumption during operation (0-1%), or hydrogen leakage
(0-6%). A cross-analysis of the two charts shows that fuel cell losses (i.e., surplus hydrogen
production) are the main hotspot of the study. Electricity is the second largest contributor, but
about half of it is actually stored as chemical energy. Only the remaining half reflects electricity
consumed or lost, which can be reduced with more efficient systems. The stack and BoP
manufacturing impacts are comparatively modest within the modules, suggesting eco-design

efforts should focus on improving stack efficiency rather than reducing manufacturing impacts.
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Figure 5: Contribution analysis of the LCA results for the solid oxide product systems,

delivering 1kWh of controllable electricity (with seasonal storage and pipeline transportation).

Contributions are broken down by (a) life-cycle stages and (b) elementary flows.

A sensitivity analysis is performed using a one-at-a-time approach. Each assumption in the

reference solid oxide scenario is varied while all others are held constant: electricity (nuclear
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and grid mixes) and heat (fatal heat and natural gas mixes) supplied; heat recovery allosation:o 1/

(no recovery, exergy allocation, energy allocation); hydrogen pressure (from 100 bar to 1000
bar) and purity (from 98% to 99.999%) requirements; electrolyser technology (SO, PEM, AEM,
Alkaline), maturity (Current Performance, Target 2030, Target 2050), and size (from 0.1 to 100
kgH,/h); storage technology (buffer tank and geological storage); distribution pathway (pipeline
from 250km to 2500km); fuel cell technology, technological maturity, and size (from 1kW to
1MW). The results for the climate change indicator are reported in Figure 6. Results for the

other indicators are provided in SI-5.

This sensitivity analysis reveals a strong sensitivity to the energy mix. Climate change impacts
increase sevenfold when the system operates on the European grid electricity instead of
renewable power, and by 1.7 times when switching from electric to natural gas heat. The use
of renewable energy sources is therefore key to achieving low-carbon intensity hydrogen

production. Heat recovery is also recommended as it reduces the potential impacts by 33-50%,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

depending on the allocation method selected. The electrolyser and fuel cell configurations also

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

have a significant influence on results. The type of technology can lead to variations of up to

(cc)

65%, with alkaline electrolyser and solid oxide fuel cells performing better in this specific
application and maturity. Technological maturity further affects impacts, with projected
reductions of up to 35% between current systems and 2050 targets, highlighting the potential
of eco-design improvements. In contrast, system size has only a marginal influence (~0-6%
variation). Finally, hydrogen specifications (pressure and purity, up to 33% variation),
distribution mode (up to 50%), and storage type (up to 15%) also show a significant influence
on the variability of LCA results, reflecting the importance of constructing system boundaries

consistent with the goal of the study (Figure 2).
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Figure 6. Results of the Sensitivity Analyses on Climate Change impact score of the reference

green hydrogen product system, delivering 1 kWh of controllable electricity. 29 one-at-a-time
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scenarios have been generated by modifying a single assumption from the reference seenario. 07747+

Scenarios are grouped and colored by the main life cycle stages (e.g., energy mixes/recovery,

pressure/purity, electrolyser

type/maturity/size,

type/maturity/size), with several configurations tested within each group.

storage and distribution,

fuel

3.2 — Comparison between solid oxide and proton-exchange membrane technologies

In this section, solid oxide (SO) and proton-exchange membrane (PEM) technologies are
compared for four hydrogen applications, described in Table 2. For each application, two
technology-driven scenarios are defined, building on specific pre-set configurations
representing the solid oxide and the PEM product systems. Both scenarios fulfill the exact
same functional unit. The environmental impact scores for these eight configurations have

been computed with the HTWOL. The climate change score is plotted in Figure 7, while other

indicators are displayed in SI-5.

Table 2: Description of the four applications and the derived functional units and technological

scenarios using solid oxide technologies (SO) and proton-exchange membrane (PEM)

technologies.

cell

Application Information

Functional Unit

Technological Scenario

Distribution Fuel Cell Heat co-
3 Electrolyser Storage (Type,
Service/ Pressure Purity Electricity (Type, (Type, produced | End-Use
Description Scenario ) ) Heat Mix | (Type, Maturity, Duration, )
Product Required Required Mix Distance, Maturity, | (Yes/No, | processes
Size) Maturity)
Maturity) Size) Allocation)
SOEL
Application A: A German ammonia producer consumes green hydrogen so (Current Perf.,
Buffer tank Pipeline
@?1bar and 98% purity. The hydrogen is produced in Spain (100kgH2/h) 1kg H2 100bar Renewable | Available 100kgH2/h)
98% (Weekly, Current | (2500km,
and imported by pipeline, and stored in buffer tanks before being used in produced (storage) Electricity Heat PEMEL
Perf.) Current Perf.)
the industrial chain. Fatal heat from other processes on-site is available. PEM (Current Perf.,
100kgH2/h)
SOEL
Application B: A German glass producer consumes green hydrogen
‘ X SO (Current Perf.,
@1bar and 99.999% purity. The hydrogen is produced on-site (1kgH2/h)
. N N - o 1kg H2 Renewable | Electrical 1kgH2/h)
and directly injected in the industrial line (no storage and no bar 99.999% None None
) produced Electricity Heat PEMEL
Renewable electricity is used to supply electrical heater when heat is
needed. PEM (Current Perf.,
1kgH2/h)
licatlon C: An electricity di it ble electricity 1 kWh of SOEL Geological Pipell SoFe
Application C: An electricity producer generates renewable electricity in o eological ipeline
o Y p 9 v 100bar 98% Renewable | Electrical 9 P (Current | Yes (Exergy
summer, for being injected in winter (1MW) after seasonal storage (a so controllable (Current Perf., | Storage (Season, | (250km,
T i (storage) (SOFC) Electricity Heat Perf., Allocation)
pipeline distribution is required between the electricity production and the elec. 30kgH2/h) Current Perf.) Current Perf.) W)
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salt cavern). The same renewable electricity is used to supply electrical PEMFC
e . so7 PEMEL . y iew Article Online
ieater when heat is needed. .97% urT ‘et X@re -
PEM (Current Perf., (Curesf¥es G859/ DSEEQ7747H
(PEMFC) Perf, | Allocation)
30kgH2/h)
1MW)
SOFC
SOEL Yes
9% (Current
cation D: A build d by a fuel cell so (SOFC) (Current Perf., Perf. (Energy
Applcation D: A building is powered by a fuel cell system (co-generation erf,
915 P 2 fuel cel systom (co-g 1M of 50kgH2/h) Buffer tank Pipeline Allocation)
of 50KW). The hydrogen production is centralized in the region (50kgH2/h 100bar Renewable | Natural 50kW)
) o i (Weekly, Current | (250km,
delivered in pipeline) and stored on-site in buffer tanks. Natural Gas heat (storage) Electricity | Gas Heat PEMFC
) energy PEMEL Perf) Current Perf) Yes
is used when needed. 99.97% (Current
PEM (Current Pert,, (Energy
(PEMFC) Pert.,
50kgH2/h) Allocation)
50kW)

The LCA results illustrate that the environmental performances of green hydrogen
technologies vary depending on the application, as they require specific technology-dependent
scenarios to fulfill the functional unit. The PEM scenario performs worse than the solid oxide
scenario in application A (+10%) and C (+45%) for the following reasons. First, the high
operating temperature of SOEL reduces the environmental impact of the stack, as less
catalytically active material is required and lower-impact materials can be used. Second,
equivalent energy consumption is achieved by SOEL systems (55 kWh of electricity and 10
kWh of heat per kg Hz produced, including BoP electricity consumption) and by PEMEL

systems (64 kWh of electricity), but the share of heat in the energy demand is advantageous

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

when heat is supplied by fatal heat (application A). These benefits are evidenced in the

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

conversion of electricity-to-hydrogen life cycle stage (in orange). Third, although SOFC and

(cc)

PEMFC achieve similar energy efficiencies (around 20kWh of energy reconverted per kgHo,
including electricity and heat recovered, but also fuel utilization and BoP electricity
consumption losses), SOFC co-produces high-temperature heat (high exergy), whereas
PEMFC co-produces low-temperature heat (low exergy). Consequently, in the application C,
where heat is recovered and exergy-allocation is applied, the ratio of impacts allocated to the
electricity generated is much lower for the SOFC, reducing the impact scores of this system.
The PEM scenario performs better than the solid oxide scenario in application B (-30%) and D

(-50%) for the following reasons. First, a portion of SOEL energy demand is heat; when the
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heat mix is natural gas (application D), the SOEL system’s impacts rise substantially {i:o7747+

orange), which also affects the surplus production of hydrogen due to hydrogen losses in the
fuel cell (in dark blue). Second, an additional purification step for reaching the 99.999% purity
required (application B) is necessary for SOEL but not for PEMEL, which already produces
ultrapure hydrogen. This purification step represents an addition of 30% of the impact scores

(in the post-processing stage, in yellow).

