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ARTICLE INFO ABSTRACT

Keywords: Achieving sustainable hydrogen systems requires balancing environmental, economic and social aspects. In this
Concentrated solar power regard, research on the life-cycle sustainability of emerging pathways such as solid oxide electrolysis (SOE)
Hydrogen

coupled with concentrated solar power (CSP) remains limited. This study presents a prospective life cycle sus-
tainability assessment (LCSA) of hydrogen production via SOE coupled with CSP, benchmarked against hydrogen
from steam methane reforming (SMR) as a conventional counterpart. By following the latest guidelines for LCSA
of hydrogen-related systems developed within the SH2E project, this study applies consistent methodological
choices across sustainability dimensions (e.g. functional unit definition), while transparently addressing model
asymmetries. Results highlight notable differences in hotspots across dimensions and indicators. The CSP section
dominates environmental impacts due to high material demand, while economic hotspots additionally include
electrolysers and operational wages. Social impacts are primarily linked to the high relative share of worker
hours in the Spanish hydrogen production facility itself, with added supply chain risks associated with chromium
extraction in Kazakhstan and natural gas sourcing from Algeria. Even though conventional hydrogen from SMR
outperforms hydrogen from SOE in four out of seven sustainability indicators, the latter offers promising results
in terms of lower carbon footprint, reduced fair salary risk, and enhanced prospects for economic growth.
Overall, these findings highlight the potential of SOE to contribute to a sustainable hydrogen economy, while
they also stress areas (e.g. cost competitiveness, resource efficiency, and supply chain risk management) where
sustainable-by-design research is essential to mitigate burden-shifting across impact categories and sustainability
dimensions.

Life cycle assessment

Life cycle costing

Social life cycle assessment
Solid oxide electrolysis

1. Introduction European context, the EU has started to implement plans and policies

that emphasise the role of clean energy technologies, including the

The accelerating effects of climate change and biodiversity loss are
among the most critical global challenges, prompting urgent action from
governments worldwide. These issues are directly linked to pollution,
overexploitation of resources and land/sea use change, driving national
efforts towards net-zero carbon targets and sustainability [1,2]. As part
of this response, substantial investments and strategies are being
directed at promoting cleaner energy sources, particularly in critical
sectors such as energy production and transportation [3,4]. Within the
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Green Deal Industrial Plan [5] and the Net Zero Industry Act [6]. In
particular, technologies related to green hydrogen are gaining interest in
the global transition to a decarbonised society. In this context, hydrogen
from renewable energy sources could substantially contribute to
reducing greenhouse gas (GHG) emissions, particularly in hard-to-abate
sectors such as heavy industry and long-haul transportation [7].
However, most of hydrogen technologies currently remain in the
development stage, and the structural transformations needed for large-
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scale hydrogen deployment to achieve GHG emission reductions may
have unexplored and multidimensional impacts beyond direct envi-
ronmental considerations [8,9]. For instance, hydrogen production
technologies involve the development of complex value chains world-
wide, often requiring new infrastructure, increased demand for energy,
and reliance on critical raw materials [10,11]. These factors may
introduce new sustainability challenges in terms of both positive and
negative consequences. On the one hand, the deployment of green
hydrogen technologies and their associated value chains can offer ben-
efits such as increased productivity, technology dissemination and
poverty alleviation [12]. On the other hand, concerns include potential
issues related to resource depletion, biodiversity impacts, and potential
social disruptions in regions where raw material extraction occurs
[13,14]. Therefore, the pursuit of sustainable hydrogen systems must be
guided not only by environmental and economic factors but also by
social responsibility and a commitment to holistic well-being.

In order to ensure that hydrogen technologies contribute appropri-
ately to the global Sustainable Development Goals (SDGs), it becomes
imperative to assure their holistic evaluation considering not only
environmental outcomes but also economic viability and social impli-
cations [9]. This form of analysis serves as a fundamental starting point
for decision-makers, leading to the identification of areas where the
most significant impacts occur within the system's value chains and to
the prioritisation of actions, strategies or policies that balance
competing sustainability objectives. The availability of robust methods
and tools for such evaluations is crucial in ensuring that the sustain-
ability implications of hydrogen technologies are thoroughly under-
stood [15]. Life cycle sustainability assessment (LCSA) stands out as a
widely recognised framework for this purpose [16]. By integrating
environmental, economic and social dimensions, LCSA provides a
comprehensive analysis of the sustainability performance of product
systems across their life cycle [17].

LCSA application has already contributed to the evaluation of
existing energy systems [18]. In particular, several studies have
explored the life-cycle sustainability performance of hydrogen produc-
tion systems, covering both renewable and conventional pathways
[15,19-22]. These analyses have yielded valuable insights into the
environmental, economic and social aspects of hydrogen systems.
However, substantial gaps remain regarding the sustainability assess-
ment of emerging hydrogen technologies [23]. Palmero-Gonzalez et al.
[24] identified similar concerns when reviewing life-cycle studies of
concentrated solar power (CSP) technologies, revealing gaps in
addressing emerging solutions and updated inventory data. Similar
findings were reported by Longo et al. [25] and Kumar et al. [26], who
also emphasised the importance of further standardisation and uniform
assessment practices. Within this context, the present study addresses
the prospective LCSA of hydrogen produced through solid oxide elec-
trolysis (SOE) coupled with a CSP plant in 2030, when full maturity of
the SOE technology is expected [27]. In particular, this novel study
provides an illustrative application of the harmonised guidelines pro-
posed within the European project SH2E, which offers methodological
guidance on performing LCSA of fuel cells and hydrogen (FCH) systems
to facilitate informed decision-making, promote sustainability, and
ensure consistency and harmonisation in the assessment process [28].

