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ABSTRACT

The Life Cycle Assessment (LCA) of a solid oxide electrolyser (SOE) has been performed using
publicly available data. The system for producing 1 kg of hydrogen at 25bar and 99.9% purity is
represented by a modular structure, which includes the 20-kW solid oxide stack manufacturing,
balance of plant equipment, operation consumables, and end-of-life processes. A parametrized
life cycle inventory modeling approach was developed. The results illustrate that SOE performs
better than steam methane reforming only if supplied by electricity from renewable or nuclear
sources. The operation consumables have been identified as the most contributive life stage (67 %-
89% of potential impacts), followed by equipment manufacturing (7%-22%) and stack manufac-
turing (4%-11%). Considering the predominant contribution of electricity supply in the consuma-
bles, no compromise should be made on ensuring clean electricity sourcing and on the stack en-
ergy conversion efficiency. The lifetime of the stack and the balance of plant equipment, as well
as the heat mix have been identified as sensitive parameters to minimize the environmental impact
of the hydrogen technology. These LCA results have been used to produce a tailored eco-design
process for hydrogen projects: (i) organization of an eco-design workshop to present LCA results
& environmental hotspots and related key parameters where to leverage eco-design innovations
through an open discussion (brainstorm); (ii) provide an eco-design tool obtained from a simplified
version of the LCA model parametrized around a limited number key life cycle inventory parame-
ters, enabling the designers/developers to independently test the environmental performance of
their innovations.

Keywords: Life Cycle Assessment, Eco-design Process, Solid Oxide Electrolyser, Parametrized Life Cycle In-
ventory

INTRODUCTION

Hydrogen technologies are promising solutions for
ecological transition in energy and industry. Electrolysers
can produce hydrogen through water electrolysis pow-
ered by renewable electricity to replace fossil-based hy-
drogen obtained by Steam Methane Reforming (SMR),
providing industrial processes such as steel production
and chemical synthesis with low-impact feedstock. Hy-
drogen can also serve as an energy carrier to facilitate
the shift toward a renewable energy mix. Fuel Cell tech-
nologies can convert hydrogen back into electricity, so
that hydrogen would provide a flexible energy storage to
balance the grid [1]. As the fuel cells and electrolysers
(FC&EL) are still emerging technologies, they present an
https://doi.org/10.69997/sct.171756

opportunity to integrate effective eco-design strategies
early in their conception, when the degree of freedom in
design choices are higher. Eco-design refers to the ob-
jective of minimizing the potential environmental impacts
of atechnology while conserving its functionalities [2]. To
define these eco-design strategies, assessing the poten-
tial environmental impact of the FC&EL is crucial. Life Cy-
cle Assessment (LCA) is a methodology for evaluating
the environmental impacts of a product or system
throughout its entire life cycle, from raw material extrac-
tion to disposal. LCA has been widely used for eco-de-
sign [3]. It allows identifying the hotspots and key tech-
nological parameters that mostly contribute to the poten-
tial impacts along the supply chain of the product, and to
anticipate unexpected burden shifting between impact
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categories.

The hydrogen technologies studied in this paper
rely on solid oxide cells (SOCs). The particularity of this
technology is the high-temperature operation (500°C-
1000°C) and the possible reversibility of the cells (rSOCs)
[4]. It means that the same cells can be used either for
electrolyser mode (SOE) or for fuel cell mode (SOFC).
Few LCA have already been developed for SOFC system
[5], [6], [7], for SOE system [8], [9], [10], [11] and for re-
versible system [12] but they raised some methodologi-
cal issues. First, the system boundaries of some studies
focus solely on the production of one stack (cradle-to-
gate), while others include the operation phase (cradle-
to-grave) that represents the largest contributor to the
overall environmental impact scores (70-100% depend-
ing on energy sourcing and technology). Second, the
quality of hydrogen produced (purity, pressure) were
rarely explicitly defined. Third, modeling of the balance of
plant and the end-of-life of the system have been ne-
glected by many studies. Finally, these LCA have been
developed for comparative studies (with other FC&EL
technologies or SMR) rather than specifically for eco-de-
sign process.