(A) Application 1: Producing 1kg H, @1bar @Grade A (98% pure). (B) Application 2: Producing 1kg H, @1bar @Ultrapure (99.999% pure).
Fatal Heat — Weekly Storage - Pipeline distribution (2500km). Electrical Heat — No storage — No distribution.

373 346
33

PEM

Contributors
B Electricity Stored in H2
Elec-To-H2 Canversion

Solld Oside: Pen Solig Ouide
T T,
Compression (PP)

(C) Application 3: Producing 1kWh controllable electricity. - ) . Purification (PP)
Electrical Heat — Seasonal storage — Pipeline distribution. (D) Application 4: Co-generation of 1MJ domestical heat. M Distribution
Heat Recovered (Exergy Allocation). Natural Gas Heat - Weekly storage — Pipeline distribution (250km).

o corin
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‘Solid Oxide PEM Solid Oxide PeM

Storage
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Figure 7. Comparative LCA of solid oxide and proton exchange membrane systems for various
scenarios. Impact scores (IW+ Expert Version) are computed with the HTWOL and are
normalized to the solid oxide system results. The contribution of each life cycle stage is

represented, using the same colors as the framework representation.
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3.3 — Comparison of the solid oxide baseline with alternative technologies DOI: 10.1039/D5EEQ7747H

To demonstrate the environmental relevance of green hydrogen technologies against
alternative functionally equivalent technologies, solid oxide product systems (Table 3) are
compared with alternative technologies supplying the exact same functional unit for the six
hydrogen applications depicted by the framework (Fig.2). Figure 8 compares the solid oxide
system (in purple) with fossil-based alternative technologies (in brown); and with the electrified
technologies (in green) which are supplied with the same renewable electricity mix than the
SOEL. The climate change indicator is the only impact score represented in this figure; the

other indicators are displayed in SI-5.

Table 3: Description of the seven applications and the derived functional units and

technological scenarios using solid oxide technologies (SO).

Application Information Functional Unit Technological Scenario
Heat co-
. . - Electrolyser Storage (Type, Distribution
- Service/ Pressure Purity Electricity . 3 . ; Fuel Cell (Type, produced End-Use
Description K X K Heat Mix | (Type, Maturity, Duration, (Type, Distance, } X
Product Required | Required Mix . ) § Maturity, Size) (Yes/No, processes
Size) Maturity) Maturity) X
Allocation)
SOEL Buffer tank
: 1 kg H2 Renewable | Electrical ’ Pipeline (250km,
1- Chemical Platform 1bar 99.97% - (Current Perf., (Daily, Current
produced Electricity Heat Current Perf.)
50kgH2/h) Perf.)
) SOEL
X Renewable| Electrical
2- Industrial Heat 1 MJ of Heat 1bar 98% » (Current Perf., None None - - Burner
Electricity Heat
50kgH2/h)
1 MJ of SOEL Buffer tank SOFC
3- Domestic Energy ’ 100bar 98% Renewable | Electrical ’ Pipeline (250km, Yes (Energy
. domestical - (Current Perf., (Daily, Current (Current Perf., .
(Co-generation) (storage) (SOFC) Electricity Heat Current Perf.) Allocation)
energy 50kgH2/h) Perf.) 50kW)
. SOEL Refueling Station |
o . X 100bar Renewable| Electrical i Pipeline (250km, e-fuel Prod.
4- Shipping Freight |1 t.km shipped 99.97% » (Current Perf., (Daily, Current - -
(storage) Electricity Heat Current Perf.) Cargo Prod.
50kgH2/h) Perf.)
; 1 v.km of . SOEL Refueling Station | PEMFC (for
5- Automobile ; 100bar 99.997% |Renewable| Electrical ’ Pipeline (250km,
. automobile » (Current Perf., (Daily, Current FCEV) (Current - FCEV
Transportation (storage) | (PEMFC) | Electricity Heat Current Perf.)
transport 50kgH2/h) Perf.) Perf., 100kW)
1 kKWh of )
SOEL Geological SOFC
6- Renewable Electricity| —electricity 100bar 98% Renewable | Electrical Pipeline (250km, Yes (Exergy
. (Current Perf., | Storage (Season, (Current Perf., .
Storage stored (storage) (SOFC) Electricity Heat Current Perf.) Allocation)
50kgH2/h) Current Perf.) 1MW)
(season)
1 kWh of SOEL Geological SOFC
7- Controllable 100bar 98% Renewable | Electrical Pipeline (250km, Yes (Exergy
» X controllable W (Current Perf., | Storage (Season, (Current Perf., X
Electricity Production (storage) (SOFC) Electricity Heat Current Perf.) Allocation)
energy 50kgH2/h) Current Perf.) 1MW)
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The climate change results highlight that the green hydrogen product system performs better
than the fossil-based alternatives for all applications: for hydrogen production (3.5 times better
than SMR), industrial heat production (5 times better than fuel), domestical energy co-
generation (2 times better than a combination of fuel (for heat) and renewable electricity),
shipping (2 times better than traditional fuel shipping), automobile transportation (more than 2
times better than GV), and for controllable electricity production (more than 2.2 times better
than combined cycle). These benefits are induced by the use of renewable energies instead
of fossil energies. However, the green hydrogen product system performs worse than many
electric-based alternative solutions: direct electrical industrial heat (-60%), domestic energy
from heat pump and renewable electricity (-75%), battery electric vehicles (-35%), pumped
hydro storage (-85%), or nuclear power generation (-95%). These results are explained by the
high conversion losses in the hydrogen supply chain, which makes green hydrogen
technologies less energy-efficient solutions than the other electrical alternatives, and leads to
higher impact scores. For long-term storage, the battery performs better than the solid oxide
product system (-20%), but results are close for all impact categories. Therefore, green
hydrogen might offer a relevant option for renewable electricity seasonal storage in locations

where further development of hydropower is limited.
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Figure 8. Comparative LCA of the solid oxide baseline with alternative technologies providing

the same function for each of the seven hydrogen end-use applications. Each panel compares

the baseline with the corresponding alternative technologies. Climate change scores are
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chain processes is plotted to compare solid oxide with steam methane reforming supply chains.
For other applications, the solid oxide system is represented in purple, fossil-based options

are shown in brown, and electricity-based options in green.

4 — Discussion and limitations

4.1 — Current literature underestimates the environmental impacts of the hydrogen supply

chain

The environmental impacts of hydrogen production estimated in this study were compared with
values reported in the current literature. Here, hydrogen production supplied by renewable
electricity ranges from 2.9 to 3.7 kgCO.eq./kg H,, compared with roughly 1.4-3.0 kgCO,eq./kg
H, in previous studies 17:36:40.43,46,6567,72,89,90,184,185 Thjs corresponds to an average increase of
around 40%. As detailed in this section, three main factors explain this difference: (i) higher
energy requirements estimated for the electrolyser system, (ii) the inclusion of additional
processes along the supply chain beyond the sole hydrogen production to fulfill the end-use

function, and (iii) the explicit accounting of hydrogen leakage.

Figure 9 presents a Sankey diagram decomposing energy demand associated with hydrogen
production and supply for a PEM electrolyser delivering hydrogen to the end user (Application
A, Table 3). In this example, 63.9 kWh of electricity are required for hydrogen production alone.
Of this, 33.3 kWh are stored in the hydrogen (LHV), 21.7 kWh are lost due to faradaic losses
associated with operation at 2.03 V (Beginning-of-Life), 3.1 kWh result from increasing faradaic

losses due to degradation, and 5.8 kWh correspond to BoP consumption. By contrast, many
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literature estimates fall within 45-60 kWh/kg H, 17:36:4046.6567.72.89.184 ag they often neglectsBolR:o 4
or degradation effects, and may assume prospective voltages. This already represents an

average difference of about 20%.