2. Materials and methods

This research aims to explore whether SOE powered by CSP could
become a sustainable pathway for hydrogen production by 2030. This is
done by comprehensively evaluating the prospective sustainability
profile of this emerging technology using the LCSA methodology,
including benchmarking against conventional hydrogen production via
steam methane reforming (SMR).
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2.1. Case study definition

The CSP + SOE case study was selected as representative of a rele-
vant and emerging hydrogen-related technology since high-temperature
electrolysis presents advantages in terms of efficiency and electricity
consumption when compared to currently more mature electrochemical
pathways such as alkaline or proton-exchange membrane water elec-
trolysis [29]. Furthermore, the comparison with conventional hydrogen
production from SMR explores potential benefits and trade-offs associ-
ated with this alternative hydrogen production route. The system under
evaluation consists of three main sections: CSP generation, electrolysis,
and hydrogen conditioning. Fig. 1 shows a simplified process diagram of
the integrated plant based on the detailed model developed for the year
2030 by Puig-Samper et al. [27]. A comprehensive technical description
of the system and its operational parameters can be found in that
reference.

According to previous choices in Puig-Samper et al. [27], the entire
plant was designed to operate in Spain (SH2E project coordinator
location) in solar-only mode, meaning that solar energy is the primary
power source, with an auxiliary gas boiler used only for anti-freezing
protection and initial start-up. Thus, the study is case-specific, with
Spain representing a relevant choice due not only to its geographical
location but also to supportive policies that promote the development
and deployment of CSP plants and strong technical expertise that en-
ables continuous improvement in this technology. In the CSP section, a
parabolic trough collector (PTC) solar field generates heat, which is used
to drive a conventional regenerative Rankine cycle with a net power
output of 3.48 MW, producing electricity for the electrolysis process.
The steam used in the Rankine cycle is superheated by the heat transfer
fluid (HTF) from the solar field and reheated by recovering excess heat
from the hydrogen production process. The cooling system employs an
evaporative condenser and a natural draft cooling tower, reducing water
consumption, which is crucial for CSP plants located in arid regions. The
extra heat produced by the PTC solar field is stored in a two-tank ther-
mal energy storage (TES) system. This enables the plant to operate even
during periods of low solar irradiance.

The electrolysis section operates at a temperature of 800 °C, powered
by the CSP-generated electricity. It includes two electric heaters, one air
compressor and three heat exchangers to ensure an appropriate tem-
perature for the electrolytic process. The system recirculates part of the
cathode outlet stream to prevent nickel oxidation in the cathode, which
is critical for maintaining the performance and durability of the solid
oxide electrolyser.

The hydrogen conditioning section handles the compression and
purification of the produced hydrogen. After drying, hydrogen is com-
pressed in a five-stage process to a final pressure of 700 bar, suitable for
various downstream applications, including transportation. The inter-
cooling system between compression stages ensures hydrogen remains
at safe operational temperatures, using water from the plant's cooling
tower.

To ensure continuous operation, the plant uses stored thermal energy
from the TES system during periods of low solar irradiance. If neither
solar power nor TES is sufficient, grid electricity is consumed to main-
tain nominal capacity, especially during winter months when solar en-
ergy is less abundant.

2.2. LCSA framework

The LCSA of hydrogen produced via SOE powered by CSP was con-
ducted following the methodological guidelines developed within the
SH2E project specifically for hydrogen-related systems [28]. In this
sense, this study not only aims to evaluate the prospective life-cycle
sustainability of hydrogen from CSP + SOE but also serves as a case
study to test the applicability of the SH2E guidelines for FCH-specific
LCSA. These guidelines are rooted in the framework proposed by Val-
divia et al. [16] and harmoniously combine three key life-cycle
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Fig. 1. Simplified process diagram of the integrated CSP + SOE plant.

techniques: environmental LCA [30,31], LCC [32], and S-LCA [33]. The
joint interpretation of the outcomes from these single techniques pro-
vides a comprehensive understanding of the environmental, economic
and social aspects of CSP + SOE hydrogen production, facilitating the
identification of sustainability hotspots.