This paper aims (1) to develop a consistent LCA
modular structure across all hydrogen technologies, fa-
cilitating comparability and harmonization in modeling
and interpreting their environmental performances; (2) il-
lustrate its application performing the LCA of a SOE from
publicly available data; and (3) to support an eco-design
process with quantified metrics from these LCA results.

METHODS

This section describes the methodology followed to
compute the LCA of a solid oxide baseline, and to derive
eco-design principles from these LCA results. Figure 1
gives a graphical representation of this approach. The
LCA has been performed according to ISO 14040 and ISO
14044 standards [13], [14]. The following sections detail
each phase of the methodology.

Eco-design
Use for Eco-design: | process
Eco-design tool —>
and Workshop

LCA Results:
= Hotspots and
Key Parameters

Inventory:
Parametrized LCI

Goal & Scope:
Modular Structure

Figure 1. Graphical representation of the methodology
for developing an eco-design process based on LCA.

Goal & Scope and Modular Structure

Existing guidelines for the LCA of hydrogen technol-
ogies provide valuable guidance for practitioners [2],
[15], [16], [17]. However, they lack a standardized frame-
work for defining the goal and scope of hydrogen tech-
nologies, limiting the interpretation, comparability of LCA
Magnaval et al. / LAPSE:2025.0260

results and hindering interoperability of datasets. This
paper offers a first attempt to improve consistency and
harmonization defining the LCA scope for H2 technolo-
gies: terminology and classification of key processes and
their organization in hierarchical supply tiers, providing a
structured approach that can be applied across all other
hydrogen technologies (Figure 2). This approach requires
an explicit functional unit which incorporates pressure
and purity conditions, but also the stack power, to enable
fair comparisons between systems. For the case study,
the functional unit is defined as “producing 1 kg hydrogen
@25bar and 99.9% purity, using a 20kW stack, in Europe
in 2024". The process tree delivering the functional unit
is organized in hierarchical supply tiers. Tier 1 encom-
passes the following main life cycle stages: the stack
manufacturing, the balance of plant equipment, the op-
eration consumables, and the end-of-life of the system.
Each of them links to specific upstream supply processes
at Tier 2. Typically, the BoP contains standard equipment,
and a compressor to ensure the hydrogen is delivered at
25bars (the hydrogen reaches 99.9% at this pressure
without additional equipment). Tier 3 maps suppliers of
each Tier 2 process, and so on. Tier 4 represents the
background system, consisting in processes for which
primary data on supply material, energy, and services are
not generally available and for which generic datasets are
used to estimate cradle-to-gate life cycle inventories of
the respective supply chains. Such generic datasets are
taken from commercial life cycle inventory databases.

Parametrized Life Cycle Inventory

The LCI data collection mainly concerns the materi-
als used, the energy consumed, and the amount and type
of wastes and emissions generated by each process in-
cluded in the system boundaries. To ensure reproducibil-
ity and adaptability of the study, and to facilitate the eco-
design process, a parametrized life cycle inventory (p-
LCI) is developed. This practice consists in structuring
the inventory with raw parameters linked with explicit
equations, instead of introducing computed numbers
[18].

The parameters introduced in this p-LCIl describe
the stack geometry, the stack composition, the industrial
processes involved in component production, the opera-
tional performance of the electrolyser and the energy
mixes. The illustrative case study assumes a 100% re-
newable electricity mix supply and 65% of heat valorized
from waste heat supplied by an industrial site where the
SOE is operated. This waste heat is assumed impact free.
The remaining 35% of heat is assumed to be provided by
electric heaters. Table 1 presents the parameters for cal-
culating Tier 1 process flows.
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Figure 2: System boundaries of the screening LCA to deliver the functional unit, ordered by supply tier. Tier 1
encompasses the main life stages. Each element is further subdivided in common Tier 2 sub processes and so on.

Table 1: Main foreground parameters introduced in the
study for SOE baseline values.