Beyond production, additional processes are required to supply hydrogen to the end user,
which further increase total energy demand. These include compression (2.8 kWh) and
distribution (7.5 kWh in the long-distance delivery scenario considered), bringing total
electricity demand across the supply chain to around 74.2 kWh, raising total energy demand
by up to 15% (Figure 9). They also generate additional impacts through infrastructure and
equipment manufacturing, accounting for 10-40% of total environmental impacts in the

applications presented in Figure 7.

This study also provides an operationalized assessment of hydrogen leakage by combining a

synthesis of leakage rates along the supply chain with an appropriate characterization factor.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

As anticipated in recent literature 185186 these emissions are not negligible: they contribute up

to 15% of the climate change impacts of hydrogen supply chains in our results. Moreover,

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)

leakage induces surplus hydrogen production to compensate for losses, thereby generating
further upstream impacts, including approximately 1.4 kWh of additional electricity

consumption.

Collectively, the more comprehensive energy accounting, the expanded system boundaries
including supply-chain processes, and the explicit integration of hydrogen leakage explain why
the energy demand (75.5 kWh/kg H,) and overall environmental impacts estimated here

exceed values commonly reported in the literature.
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Figure 9. Sankey diagram of energy flows associated with the production and supply of

hydrogen via a PEMEL system. The scenario includes hydrogen production (orange),

compression to 100 bar (yellow), distribution via a 2,500 km pipeline (green), and storage in a

buffer tank (blue). The diagram distinguishes electricity inputs (pink), hydrogen flows along the

supply chain (red corresponding to the hydrogen fulfilling the functional unit and brown

representing surplus hydrogen required to offset H, leakages), and electricity losses at each

stage (colored according to their process of origin).
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This section examines the most promising application pathways for hydrogen deployment,
building on and updating insights from previous studies in light of the higher impact estimates
obtained in this study. It also identifies the main industrial levers for reducing environmental

impacts. Key insights are summarized in Figure 10.

Our results demonstrate that hydrogen produced from renewable electricity proves most
relevant for end-use applications where no viable electrified alternatives exist and current
solutions remain fossil-based. This includes its role as an industrial chemical platform (e.g.,
ammonia production, refining, chemicals, and use as a reducing agent in the metal industry)
and its use as a feedstock for e-fuels replacing heavy fuel oil (HFO) in the shipping sector.
These findings are consistent with previous literature supporting hydrogen deployment in these

secto rs 14,36,40,43,72_

Conversely, where direct electrification options are available, hydrogen product systems are
generally less environmentally favorable. Their relevance largely depends on the technical and
systemic limitations of electric solutions in each sector. In automobile transport, the results
clearly support BEV over FCEV, reinforcing the growing consensus in favor of BEVs 83.187-189
despite some remaining debate and mixed conclusions in the literature %191, In domestic
heating, the findings further strengthen the case for heat pumps, which have already been
identified as the most environmentally efficient option 187.192193 |n both sectors, these
technologies are already mature and widely deployable, making the acceleration and
prioritization of direct electrification more relevant than developing hydrogen-specific

infrastructure. For high-temperature industrial heat, the literature indicates that electrical
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solutions are environmentally preferable but face technical (e.g., low energy dﬁmsq;t)@; E07747H
economic constraints 187.194-197_Similarly, hydrogen-based seasonal electricity storage remains
more impactful than pumped hydropower and slightly more than batteries '9%-20", However,
hydropower is geographically constrained, and batteries still face technical and economic
limitations related to scale, materials, and long-duration storage 2°0-292_ |n these contexts, direct
electrified alternatives should be prioritized where feasible, but hydrogen remains a relevant

complementary option that warrants continued research and development.

Finally, demand-side mitigations must continue in parallel, as keeping or increasing world
energy end-use demand is not compatible with ecological transition 1.203.204,

Regardless of the applications in which hydrogen proves environmentally relevant, reducing
the impacts of hydrogen systems remains essential to preserve its relevance. This is
particularly critical given that the inclusion of full supply-chain processes shows hydrogen

production impacts exceeding 3 kgCO,eq./kg H, in most cases, which corresponds to the life-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

cycle greenhouse-gas intensity threshold defined in the EU Taxonomy framework to qualify

hydrogen as “green” 2%5. This indicates that current production conditions - even when supplied
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with renewable electricity - do not yet consistently meet the criteria for “green” hydrogen and
highlight the need for targeted mitigation strategies. Reducing the environmental impacts of
hydrogen supply chains relies on three main levers: low-carbon energy supply, appropriate

technology selection, and technological innovation (Figure 10b).

First, environmental performance is primarily driven by energy consumption. Using the current
European electricity mix is environmentally counterproductive; hydrogen product systems are

environmentally relevant only when powered by renewable or nuclear energy sources.
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and energy system integration?°® reduce the impacts by 10%. High-temperature systems such
as SOEL can offer superior electrical efficiency when operated with available industrial fatal
heat, while SOFC systems can provide useful heat to industrial processes. Differences in
hydrogen purity requirements across applications also matter: PEM and AEM electrolysers
should be prioritized when high-purity hydrogen is required, as they do not necessitate
purification post-processing. Therefore, continued development of both low- and high-
temperature technologies remains essential. Third, the ambitious innovation objectives of the
field constitute a major mitigation lever. Ongoing efforts to reduce energy losses and minimize
hydrogen leakage across the supply chain could decrease environmental impacts by 30% by
2050. However, it is important to recognize that the potential for further improvements is
bounded. Efficiency improvements are constrained by the intrinsic 33.3 kWh/kg H, contained
in hydrogen?°7; reducing hydrogen leakage is technically possible but often comes at high
cost?%8; and lowering material demand may introduce trade-offs with energy efficiency 209210,
By combining these levers, the sector can realistically achieve the targeted performance for
‘green’ hydrogen in the future; however, its impacts are likely to remain above 2-2.5

kgCO,eq./kg H,.
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Figure 10. Takeaways of the study for the hydrogen industry. (A) Hydrogen end-use
applications are classified according to their environmental relevance based on the present
results: green indicates relevant applications, orange indicates conditional relevance, and red
indicates low environmental relevance. (B) Mitigation levers and their potential to reduce
climate change impacts for a specific end-use context are illustrated, showing the range
between a worst-case configuration in 2025 and a best-case configuration in 2050. The

European taxonomy threshold is shown as a reference (green dashed lines).

4.3 - Limitations and future works
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Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

First, several physical relationships remain to be defined. Operational parameters such as
voltage, heat demand, or water demand could be further detailed to capture strategies like load
flexibility or variations in operating temperature or in steam conversion?''2'2, Additionally, the
influence of stack design on durability is not yet modeled. These relationships can significantly
affect the sensitivity of key parameters on the overall environmental impact scores, and
highlight the need to incorporate them in future LCA developments to support the integration

of a global sensitivity in the model framework.

Second, the developed pre-set configurations of elementary processes are to be considered
with care due to the several uncertainty sources regarding: (i) Transparent datasets are still
lacking in the literature. (ii) System configurations, material intensities, and performance
parameters are likely to evolve rapidly due to the fast-moving development of FC&EL
technologies. (iii) Some technologies and product system configurations are still under
development, such as emerging electrolyser designs (e.g., PCC) or alternative hydrogen
carriers for storage. (iv) Quantification of hydrogen leakage across the supply chain is
particularly uncertain, and the resulting climate impacts are highly sensitive to the time horizon
considered (e.g, GWP20 vs GWP100), which can lead to markedly different estimates of
hydrogen’s indirect contribution to global warming 8. Consequently, regular updates of

inventory data and assumptions are required to preserve the robustness of LCA results.

Third, while environmental performance is the key focus of this paper, it must be balanced

within a broader multi-dimensional framework guiding technology choices. The current
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assessment does not include the assessment of critical raw material, which can b@paﬁi@éﬁ%@ygomm
relevant for emerging technologies that rely on rare or geopolitically sensitive supply chains
(e.g., platinum-group metals, rare earth elements)?'3. As hydrogen technologies continue to
evolve, integrating resource criticality and circularity metrics will be important to complement
the environmental profile. Economic viability, but also factors like rapid response capabilities,
ease of deployment, or compatibility with existing infrastructure, can support the adoption of
hydrogen and specific FC&EL technologies. Future research should extend this flexible
framework to multi-criteria analyses that combine environmental, economic, and operational

metrics, to provide a more comprehensive evaluation of hydrogen’s role across sectors.