The application of a harmonised LCSA framework ensures that
common aspects across the three sustainability dimensions, such as the
functional unit (FU), were homogeneously applied. The goal of this
LCSA study is to evaluate the prospective sustainability profile of
hydrogen from CSP + SOE and benchmark it against that of conven-
tional hydrogen from SMR. Although the progressive adoption of
renewable hydrogen pathways is expected to have large scale effects,
this study focuses on evaluating prospective sustainability impacts of a
specific hydrogen product, with decision support limited to the product
level (i.e. micro-level decision support). Since this LCSA study is not
intended for meso- or macro-level decision-making, its findings are case-
specific and should not be generalised. In this regard, a prospective
attributional modelling approach was followed, without direct stake-
holder involvement in the assessment. The performance of the CSP +
SOE system was evaluated for the year 2030. This aligns the analysis
with future scenarios in the hydrogen sector for a year when this type of
electrolysis is anticipated to reach full maturity [34].

The FU chosen for this study is 1 kg of hydrogen with >99.999%
(vol) purity, at 700 bar and 40 °C. The case study location was set in
Spain, assuming a 30-year operational lifespan for the hypothetical
hydrogen production plant. Replacement needs for capital goods with
shorter durability were considered. Regarding system boundaries,
following the nomenclature of the SH2E LCSA guidelines [28], a cradle-
to-gate 3 scope was implemented, reaching hydrogen compression. The
data used for the life cycle inventory (LCI) were primarily based on the
process simulation in Puig-Samper et al. [27].

Apart from common aspects, the SH2E LCSA methodological
guidelines also account for model asymmetries, i.e., specific elements
that cannot be fully harmonised across the three sustainability di-
mensions. These asymmetries are inherent to the nature of each single
life-cycle technique. For instance, the approach to prospectivity differs
across sustainability dimensions, reflecting the unique characteristics of

each dimension. Moreover, the LCI and life cycle impact assessment
(LCIA) phases were adapted to each specific methodology within the
LCSA framework. The specific methodological choices for each tech-
nique are further detailed in the following sections, while Table 1
summarises the main technical and methodological features of the
product system under study.

2.2.1. Specific LCA methodological choices

The specific goal of the environmental LCA study is to evaluate the
environmental profile of hydrogen produced through CSP + SOE in
2030, and to benchmark it against that of conventional hydrogen from
SMR in 2030. The system boundaries of the environmental LCA study
cover from raw material extraction to hydrogen compression, as shown
in Fig. 2. In line with the SH2E guidelines for FCH-specific LCA [36], no
cut-off was applied and capital goods (including pertinent replacements
and plant decommissioning) and energy and material flows entering or
leaving the system were accounted for.

The prospective LCI of the foreground system was retrieved from
Puig-Samper et al. [27], which makes in turn use of process specifica-
tions (cf. Section 2.1) and literature sources. The suitability of the
involved CSP + SOE model to represent the behaviour of the integrated
plant was previously explored in Puig-Samper et al. [27], showing
values (e.g. capacity factor, solar-to-electricity efficiency and water
consumption of the solar plant, and specific electricity and heat demand
of the electrolyser) in agreement with those expected [37-40]. The
implemented inventory of the foreground system is provided as Sup-
plementary Information. Activities within the background system were
gathered from a prospective version of the ecoinvent 3.8 cut-off database
[41] generated making use of the premise Python package [42], which
—in order to reflect a future economic context- adapts the activities
within the original database to a given integrated assessment model
(IAM). The selected IAM is the REMIND SSP2-NDC 2030 [43], which
relates to a business-as-usual scenario where nationally determined
contributions (NDCs) are implemented by 2030 and no increase in the
radiative forcing through 2100 is quantified.

Regarding the LCIA phase, the Environmental Footprint version 3.1
(EF 3.1) method was used [44]. Its use is compelled by the SH2E LCA
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Table 1
Main technical and methodological features of the CSP + SOE hydrogen pro-
duction system.

Aspect Specification nature Specification description
CSP section Technical Based on the process simulated in
Puig-Samper et al. [27]: Spain, solar-
only mode, parabolic trough collector,
Rankine cycle (3.48 MW net power
output), two-tank thermal energy
storage
SOE section Technical Based on the process simulated in
Puig-Samper et al. [27]: Spain, 800 °C
operating temperature, 3.41 MW
nominal power, 6 bar operating
pressure
Conditioning Technical Based on the process simulated in
section Puig-Samper et al. [27]: Spain, >
99.999% vol purity, five-stage
compression, 700 bar final pressure,
0.027 kg-s~! nominal hydrogen yield
Functional unit Methodological 1 kg of hydrogen (> 99.999% vol
(LCSA) purity, 700 bar, 40 °C) produced in
Spain in 2030
Intended use Methodological Micro-level decision support
(LCSA)
Modelling Methodological Prospective attributional
approach (LCSA)
System scope Methodological (LCA,  Cradle-to-gate 3 scope, reaching
LCC) hydrogen compression [28]
System scope Methodological (S- Product-specific supply chain
LCA) definition according to the protocol by

Martin-Gamboa et al. [35]