Compo- Description Baseline  Sourc
nent Value e
Cell Active Surface 0.02 m2 [71,
[8]
Stack Stack Power 20 kW FU
Stack Current Density 1 A/lcm? [10]
Stack Voltage [8],
1.3V (1]
Stack Degradation Rate 1%/kh [11]
BoP BoP lifetime 80,000h [19]
Operation Beginning of life
LHV-based System 85% [9]
Efficiency
Operation Water Demand 14 L/kgH2 [20]
Operation Heat Demand 9 kWh/
[10]
kgH2
Electricity Wind Power 75%
Mix PV Power 7% [21]
Hydraulic Power 18%
. Waste heat available 65% [9]
Heat Mix Heaters (electricity) 35%

The complete set of parameters is available in Supple-
mentary Information. Most of secondary data comes from
the life cycle inventory (LCI) modules available in the Eu-
ropean Ecoinvent v3.10

database [19].

LCA results

Magnaval et al. / LAPSE:2025.0260

The impact profile has been computed using the
Footprint version of the Impact World+ v2.0 method [22].
Five categories of impacts are assessed: the Carbon
footprint (CC) in kgCO2eq., the Water Scarcity footprint
in m® world-eq., the Fossil and Nuclear Energy Use in MJ
deprived, the Remaining Human Health (Rem. HH) in
DALY and the Remaining Ecosystem Quality (Rem. EQ) in
PDF.M2.yr. The categories Remaining of human health
and of ecosystem quality exclude the contributions of cli-
mate change and water availability, avoiding double
counting. The OpenLCA 2.0.3 software was used to com-
pute the potential impacts associated with the invento-
ried emissions.

First, the environmental profile of the production of
1kg of Hz2 (@25bar, 99.9% purity) using the 20-kW stack
is performed. The efficiency of the system (78%) is de-
termined as the average efficiency that includes a typical
ohmic degradation of the stack over its useful life (based
on a 10% maximum degradation) and the energy for com-
pression. A comparison is made with hydrogen produc-
tion from Steam Methane Reforming (SMR) (@25bar and
99.9% purity). The SMR process is modeled using the
Ecoinvent database, specifically tailored to the European
context. Second, a contribution analysis is performed to
take a deep dive into the results. The contribution analy-
sis is made stepwise, by progressively disaggregating
the processes following the tiers of the modular struc-
ture. This work clarifies which life cycle stages, unit pro-
cesses, then components mainly contribute to the overall
impact scores and therefore identify the hotspots of the
SOE baseline layout. Third, sensitivity analyses are
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Figure 3: Comparative environmental profile of the SOE baseline scenario (Green Mix), the European Mix Scenario
(sensitivity analysis) and the production of H2 by SMR. Absolute values of the different indicators are given on the

performed to check the results robustness to the scenar-
ios, and to provide valuable insights on the most critical
processes and key parameters for reducing the environ-
mental impacts. The sensitivity to energy mixes, to the
purity requirement and to the system size are performed.
A systemic sensitivity analysis of the foreground param-
eters introduced in the p-LCl is also performed.

Deriving an eco-design process from LCA
results

The interpretation of the LCA results provides the foun-
dation for defining the key eco-design messages. The
eco-design process relies on two complementary ele-
ments. First, an eco-design workshop is organized to
translate the LCA findings into actionable design innova-
tions. The workshop initiates with a knowledge-sharing
presentation. The principles of life cycle thinking, and the
risks of burden shifting are introduced to the project part-
ners. The LCA results are communicated to the partici-
pants, emphasizing the most contributive processes,
components, and the most sensitive parameters, foster-
ing a collective understanding of the key priorities and
key leverages for reducing the environmental impacts.
The second part of the workshop aims at stimulating the
creativity of the engineers/designers around the innova-
tions aimed to improve the environmental performance of
the baseline technology. The eco-design wheel devel-
oped by the HEU eGhost, which outlines eight core eco-
design principles [2], was used as a step-by-step frame-
work for guiding partners discussions. The second ele-
ment consists in providing an eco-design tool obtained
from a simplified version of the LCA model parametrized
around a limited number of key LCI parameters. This tool
enables designers to independently test the environmen-
tal performance of their innovations, providing immediate
feedback on the environmental performance of their
ideas and fostering an iterative improvement process.