Finally, beyond the hydrogen sector, the modular and parametrized structure developed in this
work is inherently transferable to other technological domains. Modular structures are relevant
both for representing and readily modifying supply chain processes, making them suitable for

nearly any industrial technology. Similarly, parametrized LCI have already been applied across

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

a wide range of sectors, demonstrating their relevance beyond the single hydrogen field. While

the initial effort required may be substantial (in terms of data structuring, methodological
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alignment, and tool implementation), the resulting gains in adaptability, transparency,
reproducibility, and collaborative use make this investment worthwhile. We therefore support

a broader transition of the LCA field toward modular and parametrized approaches.

5 — Conclusions

A harmonized LCA framework for fuel cell and electrolyser technologies was developed. The

framework relies on:
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- The definition of explicit end-use functional units, which ensures functional gquivalence:o7747+
across applications delivering the exact same service and therefore enabling a fair and
transparent evaluation between competing technologies for a wide range of end-use
applications.

- The development of an agile modular framework that enables a consistent description
of the value chain of any green hydrogen technology, thereby facilitating comparability
across studies and the progressive construction of a coherent literature corpus.

- a parametrized inventory for each module that ensures adaptability to different
technological contexts while remaining physically grounded; in particular, it allows the
explicit representation of phenomena such as component degradation and balance-of-
plant energy consumption, which are often simplified or neglected in the literature and
can lead to underestimated energy demands.

- This framework has been operationalized through an online LCA tool called the
HTWOL. This latter provides a library of pre-set configurations and automates LCA
calculations, ensuring the usability of the framework for practitioners with varying levels

of expertise.

The HTWOL was applied to the four main electrolyser technologies (AEL, PEMEL, SOEL, and
AEMEL) for 6 representative hydrogen end-use applications: chemical platform, industrial
heating, freight shipping, automobile transportation, renewable electricity storage, and
domestic co-generation of heat & power. It demonstrated its ability to support the three main
intended goals of LCA: comparison with alternative technologies, comparison between families

of hydrogen technologies, and eco-design support. The results show that:
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- Green hydrogen is most environmentally relevant for end-use applications where viable: 07747+
fossil or electrified alternatives are limited, such as chemical feedstocks (e.g., ammonia
synthesis, metal reduction) or long-distance shipping. In contrast, for applications
where direct electrification options exist, such as passenger transport or low-
temperature heat, green hydrogen product systems are not capable of outperforming
electricity-based solutions (e.g., battery electric vehicles or heat pumps).

- Technology choice depends on the application and the context: solid oxide electrolysis
generally performs better when low-carbon or fatal heat is available, whereas PEM
electrolysis is more favorable for applications requiring high-purity hydrogen, as it
delivers such quality without additional processing.

- Across all configurations, energy supply remains the dominant contributor to the overall
environmental impacts. Supplying electrolysers with low-carbon electricity is therefore
a strict prerequisite for hydrogen to outperform steam methane reforming. Eco-design
strategies should therefore focus on maximizing energy efficiency across the entire
hydrogen supply chain, including the stack and balance of plant manufacturing, post-

processing, storage, and distribution.

Overall, this work provides both a methodological and operational contribution to the
harmonization of hydrogen LCAs. By combining a consistent conceptual framework with an
accessible and flexible tool, it supports more robust, transparent, and forward-looking
assessments of hydrogen technologies, and enables a more rational and targeted integration

of green hydrogen into future energy systems.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science Page 62 of 76

View Article Online

Author contributions DOI: 10.1039/D5EE07747H
Gabriel Magnaval: Conceptualization, Methodology, Software, Investigation, Data Curation,
Validation, Visualization, Writing — original draft. Maél Mouhoub: Software, Investigation,

Data Curation, Writing — review & editing. Anne-Marie Boulay: Supervision, Methodology,

Writing — review & editing, Funding Acquisition. Manuele Margni: Supervision,

Conceptualization, Methodology, Writing — review & editing, Funding Acquisition, Resources.

Conflicts of interest

Authors have no conflicts to declare.

Acknowledgements

The authors thank the reviewers for their constructive feedback, which significantly helped
strengthen the contribution and impact of this work. The authors would especially like to thank
Soline Corre for her valuable assistance with visualization and for her comments during the
review process. The authors thank Eleonora Crenna, David Zenhausern, Jocelyn Roth,
Shreyas Manak, Tristan Debonnet, Arthur Waeber and Francgois-Xavier Dezert for their
valuable discussions and insightful comments on this work. The authors thankfully
acknowledge the financial support from the European Union projects PRESSHYOUS,
SUSTAINCELL, and ANEMEL under the respective grant agreements no.101101337,
no.101101479, and no. 101071111. This work was supported by the Swiss State Secretariat

for Education, Research, and Innovation (SERI) under the contract no.23.00267.

Appendix A. Supplementary Materials

The following is the Supplementary materials to this article:


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 63 of 76

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View.Article Online

» SI1_literature: Detailed Literature Review. This includes the complete review. analysis:-co/74/1
(Sl1a) and a complementary Excel table summarizing, for each LCA methodological
step, the main methodological choices and results reported for the analyzed use
cases (Sl1b).

+ Sl2_data&processes: Data used for pre-set configurations and background processes

+ SI3_LCI_equations: Detailed equations and calculations of the model

» Sl4_BoP_sizing: Data for Balance-of-Plant up-sizing

« SI5_results: Detailed Results

+ SI6_HTWOL: Code and datasets for the HTWOL Demonstrator

Data availability

Supplementary Materials are accessible at 10.5281/zenodo.17428316 183,

It is distributed under the Creative Commons Attribution 4.0 International (CC BY 4.0) license.
The code and datasets used for computing the HTWOL-Demonstrator are available at:

https://github.com/CIRAIGXHEVS/HTWOL_DEMONSTRATOR. References 214220 gre cited in

the supplementary information.


https://doi.org/10.5281/zenodo.17428316
https://github.com/CIRAIGxHEVS/HTWOL_DEMONSTRATOR
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Energy & Environmental Science Page 64 of 76

View Article Online

References DOI: 10.1039/D5EEQ7747H

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

10

11

12

13

14
15

16

17

18
19

J.-B. Fressoz, Revue d'histoire moderne & contemporaine, 2022, n° 69-2, 114-146.
Fuel Cells and Hydrogen 2 Joint Undertaking, Hydrogen roadmap Europe — A
sustainable pathway for the European energy fransition, Publications Office, 2016.

A. Kovag, M. Paranos and D. Marciu$, /nt J Hydrogen Energy, 2021, 46, 10016—
10035.

P. Wolfram, P. Kyle, J. Fuhrman, P. O’'Rourke and H. McJeon, One Earth, 2024, 7,
885-895.

M. Sharma, V. Tyagi, R. Kouser, K. Kumari, K. Chopra and R. Kothari, 2024, pp. 31-
54.

S. van Renssen, Nat Clim Chang, 2020, 10, 799-801.

European Commission, A Clean Planet for all: A European Long-term Strategic Vision
for a Prosperous, Modern, Competitive and Climate Neutral Economy, 2018.

M. Groll, Energy, 2023, 264, 126029.

F. Kourougianni, A. Arsalis, A. V. Olympios, G. Yiasoumas, C. Konstantinou, P.
Papanastasiou and G. E. Georghiou, Renew Energy, 2024, 231, 120911.

C. Kim, S. H. Cho, S. M. Cho, Y. Na, S. Kim and D. K. Kim, /nt J Hydrogen Energy,
2023, 48, 1701-1716.

J.Yang, T. Y. Lam, Z. Luo, Q. Cheng, G. Wang and H. Yao, Renewable and
Sustainable Energy Reviews, 2025, 218, 115804.

M. Genovese, A. Schliter, E. Scionti, F. Piraino, O. Corigliano and P. Fragiacomo, /nt
J Hydrogen Energy, 2023, 48, 16545-16568.