Inventory data Methodological (LCA,  Provided as Supplementary

LCC, S-LCA) Information; foreground data based on
Puig-Samper et al. [27]; background
data sources: ecoinvent v3.8 (cut-off)
and premise (REMIND SSP2-NDC
2030) for LCA, PSILCA v3.1 for S-LCA,
and LCC references in Supplementary
Information
Evaluation Methodological (LCA) Environmental Footprint 3.1 (all
method indicators)
Evaluation Methodological (LCC)  Levelised cost of hydrogen
method
Evaluation Methodological (S- PSILCA (all indicators)
method LCA)
Benchmarking Methodological SMR hydrogen production system in
(LCSA) Spain in 2030 (Section 2.2.4 and

Supplementary Information)

guidelines [36] following the recommendations of the European Com-
mission on the matter [45]. All impact categories within this method
were assessed. As growing concerns exist regarding the effect of direct
hydrogen emissions in terms of global warming [46], additional calcu-
lations were performed to evaluate the potential climate change impact
of hydrogen leaks at the electrolysis stage. For this purpose, a 0.03% loss
rate was assumed [46]. The global warming characterisation factors
attributed to the emitted hydrogen were 8 kg CO5-eq per kg H; for a 100-
year time horizon [47] and 33 kg CO»-eq. per kg Hj for a 20-year time
horizon [48]. Finally, regarding computational implementation of the
environmental LCA study, it was conducted in the Activity Browser
environment [49].

2.2.2. Specific LCC methodological choices

The purpose of the LCC study is to estimate the levelised cost of
hydrogen (LCoH) from CSP + SOE in 2030 based on the process simu-
lated in Puig-Samper et al. [27], and to benchmark it against that of
conventional hydrogen from SMR in 2030. According to the aforemen-
tioned cradle-to-gate 3 scope, the analysis covers all relevant costs
encountered by the producer. Costs were categorised into capital
expenditure (CAPEX) and operating expenditure (OPEX). CAPEX in-
cludes direct, indirect and supplementary costs. Direct costs involve
expenses related to land acquisition and equipment acquisition and
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installation, while indirect costs cover engineering, procurement and
construction (EPC), owner's cost, site improvements, and commis-
sioning. Supplementary costs account for decommissioning and con-
tingencies. OPEX consists of wages and salaries, equipment
maintenance, purchased materials and services, and insurance. The
“purchased materials and services” category includes items such as
water, electricity, natural gas, and diesel. The detailed cost structure can
be found in the Supplementary Information.

The direct cost of the CSP section was calculated based on the plant's
nominal capacity of 3.48 MW, using cost estimations provided by IRENA
[50]. For the electrolysis and conditioning sections, equipment costs
derived from the literature were employed, rescaling according to Eq.

1):

Ca = CB'(%) 1)

where:

Ca: cost for design scale (€).

Cg: cost according to data source (€).

Qa: capacity value for design scale.

Qp: capacity value according to data source.

n: scale factor.

Direct costs were projected to the year 2030, considering learning
and economies of scale phenomena. For the CSP section, prospective
data regarding future capacity were retrieved from the International
Energy Agency [51]. The most ambitious scenario presented by the IEA
for reducing GHG emissions, entitled ‘Net Zero Emissions by 2050°, was
selected. According to this scenario, 64 GW of CSP capacity will be
installed by 2030. When no learning rates were found in the literature, a
standard learning rate of 10% was assumed.

Regarding the hydrogen production and delivery unit, the future cost
of SOE stacks depends on different factors concerning technology and
market development [52]. In this study, a cost estimate of 1893 €323 per
kW for SOE stacks in 2030 was adopted, based on information for a
scenario with production scale-up and a tenfold increase in budget for
research and development [52].

The costs associated with land acquisition, cleaning trucks, elec-
tricity converters, site improvements, heat exchangers, pumps, and the
overall balance of the electrolysis plant were assumed to remain con-
stant from 2023 to 2030. The scale factors, learning rates, scientific
articles, and reports used for these estimations are provided in the
Supplementary Information.

Regarding OPEX, the cost of electricity was assumed to decrease
from 0.23 €9923 per kWh in 2023 to 0.075 €2023 per kWh in 2030, ac-
cording to the normal year scenario of Guerra et al. [53]. The future cost
of natural gas was taken from IEA [51], where a cost of 5 USD/MBtu (i.e.
4.72 USD/GJ) is stated in the Net Zero scenario. The cost of diesel was
assumed to increase 32% from 2023 to 2030 [54]. The maintenance
costs for the different technologies were considered as functions of their
direct cost. Wages and salaries, as well as the cost of water, were
considered to remain constant from 2023 to 2030. Insurance, as the last
part of the operation and maintenance cost, was considered as a function
of the total direct cost (7.5%).

The LCoH method recommended by the SH2E guidelines for FCH-
specific LCC was used [55]. For calculating the selected economic in-
dicator (i.e. LCoH), 30 years of operation were considered along with
two years for construction. Discounting was applied to all economic
calculations. The discount rate (r) used for the present-day value cal-
culations is 5%. The average value of the Spain's harmonised index of
consumer prices (HICP) over the past 26 years [56] was calculated and
used as the inflation rate (2.30%). All capital assets (except the elec-
trolysers and the cleaning trucks) were depreciated in the first 15 years
of operation. As the electrolysers and the trucks have a useful life of 10
and 18 years, respectively, they were assumed to be depreciated over
five and ten years. The full cash flow of the project can be found in the
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Fig. 2. System boundaries for the LCA of the integrated hydrogen production system, adapted from Puig-Samper et al. [27].