Magnaval et al. / LAPSE:2025.0260
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RESULTS

The LCA of the SOE baseline has been performed to
evaluate the impact scores across the five different cat-
egories to produce 1 kg of hydrogen. The ‘Baseline’ bars
in the figure 3 illustrate this environmental profile com-
pared with the SMR impact scores (in purple). The base-
line performs better than SMR for Climate Change (factor
9), Energy Resource (factor 12.5) and Water Scarcity
(factor 2), while the results are reversed for Remaining
Ecosystem Quality (factor 2) and Remaining Human
Health (factor 2) impact scores. An additional comparison
using the IW+ expert version, which aggregates the five
categories of the footprint version into two damage indi-
cators (Human Health and Ecosystem Quality), has been
performed to clarify the trade-offs illustrated by the foot-
print version. This work reveals that the SOE baseline
outperforms SMR for both indicators (see Supplementary
Information).

Functional Unit: 1 kg of H, produced
_— |

100%

80%
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40%
- .
0%
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MJ]

m Stack Manufacturing m BoP Equipment Electricity (operation)

m Ultrapure Water (Operation) m Heat (Operation) m End-of-life

Figure 4. Contribution Analysis of the main life stages of
the baseline SOE supplied with a 100%-renewable
electricity mix. Operation phase is detailed at Tier 2 level.
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Contribution analyses

The contribution analysis shows that the operation
phase dominates all impact categories by contributing
67%-89%, followed by the Balance of Plant (7%-22%),
while stack manufacturing remains low at 4%-11%, and
End-of-Life is negligible (Figure 4).

The Tier 2 analysis of the operation life stage high-
lights that electricity consumption drives the consuma-
bles impact scores (61%-81%), while heat consumption
(5-6%) and ultrapure water consumption (1%-7%) are less
contributive.

Figure 5 shows the contribution analysis of the stack
manufacturing according to two different groupings of
processes, with results normalized to the impacts of the
production of 1 unit of stack of 20kW (cradle-to-gate).

(A)

Eunctional Unit: A 20kW stack producted
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Figure 5. Contribution Analysis of the solid oxide stack
manufacturing. The processes are decomposed
following (A) the tier 2 of the stack manufacturing and (B)
the tier 4 of the stack manufacturing.

The first group (A) corresponds to the Tier 2 ele-
ments of the stack as presented in the Figure 2 (SOC, Bi-
polar Plates, Gasket and End Plates). The second group
(B) aggregates the impact scores of the Tier 4 processes
(Energy, Material, Chemical and Waste). Figure 5A illus-
trates that the stack manufacturing impacts are driven by
the cells, the bipolar plates, and the end plates produc-
tions. The cells manufacturing dominates the Remaining
Ecosystem Quality and the Water Scarcity with respec-
tively 61% and 66% of the impacts of the stack

Magnaval et al. / LAPSE:2025.0260

production. The end plates are the largest contributor to
Climate Change (39%) and Energy Use (36%). The bipo-
lar plates dominate the Remaining Human Health (36%)
category. Moreover, the Figure 5B highlights that the ma-
terials used to produce the stack components are the
main source of impacts for all categories with a relative
contribution of 70-86% of the impact scores. The impact
contribution of waste treatments generated during man-
ufacturing are negligible. Energy required for manufac-
turing is the second highest contributor (15-25%), fol-
lowed by the chemicals production used as solvent dur-
ing the manufacturing (2%).

Sensitivity Analyses Results

The sensitivity analysis on the electricity mix supply
illustrates that low-carbon electricity from renewable or
nuclear sources is essential for the SOE to outperform the
environmental performance of hydrogen production by
SMR (Figure 3). Supplying the SOE with the 2024 Euro-
pean electricity grid instead of the 100% renewable mix
of the baseline would considerably increase the impacts
of hydrogen production, for all impact categories be-
tween a factor of 6.5 and 12. Hydrogen produced by the
SOE baseline supplied with this 2024 European electricity
mix would lead to higher impacts than SMR for all cate-
gories except the Energy Resources indicator.