J. A. Riera, R. M. Lima and O. M. Knio, /nt J Hydrogen Energy, 2023, 48, 13731-
13755.

S. Wei, A. Tukker and B. Steubing, Energy Environ Sci, DOI1:10.1039/DSEEQ3477A.
S. Chakraborty, S. K. Dash, R. M. Elavarasan, A. Kaur, D. Elangovan, S. T. Meraj, P.
Kasinathan and Z. Said, Front Energy Res, DOI:10.3389/fenrg.2022.893475.

J. E. Velandia Vargas, S. Brynolf, M. Grahn, F. Rodriguez and D. Blekhman, /Science,
2025, 28, 113607.

X. Wei, S. Sharma, A. Waeber, D. Wen, S. N. Sampathkumar, M. Margni, F. Maréchal
and J. Van herle, Joule, 2024, 8, 3347-3372.

S. Shiva Kumar and H. Lim, Energy Reports, 2022, 8, 13793-13813.

IRENA, Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5C
Climate Goal, Abu Dhabi, 2020.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 65 of 76

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37
38

39

40

Energy & Environmental Science

ViewpArticle Online

V. Venkataraman, M. Pérez-Fortes, L. Wang, Y. S. Hajimolana, C. Boigues-MufieZ;,fscr07747+
Agostini, S. J. McPhail, F. Maréchal, J. Van Herle and P. V. Aravind, J Energy
Storage, 2019, 24, 100782.

D. L. Chavez, C. Azzaro-Pantel, F. Montignac and A. Ruby, Renewable and
Sustainable Energy Reviews, 2025, 217, 115689.

ISO, 2006, preprint.

ISO, 2006, preprint.

A. G. Olabi, M. A. Abdelkareem, M. S. Mahmoud, K. Elsaid, K. Obaideen, H. Rezk, T.
Wilberforce, T. Eisa, K.-J. Chae and E. T. Sayed, Process Safely and Environmental
Profection, 2023, 177, 664—687.

J. Gramc, R. Stropnik, D. Hojkar, M. Sekavcnik, D. Iribarren, J. Dufour and M. Mori, /nf
J Hydrogen Energy, DOI:10.1016/j.ijhydene.2024.08.020.

Y. Kishita, M. Matsumoto, M. Inoue and S. Fukushige, Eds., EcoDesign and
Sustainability I, Springer Singapore, Singapore, 2021.

W. Ajeeb, R. Costa Neto and P. Baptista, Susfainable Energy Technologies and
Assessments, 2024, 69, 103923.

N. Shaya and S. Gléser-Chahoud, Energies (Basel), 2024, 17, 3968.

A. Valente, D. Iribarren and J. Dufour, /nt J Life Cycle Assess, 2017, 22, 346-363.

R. Bhandari, C. A. Trudewind and P. Zapp, J Clean Prod, 2014, 85, 151-163.

A. Sola, R. Rosa and A. M. Ferrari, Adv Sustain Syst, DOI:10.1002/adsu.202400708.
D. I. Rinawati, A. R. Keeley, S. Takeda and S. Managi, Frontiers in Sustainability,
DOI:10.3389/frsus.2022.920876.

D. I. Rinawati, A. R. Keeley, S. Takeda and S. Managi, Progress in Energy, 2022, 4,
012001.

G. E. Martinez, R. Degens, G. Espadas-Aldana, D. Costa and G. Cardellini, Energies
(Basel), 2024, 17, 4297.

E. Bargiacchi, G. Puig-Samper, D. Iribarren and J. Dufour, D2.2 Definition of FCH-LCA
Guidelines, 2022.

M. Delpierre, J. Quist, J. Mertens, A. Prieur-Vernat and S. Cucurachi, J Clean Prod,
2021, 299, 126866.

G. Magnaval, T. Debonnet and M. Margni, 2025, preprint, DOI: LAPSE:2025.0030v2.
M. Riemer, S. Duval-Dachary and T. M. Bachmann, Sustainable Energy Technologies
and Assessments, 2023, 56, 103086.

S. Sarner, A. Schreiber, N. H. Menzler and O. Guillon, John Wiley and Sons Inc, 2022,
preprint, DOI: 10.1002/aenm.202201805.

N. Gerloff, J Energy Storage, DOI:10.1016/j.est.2021.102759.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

41

42

43

44
45

46

47

48

49

50

51

52

53

54

55

56

57
58

59
60

Energy & Environmental Science

View Article Online

T. Terlouw, C. Bauer, R. McKenna and M. Mazzotti, Energy Environ Sci, 2022 ;4950/05ec07747H

3583-3602.

G. Zhao, M. R. Kraglund, H. L. Frandsen, A. C. Wulff, S. H. Jensen, M. Chen and C.
R. Graves, /nt J Hydrogen Energy, 2020, 45, 23765-23781.

H. Shen, P. Crespo del Granado, R. S. Jorge and K. Loffler, Energy and Climate
Change, 2024, 5, 100133.

M. Hermesmann and T. E. Miller, Prog Energy Combust Sci, 2022, 90, 100996.

G. H. Patel, J. Havukainen, M. Horttanainen, R. Soukka and M. Tuomaala, Green
Chemistry, 2024, 26, 992-1006.

K. Bareil3, C. de la Rua, M. Méckl and T. Hamacher, App/ Energy, 2019, 237, 862—
872.

M. Gandiglio, P. Marocco, l. Bianco, D. Lovera, G. A. Blengini and M. Santarelli, /nt J
Hydrogen Energy, 2022, 47, 32822-32834.

X. Zhang, C. Bauer, C. L. Mutel and K. Volkart, App/ Energy, 2017, 190, 326-338.

G. Di Florio, E. G. Macchi, L. Mongibello, M. C. Baratto, R. Basosi, E. Busi, M.
Caliano, V. Cigolotti, M. Testi and M. Trini, App/ Energy,
DOI:10.1016/j.apenergy.2020.116378.

P. Ahmadi and A. Khoshnevisan, /nt J Hydrogen Energy, 2022, 47, 26758-267609.

J. M. Desantes, S. Molina, R. Novella and M. Lopez-Juarez, Energy Convers Manag,
2020, 221, 113137.

C. Fernandez-Dacosta, L. Shen, W. Schakel, A. Ramirez and G. J. Kramer, App/
Energy, 2019, 236, 590-606.

C. Mostert, B. Ostrander, S. Bringezu and T. M. Kneiske, Energies (Basel), 2018, 11,
3386.

D. Bionaz, P. Marocco, D. Ferrero, K. Sundseth and M. Santarelli, Energy Reports,
2022, 8, 5080-5092.

A. Yamaki, S. Fuijii, Y. Kanematsu and Y. Kikuchi, Journal of Chemical Engineering of
Japan, DOI:10.1080/00219592.2024.2406316.

R. Hren, A. Vujanovi¢, Y. Van Fan, J. J. Kleme$, D. Krajnc and L. Cudek, Renewable
and Sustainable Energy Reviews, 2023, 173, 113113.

S. Hafele, M. Hauck and J. Dailly, /nt J Hydrogen Energy, 2016, 41, 13786-13796.
S. Longo, M. Cellura, F. Guarino, G. Brunaccini and M. Ferraro, Science of The Total
Environment, 2019, 685, 59-73.

C. Spreafico, /nternational Journal of Sustainable Engineering, 2024, 17, 379-396.

J. E. Velandia Vargas and J. E. A. Seabra, Science of The Total Environment, 2021,
798, 149265.

Page 66 of 76


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 67 of 76

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

61
62

63

64

65

66

67

68

69

70

71

72

73

74
75

76

77

78

79

80
81

Energy & Environmental Science

View Article Online

|. Staffell and A. Ingram, /nt J Hydrogen Energy, 2010, 35, 2491-2505. DOI: 10.1039/D5EEQ7747H
Hydrogen Council, Hydrogen decarbonization pathways: A life-cycle assessment.,
2021.

F. Campos-Carriedo, P. Pérez-Lépez, J. Dufour and D. Iribarren, J Clean Prod, 2024,
469, 143129.

E. Schropp, F. Campos-Carriedo, D. Iribarren, G. Naumann, C. Bernacker, M.
Gaderer and J. Dufour, App/ Energy, 2024, 356, 122247 .