Supplementary Information.

2.2.3. Specific S-LCA methodological choices

The specific goal of the S-LCA study is to evaluate the potential social
impacts of hydrogen produced through CSP + SOE in 2030, and to
benchmark its social performance against that of conventional hydrogen
from SMR. The system boundaries of the study were defined according
to the protocol described in Martin-Gamboa et al. [35] for product-
specific supply chains in S-LCA. This protocol involves the combined
use of trade and conventional LCA databases to define the processes
included in a given supply chain. An economic cut-off criterion of 10%,
based on the LCC results, was used for defining the product-specific
supply chain, which means that all those processes contributing above
10% to the final output's economic value were included in the assess-
ment. This criterion was adopted as a trade-off between completeness
and practicality. In this regard, while the SH2E guidelines [28] do not
prescribe a fixed threshold —showing flexibility as long as the rationale is
transparent-, future studies specifically focused on the social dimension
could implement a lower cut-off criterion (e.g. 5%) to address a larger
supply chain.

The unit processes within the product-specific system boundaries
were geographically assigned at the country level, with Spain as the
location selected for the hydrogen production plant. The geographical
location of the remaining entities was determined according to the
aforementioned protocol [35], with the corresponding information
available in the Supplementary Information. It is important to note that,
while this S-LCA study adopts a prospective approach to the technical
aspects of the CSP + SOE plant, a retrospective social context was
considered due to limited data availability, especially concerning the
countries involved in the supply chains and their associated social
conditions.

The social life cycle inventory (S-LCI) was primarily based on both
the modelling of the foreground system with data obtained from Puig-
Samper et al. [27] and the LCC study. The S-LCI covers operation and
maintenance as well as capital goods. In addition to worker hours,
utilities and services, the inventory explicitly includes construction of
the CSP plant and manufacture of SOE stacks and balance of plant (BoP).
Further inclusion of items such as solar receiver, mirrors and SOE stack
components followed the economic cut-off criterion. The complete
product-specific S-LCI of the system as well as the specific data sources
behind this study are provided in the Supplementary Information.

Unitary social risk levels for each plant in the product-specific supply
chain representative of the CSP + SOE hydrogen production pathway
were sourced from the PSILCA v3.1 database [57]. This was done by
selecting a country-specific sector within the database as a proxy for the
social risk levels of each product-specific plant. Activity variables were
either retrieved directly in the form of worker hours or indirectly as
economic flows from the LCC results. It should be noted that, since social
risk levels and indirectly-estimated worker hours were based on sectoral
proxies using PSILCA, future studies could consider an increased use of
relevant primary data for key components in order to partly overcome
this common simplification in S-LCA studies. Finally, regarding the so-
cial life cycle impact assessment (S-LCIA) stage, the PSILCA method and
the involved set of social indicators [57] were used. Hence, a reference
scale approach (Type I) was followed [33].

2.2.4. Sustainability benchmarking

The life-cycle sustainability performance of conventional hydrogen
from SMR in Spain in 2030 was evaluated as the reference product for
benchmarking the performance of hydrogen from the CSP + SOE sys-
tem. To ensure consistency, the same methodological guidelines, re-
quirements and choices (in terms of, e.g., FU, system boundaries, and
impact assessment methods) as in the assessment of the CSP + SOE
system were followed in the assessment of the SMR case study. In this
sense, this section focuses on describing the key differences in data
sources and model asymmetries with respect to the CSP + SOE system,
avoiding redundancy with previously detailed methodological aspects.

The choice of hydrogen from SMR as the reference product aligns
with both its still leading role expected in 2030 according to the
hydrogen outlook in Europe [58] and common practice in comparative
life-cycle studies of hydrogen production systems according to Puig-
Samper et al. [23]. The SMR system was adapted from Susmozas et al.
[59]. Process simulation tools were employed to model the SMR system
projected to the year 2030, with an enhanced efficiency of 85% ac-
cording to Valente et al. [60], in contrast to 78% in Susmozas et al. [59].
This efficiency improvement is expected to be a key factor in defining
the performance of SMR in 2030 [61]. The increase in efficiency was
implemented through improved heat integration and novel catalytic
conditions in the reformer, considering hydrogen compression to 700
bar in both the original and the improved process.

The novel catalytic system considered in the reformer allows oper-
ation at a lower temperature (700 °C, compared to 850 °C in the original
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SMR process) while enhancing kinetic and yield performance. The
reduced heat consumption in the reformer decreases natural gas con-
sumption in the combustor. Moreover, the improved yield in the
reformer enables the use of a low-temperature water-gas shift (WGS)
unit instead of a high-temperature one. This lower temperature
requirement at the WGS unit inlet is facilitated by the lower temperature
at the reformer outlet and integration with steam preheating ex-
changers. Consequently, cooling water consumption is reduced at the
WGS inlet and downstream at the condenser, due to the lower temper-
ature at the WGS outlet. Additionally, the implementation of a more
efficient combustor, capable of operating at lower excess air ratios, en-
hances combustion and heat utilisation.