Other sensitivity analyses on heat supply, scalability
of the SOE at market scale, hydrogen purity and other key
technical parameters are provided in Supplementary in-
formation with numerical and graphical results. The use
of natural gas to supply heat should be avoided as it in-
creases Climate Change and Energy Resources scores
(factor 2.5-3). As the scalability of SOE is more sensitive
to the system size than the stack itself [23], we modeled
a scenario scaling the BoP equipment to the power of the
system by applying the method developed by Zhang et
al. [24]. Scaling up the BoP from 20kW to 20MW may re-
duce the system’s potential impacts by 7-19%. Moving
from 99.9% to0 99.999% hydrogen purity using a Pressure
Swing Adsorption process increases the potential im-
pacts by 9-11%. A systematic sensitivity analysis of key
parameters was performed on the Climate Change indi-
cator by independently varying each foreground param-
eter by 10% and calculating the corresponding relative
change in impact scores. This analysis highlights stack
efficiency being the most critical parameter causing an
8.4% change in impact score, followed by BoP equipment
lifetime (1.5%) and stack degradation rate (0.9%). Param-
eters influencing stack manufacturing are less sensitive:
end plates, bipolar plates, and hydrogen electrode thick-
nesses (around 0.2%).

Interpretation for eco-design

The results emphasize that no compromises should
be made regarding stack efficiency. Achieving a high
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energy conversion efficiency is the most critical objective
to minimize environmental burdens of hydrogen produc-
tion. Any innovation that would affect energy efficiency
of the stack has a high risk to decrease the environmental
performance of the SOE technology. While the stack and
the equipment processes are less impactful than the op-
erational phase, their design plays a role in reducing the
project’s overall impact. Extending the lifespan of equip-
ment and components has also been identified as sensi-
tive eco-design strategies. The materials used, particu-
larly for the cell elements, bipolar plates, end plates, but
also for the BoP, are the most contributive processes of
the manufacturing of the stack components. Potential
solutions include minimizing material use through rede-
sign and exploring alternative low emission materials, if
these solutions do not affect system efficiency.

DISCUSSION

The limitations of both the LCA model and the eco-
design process are discussed here. Regarding LCA limi-
tations, as few datasets of the Balance of Plant equip-
ment have been found in the literature, the representa-
tiveness of the equipment potential impacts is low, while
being quite contributive. Some life stages, such as the
maintenance phase, have not been modeled due to lack
of accurate datasets in the literature. Future efforts
should focus on these processes to improve the com-
pleteness of the inventory. Moreover, solid oxide elec-
trolysers are still an emerging technology, and it induces
at least three limitations. (a) The background inventories
may contain data gaps and uncertainties for the modeling
of specific processes, like specific materials production
(e.g. Yttrium, Zirconium); (b) A prospective electricity mix
needs to be selected to anticipate the grid conditions in
which the technology will be used, but this prospective
approach is intrinsically associated with uncertainties; (c)
As the hydrogen industry is in rapid evolution, the pre-
sented inventories may not be representative of state-
of-the-art technologies. Finally, the electrolysers are
known to consume critical raw material [2], [17]. Yet, the
impact assessment methods selected do not offer indi-
cator to assess this environmental issue which is still
poorly addressed in LCA [25].

Regarding the eco-design process, three main limi-
tations have been identified. First, economic viability of
the innovations was not assessed. Future works should
focus on developing a common structure to couple LCA
model with economic approaches such as Techno-Eco-
nomic Assessment (TEA) or Life Cycle Costing (LCC) to
identify correlations and trade-offs between environ-
mental and cost dimensions of design choices such as
increasing efficiency, reducing the thickness of materials,
etc. Second, the influence of the operation context (load
range, flexible operation) on the use phase parameters

Magnaval et al. / LAPSE:2025.0260

(lifetime, efficiency) are still missing and should be mod-
eled. And third, as a 20kW-stack is not representative of
the potential scaled-up technology that would penetrate
the market, the model of SOE should be improved by in-
corporating prospective life cycle inventories, and by
considering potential improvements in materials and in
manufacturing processes associated with large-scale
development.

DIGITAL SUPPLEMENTARY MATERIAL

Data sheets presenting the LCA model, including the
p-LCIl, unit processes, and results, are available at
LAPSE:2025.0030.
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