S. Krishnan, B. Corona, G. J. Kramer, M. Junginger and V. Koning, /nt J Hydrogen
Energy, 2024, 55, 26-41.

A. Moranti, F. Riva, T. M. Bachmann and J. Dailly, /nt J Hydrogen Energy, 2024, 92,
1284-1297.

J. Gerhardt-Mérsdorf, F. Peterssen, P. Burfeind, M. Benecke, B. Bensmann, R.
Hanke-Rauschenbach and C. Minke, Advanced Energy and Sustainability Research,
DOI:10.1002/aesr.202300135.

Battelle, Fuel/ Cell Systems for Primary Power and Combined Heat and Power
Applications, 2017.

H. Kim, C. Choe, A. Lee and H. Lim, /nt J Hydrogen Energy, 2023, 48, 16148-16158.
C. Gabrisch, F. Cerdas and C. Herrmann, 2019, pp. 37-44.

G. Palmer, A. Roberts, A. Hoadley, R. Dargaville and D. Honnery, Energy Environ Sci,
2021, 14, 5113-5131.

S. Wei, R. Sacchi, A. Tukker, S. Suh and B. Steubing, Energy Environ Sci, 2024, 17,
2157-2172.

D. Ali, R. Gazey and D. Aklil, Renewable and Sustainable Energy Reviews, 2016, 66,
27-37.

G. Peharz, F. Dimroth and U. Wittstadt, /nf J Hydrogen Energy, 2007, 32, 3248-3252.
H. Nami, O. B. Rizvandi, C. Chatzichristodoulou, P. V. Hendriksen and H. L.
Frandsen, Energy Convers Manag, 2022, 269, 116162.

Y. Acevedo, J. Prosser, J. Huya-Kouadio, K. McNamara and B. James, Hydrogen
Production Cost with Alkaline Electrolysis, 2023.

Y. Ishimoto, C. Wulf, A. Schonhoff and W. Kuckshinrichs, /nt J Hydrogen Energy,
2024, 54, 361-374.

B. Steubing, C. Mutel, F. Suter and S. Hellweg, /nf J Life Cycle Assess, 2016, 21,
510-522.

K. Buxmann, P. Kistler and G. Rebitzer, /nt J Life Cycle Assess, 2009, 14, 92-100.
N. Jungbluth, O. Tietje and R. W. Scholz, /nt J Life Cycle Assess, 2000, 5, 134.

F. Cerdas, S. Thiede and C. Herrmann, C/RP Annals, 2018, 67, 25-28.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

82
83

84
85

86

87

88

89

90

91

92

93

94

95

96

97

98

Energy & Environmental Science

Page 68 of 76

View Article Online

J. S. Cooper, M. Noon and E. Kahn, /nt J Life Cycle Assess, 2012, 17, 6895695.1039/05e£07747H

R. Sacchi, C. Bauer, B. Cox and C. Mutel, Renewable and Sustainable Energy
Reviews, DOI:10.1016/j.rser.2022.112475.

T. Gibon and A. Hahn Menacho, Environ Sci Technol, DOI:10.1021/acs.est.3¢03190.
A. Provost-Savard, R. Legros and G. Majeau-Bettez, Waste Management, 2023, 156,
84-96.

G. Magnaval and A.-M. Boulay, Renewable and Sustainable Energy Reviews, 2025,
217, 115716.

M. Douziech, R. Besseau, R. Jolivet, B. Shoai-Tehrani, J. Bourmaud, G. Busato, M.
Gresset-Bourgeois and P. Pérez-Lopez, J /Ind Ecol, 2024, 28, 25-40.

L. Ospital, M. Margni and A.-M. Boulay, Development of a Parametrized and
Regionalized Life Cycle Inventory Model for Tire and Road Wear Particles, 2025.

J. R. C. European Commission, A., Arrigoni, F. Dolci, R. Ortiz Cebolla, E. Weidner, T.
D’Agostini, U. Eynard, V. Santucci and F. Mathieux, Environmental life cycle
assessment (LCA) comparison of hydrogen delivery options within Europe,
Luxembourg, 2024.

G. Puig-Samper, E. Bargiacchi, D. Iribarren and J. Dufour, J Clean Prod, 2024, 470,
143330.

C. Antonini, K. Treyer, A. Streb, M. van der Spek, C. Bauer and M. Mazzotti, Susfain
Energy Fuels, 2020, 4, 2967-2986.

Fuel Cells and Hydrogen 2 Joint Undertaking, Fuel/ Cells and Hydrogen 2 Joint
Undertaking - Chapter 2 Hydrogen supply and demand, 2021.

S. Wei, F. M. Kanchiralla, F. Schulte, H. Polinder, A. Tukker and B. Steubing, Resour
Conserv Recycl, 2026, 226, 108671.

IEA, ETP Clean Energy Technology Guide, https://www.iea.org/data-and-
statistics/data-tools/etp-clean-energy-technology-guide, (accessed 10 December
2025).

A. Mehmeti, S. J. McPhail, D. Pumiglia and M. Carlini, J Power Sources, 2016, 325,
772-785.

A. Escamilla, D. Sanchez and L. Garcia-Rodriguez, /nt J Hydrogen Energy, 2022, 47,
17505-17525.

Y. Zhao, H. Xue, X. Jin, B. Xiong, R. Liu, Y. Peng, L. Jiang and G. Tian, /nfJ
Hydrogen Energy, 2021, 46, 38163-38174.

K. Schwarze, O. Posdziech, S. Kroop, N. Lapefia-Rey and J. Mermelstein, £ECS 7rans,
2017, 78, 2943-2952.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 69 of 76 Energy & Environmental Science

99  X.Wei, A. Waeber, S. Sharma, L. Wang, S. Diethelm, F. Maréchal and J. \ian ferl6ozccor 4
Journal of Energy Chemistry, 2025, 106, 231-247.

100 G. Jiménez-Martin, X. Judez, M. Aguado and |. Garbayo, /nt J Hydrogen Energy,
2025, 142, 627-641.

101 J. Szczurowski, A. Lubecki, M. Hasal, J. Fudalewski and K. Zarebska, Environ Impact
Assess Rev, 2025, 112, 107839.

102 Y. Ligen, H. Vrubel and H. Girault, /nf J Hydrogen Energy, 2020, 45, 10639-10647.

103 G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz and B. Weidema,
International Journal of Life Cycle Assessment, 2016, 21, 1218-1230.

104 DOE, .

105 S. Sebbahi, A. Assila, A. Alaoui Belghiti, S. Laasri, S. Kaya, E. K. Hlil, S. Rachidi and
A. Hajjaji, Int J Hydrogen Energy, 2024, 82, 583-599.

106 H. A. Miller, K. Bouzek, J. Hnat, S. Loos, C. |. Bernacker, T. Weil3garber, L. Rontzsch
and J. Meier-Haack, Sustain Energy Fuels, 2020, 4, 2114-2133.

107 W. Li, H. Tian, L. Ma, Y. Wang, X. Liu and X. Gao, Mafer Adv, 2022, 3, 5598-5644.

108 US Department of Energy, Hydrogen and Fuel Cell Technologies Office: Multi-Year
Program Plan, 2024.

109 O. Schmidt, A. Gambhir, I. Staffell, A. Hawkes, J. Nelson and S. Few, /nt J Hydrogen
Energy, 2017, 42, 30470-30492.

110 S. G. Simoes, J. Catarino, A. Picado, T. F. Lopes, S. di Berardino, F. Amorim, F. Girio,
C. M. Rangel and T. Ponce de Leao, J Clean Prod, 2021, 315, 128124.

111 M. A. Abdelkareem, K. Elsaid, T. Wilberforce, M. Kamil, E. T. Sayed and A. Olabi,
Science of The Total Environment, 2021, 752, 141803.

112 A. Tewary and C. Upadhyay, in Environmental Concerns and Remediation, Springer
International Publishing, Cham, 2022, pp. 249-279.

113 J. G. Love, A. P. O’'Mullane, F. A. Boulaire and I. D. R. Mackinnon, Sustain Energy
Fuels, 2022, 6, 4008—4023.

114 DOE, .

115 S. Minelli, M. Civelli, S. Rondinini, A. Minguzzi and A. Vertova, Hydrogen, 2021, 2,
246-261.

116 |. Staffell, D. Scamman, A. Velazquez Abad, P. Balcombe, P. E. Dodds, P. Ekins, N.
Shah and K. R. Ward, Energy Environ Sci, 2019, 12, 463-491.