The inventory of the foreground system for each sustainability
dimension was primarily derived from the process simulation adapted
from Susmozas et al. [59]. Additional data sources were used to refine
specific aspects of the model. In particular, the prospective version of the
ecoinvent 3.8 cut-off database using the REMIND SSP2-NDC 2030 IAM
model was consistently used for prospective environmental LCA [42],
while economic data for the LCC model were based on Mullen et al. [62]
and Spallina et al. [63]. For the S-LCI, worker hours, geographical in-
formation and unitary social risk levels were consistently based on the
LCC model, the protocol by Martin-Gamboa et al. [35] and the PSILCA
database [57], respectively. The complete inventories and impact
assessment results for the SMR system in each sustainability dimension
can be found in the Supplementary Information.

3. Results and discussion
3.1. Environmental results

While the complete environmental LCA results of hydrogen from
CSP + SOE are provided in the Supplementary Information, Fig. 3 shows
the environmental hotspot analysis in terms of three key environmental
indicators in line with Puig-Samper et al. [23,27]: climate change,
acidification, and material resource use (minerals and metals). Although
the LCA results are similar to those reported for hydrogen from CSP +
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SOE by Puig-Samper et al. [27], differences arose due to divergence in
terms of some methodological choices such as the use of a prospective
background database in the present study. Moreover, compared to other
LC(S)A studies including climate change and acidification results for
other electrochemical hydrogen options powered by renewable energy
[15,64], the present study assesses an emerging hydrogen production
system following a prospective approach.

For all three indicators, the overall CSP section was found to domi-
nate the environmental impacts [27]. However, there are notable dif-
ferences in the hotspot analysis across these indicators. In the climate
change indicator, the CSP section aggregately accounts for a contribu-
tion of 77%. In particular, the main contributor to the climate change
impact stems from the operation of the plant, primarily due to direct
emissions from the auxiliary use of natural gas. At this specific impact
category, in line with other electrochemical hydrogen options powered
by renewable energy and explored in prospective carbon footprint
studies [60,65], it is also remarkable that the estimated carbon footprint
(1.88 kg COz-eq per kg Ho) positions hydrogen from CSP + SOE as a
renewable, low-carbon alternative in 2030, well below the common
threshold of 3 kg CO»-eq per kg Hy [23]. Hydrogen leaks were not found
to have a relevant effect on the assessed global warming indicators, as
their quantification increased the GWP-100 and GWP-20 results by less
than 1%.

In the acidification indicator, the CSP section was found to
contribute around 80%. The primary hotspot is the production of the
HTF [27,66], specifically the diphenyl ether compound. Similarly, the
CSP section accounts for 86% of the material resource use impact for
minerals and metals. The analysis reveals two primary hotspots related
to ore extraction: one associated with the copper requirements for the
power block system, and another linked to the production of nitrates
used in the TES system [27,66].

The influence of using a prospective background database to carry
out the LCA study was found to depend on the nature of the assessed
impact category. When qualitatively contextualising the results with
respect to those in Puig-Samper et al. [27], it can be noted that, by
placing the hydrogen production plant in a prospective economic

|4.61-10'5kg Sb eq’

Climate change

O Electricity production, from grid (electrolyser operation)

O Solar field (CSP construction)

m Heat transport fluid system (CSP construction)

mDiphenylether compound production (heat transfer fluid system)
o Copper production (power block system)

Acidification

Material resources: metals/minerals

B CSP operation

B Power block (CSP construction)

m Themal energy storage system (CSP construction)

m Nitrate salts production (thermal energy storage system)
@ Rest of processes

Fig. 3. Environmental hotspot analysis of the CSP + SOE system.
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context, environmental impacts related to gaseous emissions are
reduced while environmental impacts related to resource extraction are
increased. This finding is in line with the forecasts that relate renewable
energy progress to more material-intensive technologies [67], and it
highlights the importance of promoting a circular economy to avoid
burden-shifting across environmental impact categories.

3.2. Economic results

Fig. 4 shows the contribution of each component to the total direct
cost of the future CSP + SOE plant. The total capital investment includes
direct costs for CSP (14.1 M€z023), electrolysis (7.8 M€zz3) and condi-
tioning (0.2 M€5923) systems. When adding indirect costs for EPC, site
improvements, and additional contingency costs, the total investment
reaches 29 M€yo3 to start operating in the year 2030. Further cost de-
tails can be found in the Supplementary Information.

The LCoH associated with the CSP + SOE pathway was found to be
7.64 €223 per kg of hydrogen, a value higher than that reported in non-
prospective LCSA studies for other electrochemical hydrogen options
powered by renewable energy [15] but similar to the average LCoH for
renewable hydrogen production projects submitted to the second
Hydrogen Bank auction in 2025 [58]. Fig. 5 shows that, with this price,
the net present value (NPV) reaches zero by the end of the plant's
operational life. The economic impacts of SOE stack replacements and
truck cleaning requirements are also visible in the figure. The analysis of
the economic flows over the plant's lifespan led to estimating the
contribution of each cost category to the overall LCoH. Direct costs were
found to account for the largest share (37%), followed by operational
wages (30%). While the most expensive individual equipment in the
entire plant is the electrolyser, the majority of capital and maintenance
costs were found to be linked to the CSP section. The remaining cate-
gories show a lower contribution, being the cost of materials and ser-
vices (10%) the most important among them. Further details on cost
category contribution to the LCoH can also be found in the Supple-
mentary Information.