117 0. Z. Sharaf and M. F. Orhan, Renewable and Sustainable Energy Reviews, 2014, 32,
810-853.

118 F. Ramadhani, M. A. Hussain and H. Mokhlis, Processes, 2019, 7, 950.

119 N. N. Atak, B. Dogan and M. K. Yesilyurt, Energy, 2023, 282, 128907 .

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

120

121

122

123

124

125

126

127

128

129

130

131

132

133
134

135

136

137

138
139

Energy & Environmental Science Page 70 of 76

Article Online

Y. Wang, Y. Pang, H. Xu, A. Martinez and K. S. Chen, Energy Environ SC/;DZQZ(ZJ,oé%sggoWMH
2288-2328.

A. Arrigoni, V. Arosio, A. Basso Peressut, S. Latorrata and G. Dotelli, Clean
Technologies, 2022, 4, 132-148.

D. K. Madheswaran, M. Thangamuthu, S. Gnanasekaran, S. Gopi, T. Ayyasamy and
S. S. Pardeshi, Sustainability, 2023, 15, 15923.

A. Hawkes, |. Staffell, D. Brett and N. Brandon, Energy Environ Sci, 2009, 2, 729.

R. J. Milcarek, J. Ahn and J. Zhang, Sci Technol Built Environ, 2017, 23, 1224-1243.
S. T. Thompson, D. Peterson, D. Ho and D. Papageorgopoulos, J Elecfrochem Soc,
2020, 167, 084514.

W. E. Mustain, M. Chatenet, M. Page and Y. S. Kim, Energy Environ Sci, 2020, 13,
2805-2838.

E. A. Norman, V. M. Maestre, A. Ortiz and I. Ortiz, Renewable and Sustainable Energy
Reviews, 2024, 202, 114725.

DOE, Technical Targets for High Temperature Electrolysis,
https://www.energy.gov/eere/fuelcells/technical-targets-high-temperature-electrolysis,
(accessed 2 June 2025).

H. R. Kim, M. H. Seo, J. H. Ahn and T. S. Kim, Energy Reports, 2023, 9, 2335-2347.
|. Staffell, App/ Energy, 2015, 147, 373-385.

J. C. Koj, P. Zapp, C. Wieland, K. Gorner and W. Kuckshinrichs, Energy Sustain Soc,
2024, 14, 64.

D. Henkensmeier, M. Najibah, C. Harms, J. Zitka, J. Hnat and K. Bouzek, Journal of
Electrochemical Energy Conversion and Storage, DOI:10.1115/1.4047963.

A. Simons and C. Bauer, App/ Energy, 2015, 167, 884-896.

L. Usai, C. R. Hung, F. Vasquez, M. Windsheimer, O. S. Burheim and A. H.
Stremman, J Clean Prod, 2021, 280, 125086.

M. AZZAM, Z. QAQ and M. ORHAN, Journal of Thermal Engineering, 2023, 9, 138—
160.

F. Bidault and P. H. Middleton, in Comprehensive Renewable Energy, Elsevier, 2012,
pp. 179-202.

CLEAN HYDROGEN JU, Strategic Research and Innovation Agenda 2021 - 2027 ,
2022.

B. Cox and K. Treyer, J Power Sources, 2015, 275, 322-335.

J. C. Douglin, R. K. Singh, S. Haj-Bsoul, S. Li, J. Biemolt, N. Yan, J. R. Varcoe, G.
Rothenberg and D. R. Dekel, Chemical Engineering Journal Advances, 2021, 8,
100153.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 71 of 76

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

140

141

142

143

144

145

146

147

148

149

150

151

152
153

154

155

156

157

158
159

160

161

Energy & Environmental Science

N. Du, C. Roy, R. Peach, M. Turnbull, S. Thiele and C. Bock, Chem Rev, 202212255 07740,
11830-11895.

S. Evangelisti, C. Tagliaferri, D. J. L. Brett and P. Lettieri, J Clean Prod, 2017, 142,
4339-4355.

T. B. Ferriday and P. H. Middleton, /nt J Hydrogen Energy, 2021, 46, 18489-18510.
E. Gulzow, Fuel Cells, 2004, 4, 251-255.

R. K. lyer, J. H. Prosser, J. C. Kelly, B. D. James and A. Elgowainy, /ntf J Hydrogen
Energy, 2024, 81, 1467-1478.

B. James, J. Huya-Kouadio, C. Houchins and D. Desantis, Mass Production Cost
Estimation of Direct HZ PEM Fuel Cell Systems for Transportation Applications: 2017
Update, 2017.

J. C. Koj, A. Schreiber, P. Zapp and P. Marcuello, Energy Procedia, 2015, 75, 2871-
2877.

Y. Kim, J. Kim and K. Min, /nfernational Journal of Aufomofive Technology, 2024, 25,
701-715.

J. Kupecki, K. Motylinski, S. Jagielski, M. Wierzbicki, J. Brouwer, Y. Naumovich and
M. Skrzypkiewicz, Energy Convers Manag, 2019, 199, 111934.

Y. D. Lee, K. Y. Ahn, T. Morosuk and G. Tsatsaronis, Energy, 2015, 79, 455-466.

B. Li, Z. Lyu, J. Zhu, M. Han and Z. Sun, /nt J Coal Sci Technol, 2021, 8, 500-509.

A. Mayyas, M. Ruth, B. Pivovar, G. Bender and K. Wipke, Manufacturing Cost
Analysis for Proton Exchange Membrane Water Electrolyzers , 2019.

M. Mori, R. Stropnik, M. Sekavénik and A. Lotri€, Sustainability, 2021, 13, 3565.
NREL, 7-70 kW Stationary Combined Heat and Power Systems Status and Technical
Potential, 2010.

S. H. Park, Y. D. Lee and K. Y. Ahn, /nt J Hydrogen Energy, 2014, 39, 1799-1810.

A. Pawtowski, A. Zelazna and J. Zak, Energies (Basel), 2023, 16, 3702.

T. Reshetenko, M. Odgaard, D. Schlueter and A. Serov, J Power Sources, 2018, 375,
185-190.

M. Sardella, Energy Analysis of a Fuel Cell System for Commercial Greenhouse
Application, 2013.

N. K. Landin and B. C. Windom, /nt J Hydrogen Energy, 2024, 57, 1273-1285.

C. Hu, H. W. Kang, S. W. Jung, X. Zhang, Y. J. Lee, N. Y. Kang, C. H. Park and Y. M.
Lee, ACS Cent Sci, 2024, 10, 603-614.

N. Ul Hassan, M. J. Zachman, M. Mandal, H. Adabi Firouzjaie, P. A. Kohl, D. A. Cullen
and W. E. Mustain, ACS Catal, 2022, 12, 8116-8126.

F.Li, S. H. Chan and Z. Tu, The Chemical Record, DOI:10.1002/tcr.202300067.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177
178

179

Energy & Environmental Science Page 72 of 76

DBI Gas- und Umwelttechnik GmbH and Frontier Economics Limited, H2 shertstudrcoramn,
Hydrogen quality in an overall German hydrogen network, 2022.

J. Cooper, L. Dubey, S. Bakkaloglu and A. Hawkes, Science of The Total
Environment, 2022, 830, 154624.

Z. FAN, J. FRIEDMANN and H. FRIEDMANN, HYDROGEN LEAKAGE: A
POTENTIAL RISK FOR THE HYDROGEN ECONOMY;, 2022.

A. Arrigoni and L. Bravo Diaz, Hydrogen emissions from a hydrogen economy and
their potential global warming impact, 2022.

I. Dutta, R. K. Parsapur, S. Chatterjee, A. M. Hengne, D. Tan, K. Peramaiah, T. I.
Solling, O. J. Nielsen and K.-W. Huang, ACS Energy Lett, 2023, 8, 3251-3257.
Frazer-Nash Consultancy, Fugitive Hydrogen Emissions in a Future Hydrogen
Economy , 2022.

R. Sacchi, T. Terlouw, K. Siala, A. Dirnaichner, C. Bauer, B. Cox, C. Mutel, V.
Daioglou and G. Luderer, Renewable and Sustainable Energy Reviews, 2022, 160,
112311.

DOE, DOE Hydrogen and Fuel Cell Program 2017 Annual Progress Report., 2018.
M. S. Akhtar, R. Dickson and J. J. Liu, ACS Sustain Chem Eng, 2021, 9, 17152—
17163.