Beyond identifying economic hotspots (such as the costs associated
with the electrolyser, the CSP plant, and wages), it should be acknowl-
edged that the reported LCC results are specific to this particular case
study and they do not necessarily reflect the general performance of the
SOE technology. The outcomes presented in this prospective study
depend on the specific assumptions and parameters considered in the
analysis, including the plant's geographical location and site-specific
conditions for CSP and SOE operations. Hence, while these findings
provide valuable insights into potential economic drivers of CSP + SOE
systems, they should be understood within the specific context of the
study.

3.3. Social results

Fig. 6 shows a breakdown of the social impacts of the CSP + SOE
system, calculated using the PSILCA method. In order to streamline the
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discussion, lessons from Martin-Gamboa et al. [11] —-based on a sys-
tematic procedure that combines data quality assessment, materiality
screening, literature review, and social risk analysis— were considered to
place the focus on a reduced set of social impact categories relevant to
hydrogen technologies. Hence, this section focuses on three key social
indicators linked to SDG 8 “decent work and economic growth”: child
labour, contribution to economic development (as the only positive
social indicator), and fair salary. Processes contributing less than 5% to
each indicator were grouped under the label “Rest of processes”.
Detailed results for the full set of social indicators are available in the
Supplementary Information. Compared to other life-cycle studies
including social results (e.g. child labour) for other electrochemical
hydrogen options powered by renewable energy [15,68], the present
study assesses an emerging hydrogen production system following a
prospective approach.

The analysis highlights that the hydrogen production facility in Spain
accounts for the majority of the social impacts across the assessed
(positive and negative) indicators, primarily due to the relatively high
labour input (worker hours) associated with this unit process. This
dominance is particularly notable in the “child labour” indicator, where
hydrogen production shows a significant contribution. Nevertheless, it is
important to note that the child labour risk level for the corresponding
country-specific sector was classified as ‘very low’ according to the
PSILCA's reference scale, overall indicating minimal concerns in this
area. Beyond quantitative results, the dominance of worker hours in the
Spanish hydrogen facility suggests a significant opportunity to foster
decent work locally. This potential should be realised through local job
creation during both construction and operation. Targeted skills devel-
opment programmes and local training initiatives will be essential to
support workforce capacity and long-term employability.

Other notable contributors to the social impact indicators include the
manufacture of metal products in Spain, as well as the production of
electrical machinery and equipment in China. These unit processes,
while not as prominent as hydrogen production, still represent sub-
stantial shares across the three selected indicators. For instance, ac-
cording to PSILCA's reference scale within the child labour indicator,
these processes fall within the ‘very low’ and ‘low’ risk levels for the
specific sectors in Spain and China, respectively.

Furthermore, there are some differences between the specific unit
processes contributing to each indicator. In this sense, the contributions
of specific sectors such as “operational water production”, “insurance &
financial services” and “engineering” in Spain also represent an oppor-
tunity to contribute to the national economic development. On the other
hand, the production of chromium in Kazakhstan and the extraction and
refining of natural gas in Algeria arose as additional potential sources of
risk related to ensuring minimum wages that enable workers to meet
their basic needs. Upstream risks highlight the need for robust human
rights due diligence and responsible extraction and manufacturing
practices aligned with climate justice principles to mitigate vulnerabil-
ities in affected regions. Recommended actions include implementing
supplier codes of conduct consistent with international labour
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Fig. 4. Direct CAPEX of the CSP (solid colours), electrolysis (striped) and conditioning (dotted) sections.
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Fig. 6. Social hotspot analysis of the CSP + SOE system.

standards, ensuring traceable procurement, and promoting circular
strategies. Additionally, policy measures such as local taxation schemes
or prioritisation of activities that maximise local benefits across value
chains can contribute to a just transition and address structural in-
equities, supporting decolonial approaches.

Overall, the distribution of social impact contributions across

categories emphasises the role of domestic hydrogen production, but it
also points out the influence of global supply chains in other social di-
mensions, particularly regarding fair salary standards. These findings
highlight the importance of identifying social hotspots through a
product-specific supply-chain approach. Further discussion and inter-
pretation for each sustainability dimension is addressed in Section 3.4
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through benchmarking against conventional hydrogen from SMR.