R. Ortiz Cebolla, F. Dolci and E. Weidner Ronnefeld, Assessment of hydrogen delivery
options, 2022.

Danish Energy Agency, Technology Data for Transport of Energy, 2025.

L. Koops, GAS PIPELINE VERSUS LIQUID HYDROGEN
TRANSPORTPERSPECTIVES FOR TECHNOLOGIES, ENERGY DEMAND AND
TRANSPORT CAPACITY, AND IMPLICATIONS FOR AVIATION, 2023.
EUROPEAN HYDROGEN BACKBONE, Analysing future demand, supply, and
transport of hydrogen., 2021.

A. Santecchia, R. Castro-Amoedo, T.-V. Nguyen, |. Kantor, P. Stadler and F.
Maréchal, Energy Environ Sci, 2023, 16, 5350-5370.

D. Astesiano, M. Bissoli, A. Della Rocca, E. Malfa and C. Wuppermann, Mafériaux &
Techniques, 2023, 111, 203.

D. Pashchenko, Renew Energy, 2024, 223, 120033.

B. P. Wilson, N. P. Lavery, D. J. Jarvis, T. Anttila, J. Rantanen, S. G. R. Brown and N.
J. Adkins, J Power Sources, 2013, 243, 242-252.

M. Di Virgilio, A. Basso Peressut, V. Arosio, A. Arrigoni, S. Latorrata and G. Dotelli,
Clean Technologies, 2023, 5, 74-93.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 73 of 76

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

180

181

182

183

184
185

186

187

188

189

190

191

192

193

194

195

196

197

198

Energy & Environmental Science

View Article Online

L. da Silva Lima, M. Quartier, A. Buchmayr, D. Sanjuan-Delmas, H. Laget, . 10.1039/05e£07747H
Corbisier, J. Mertens and J. Dewulf, Sustainable Energy Technologies and
Assessments, 2021, 46, 101286.

C. Bulle, M. Margni, L. Patouillard, A. M. Boulay, G. Bourgault, V. De Bruille, V. Cao,
M. Hauschild, A. Henderson, S. Humbert, S. Kashef-Haghighi, A. Kounina, A. Laurent,
A. Levasseur, G. Liard, R. K. Rosenbaum, P. O. Roy, S. Shaked, P. Fantke and O.
Jolliet, /nfernational Journal of Life Cycle Assessment, 2019, 24, 1653-1674.

N. Warwick, P. Griffiths, J. Keeble, A. Archibald, J. Pyle and K. Shine, Atmospheric
implications of increased Hydrogen use , 2022.

G. Magnaval, M. Mouhoub, A.-M. Boulay and M. Margni, 2025, preprint, DOI:
https://doi.org/10.5281/zenodo.18019828.

E. Schropp, G. Naumann and M. Gaderer, Procedia CIRP, 2022, 105, 92-97.

E. G. Goita, E. A. Beagle, A. N. Nasta, D. L. Wissmiller, A. Ravikumar and M. E.
Webber, Commun Earth Environ, 2025, 6, 160.

T. Sun, E. Shrestha, S. P. Hamburg, R. Kupers and I. B. Ocko, Environ Sci Technol,
2024, 58, 5299-5309.

K. de Kleijne, A. B. Ottenbros and S. V Hanssen, Progress in Energy, 2025, 7,
034001.

B. Cox, C. Bauer, A. Mendoza Beltran, D. P. van Vuuren and C. L. Mutel, App/
Energy, 2020, 269, 115021.

A. Rinaldi, A. Syla, M. K. Patel and D. Parra, Cleaner Production Letters, 2023, 5,
100044.

J. Simaitis, R. Lupton, C. Vagg, |. Butnar, R. Sacchi and S. Allen, Commun Earth
Environ, 2025, 6, 476.

G. Bieker, Infernational Councif of Clean Transportation (ICCT) White Paper No. 07-
2021.

A. Billerbeck, C. P. Kiefer, J. Winkler, C. Bernath, F. Sensfuf3, L. Kranzl, A. Muller and
M. Ragwitz, Energy Convers Manag, 2024, 299, 117850.

L. Gao, P. Naylor, A. Hegab and P. Pilidis, Energies (Basel), 2025, 19, 156.

P. Diesing, P. Blechinger and C. Breyer, Energy Convers Manag, 2025, 342, 120145.
J. Leicher, A. Giese and C. Wieland, J (Basel), 2024, 7, 439-456.

A. Koen and P. Ruschhaupt, Decarbonizing High-Temperature Heat in Industry, 2024.
Fraunhofer ISI, Direct electrification of industrial process heat. An assessment of
technologies, potentials and future prospects for the EU., 2024.

C. Mostert, B. Ostrander, S. Bringezu and T. M. Kneiske, Energies (Basel), 2018, 11,
3386.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Energy & Environmental Science Page 74 of 76

View Article Online

199 Y. W. Koholé, C. A. Wankouo Ngouleu, F. C. V. Fohagui and G. Tchuen, J&&nergyo/pseco77474

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

200
201

202
203

204
205

206

207

208

209

210

211

212

213
214

215

216
217

218

Storage, 2024, 93, 112299.

A. Ortega Ruiz, University of Californie, Irvine, 2025.

M. A. Pellow, C. J. M. Emmott, C. J. Barnhart and S. M. Benson, Energy Environ Sci,
2015, 8, 1938-1952.

Y. Huang and J. Li, Adv Energy Mater, DOI:10.1002/aenm.202202197.

T. Balanza, N. Campion, M. Berg Rosendal, R. Bramstoft and A. Bjgrn, Environmental
Research Letters, 2025, 20, 074050.

Y. Y. Lai and A. Laurent, Sustain Prod Consum, 2025, 59, 143-160.

European Commission, 2021, preprint, https://eur-
lex.europa.eu/eli/reg_del/2021/2139/0j.

J. Schnidrig, M. Souttre, A. Chuat, F. Maréchal and M. Margni, J Environ Manage,
2024, 370, 122537.

A. Franco and C. Giovannini, Sustainability, 2023, 15, 16917.

Oxford Institute for Energy Studies, Review of Hydrogen Leakage along the Supply
Chain: Environmental Impact, Mitigation, and Recommendations for Sustainable
Deployment, 2024.

R. Riedmayer, B. A. Paren, L. Schofield, Y. Shao-Horn and D. Mallapragada, Energy
& Fuels, 2023, 37, 8614-8623.

M. Lejeune, R. Daiyan, M. Zwicky Hauschild and S. Kara, Procedia C/IRP, 2024, 122,
958-963.

A. Buttler and H. Spliethoff, Renewable and Sustainable Energy Reviews, 2018, 82,
2440-2454.

J. Beyrami, R. N. Nakashima, A. Nemati and H. L. Frandsen, /nt J Hydrogen Energy,
2025, 102, 980-995.

T. Greffe, M. Margni and C. Bulle, /nf J Life Cycle Assess, 2023, 28, 53-69.

M. Beccali, M. Cellura and S. Longo, Report on Life cycle analysis of I[EA Solar
Heating and Cooling Program , 2014.

B. Tranberg, O. Corradi, B. Lajoie, T. Gibon, I. Staffell and G. B. Andresen, Energy
Strategy Reviews, 2019, 26, 100367.

I. B. Ocko and S. P. Hamburg, Afmos Chem Phys, 2022, 22, 9349-9368.

M. Agez, E. Muller, C. Bulle, L. Debarre, G. Seitfudem, I. Viveros Santos and L. Duval,
2024, preprint, https://doi.org/10.5281/zenodo.14041258.

In Climate Change 2021 — The Physical Science Basis, Cambridge University Press,
2023, pp. 923-1054.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Page 75 of 76

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

(cc)

Energy & Environmental Science

View Article Online

219 A. B. dos Santos, A. Giacobbo, M. A. S. Rodrigues and A. M. Bernardes, Wafes1030/05cc07747H
(Basel), 2024, 16, 401.
220 |EA, Global Hydrogen Review 2025, 2025.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee07747h

Open Access Article. Published on 26 March 2026. Downloaded on 3/26/2026 8:42:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science Page 76 of 76

View Article Online
DOI: 10.1039/D5EE07747H

Data availability
Supplementary Materials are accessible at 10.5281/zenodo.17428316.
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