3.4. Joint interpretation and sustainability benchmarking against SMR
hydrogen

Fig. 7 shows a visualisation of the selected set of results following the
reporting recommendations in the SH2E project [28]. This figure pre-
sents the life-cycle sustainability benchmarking of hydrogen from the
CSP + SOE system against its conventional counterpart, conventional
hydrogen from SMR. The benchmarking results are shown relative to the
sustainability impact values of conventional hydrogen, whose sustain-
ability performance is therefore represented by the red vertical line in
Fig. 7. In other words, the relative scores shown in Fig. 7 were calculated
by dividing the indicator results of hydrogen from the CSP + SOE system
by those of conventional hydrogen from the reference SMR system.
Conventional hydrogen was found to outperform CSP + SOE hydrogen
in four out of the seven sustainability indicators selected for analysis,
while the full set of comparative results can be found in the Supple-
mentary Information.

Regarding the environmental dimension, it is important to highlight
that hydrogen from CSP + SOE offers a noticeably lower carbon foot-
print (1.88 kg CO,-eq per kg of hydrogen) than conventional hydrogen
from SMR (8.75 kg CO2-eq per kg of hydrogen). This places CSP + SOE
hydrogen as a low-carbon hydrogen option, well below the threshold of
3 kg CO3-eq per kg of hydrogen commonly required for hydrogen to
qualify as renewable [23]. However, a number of trade-offs were iden-
tified under other environmental indicators such as the use of material
resources.

Concerning the economic dimension, the prospective LCoH of con-
ventional hydrogen from SMR (1.31 €923 per kg of hydrogen) was found
to be approximately 83% lower than that of CSP + SOE. This highlights a
substantial need to improve the cost competitiveness of high-
temperature (solid oxide) electrolysis at the case-study level. Optimis-
ing plant location and exploring alternative heat sources could signifi-
cantly enhance the economic performance of hydrogen from SOE.
Nevertheless, it is important to note that the reported cost of SMR
hydrogen does not account for a potential future carbon dioxide tax on
natural gas, which would increase this cost (although it would likely not
bring it to the level of hydrogen from SOE).

Fuel Processing Technology 284 (2026) 108417

The social benchmarking of CSP + SOE hydrogen against conven-
tional SMR hydrogen reveals varying trends across indicators. This
emphasises the importance of carefully selecting relevant social aspects
for evaluation [11]. Among the indicators selected for discussion, CSP +
SOE hydrogen shows an 8% higher impact in terms of child labour risk.
Even though this increase is relatively minor and the involved processes
present reduced risk levels, it highlights a need to monitor working
conditions within the supply chain of the CSP + SOE system. In terms of
fair salary risk, CSP + SOE hydrogen shows a 65% reduction, suggesting
a significant improvement. This indicates that workers within the CSP +
SOE supply chain are more likely to receive equitable wages than those
in the conventional supply chain. While this represents an important
improvement, additional mechanisms are needed within companies in
terms of robust minimum wage standards' implementation, trans-
parency, and further collaboration with local governments aimed at
creating local decent jobs and inclusive employment opportunities.
Finally, in terms of contribution to economic development, the CSP +
SOE system shows an 88% higher impact. Since this is a positive indi-
cator, a higher value reflects greater potential for economic growth and
regional development, particularly beneficial for the host country (Spain
in this case study). This should be accompanied by measures that ensure
this growth is equitably distributed across different segments of society.
Examples include the creation of energy communities, policies that
reduce energy costs for local consumers, and frameworks that channel
part of the economic gains into community development projects and
public facilities.

3.5. Final remarks

Overall, the reported findings highlight the potential of high-
temperature (solid oxide) electrolysis to significantly contribute to the
European hydrogen economy deployment. However, in line with pre-
vious life-cycle sustainability benchmarking studies on hydrogen pro-
duction systems [15,69], they also point out the need for further
sustainable-by-design research and development to prevent burden-
shifting across different impact categories and sustainability di-
mensions. In order to operationalise the concept of sustainable-by-
design CSP + SOE hydrogen systems, the ecodesign strategy wheel
could be considered, thus addressing aspects at the component level
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Fig. 7. Comparison of the life-cycle sustainability profile of hydrogen from CSP + SOE and conventional hydrogen from SMR (results relative to the sustainability

impact values of conventional hydrogen).
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(selection of low-impact materials and reduction of materials usage), at
the structure level (optimisation of production techniques and distri-
bution, and reduction of impact during use), and at the product system
level (optimisation of lifetime and end-of-life strategy). Campos-
Carriedo et al. [70] proposed a parametric life-cycle framework to
promote sustainable-by-design product development and applied it to a
SOE stack for hydrogen production, showing how different product
concepts progressively improve the sustainability performance of the
technology mainly through reduced material intensity.

It should be noted that this LCSA study is case-specific. Hence,
different results are expected to be obtained when exploring alternative
(operational and/or methodological) conditions. For instance, a better
technical performance could be achieved in other locations (e.g. MENA
region or northern Chile), whose environmental, economic and social
implications would require a specific LCSA study. Future studies could
also consider alternative methodological choices (e.g. a lower economic
cut-off criterion for supply chain definition in S-LCA) and sustainability
benchmarking against other hydrogen production technologies such as
autothermal reforming with CO2 capture. In this regard, beyond the
scope of this work, it should be acknowledged that future efforts
regarding aspects such as sensitivity analysis and materiality assessment
could provide further insights into the life-cycle sustainability perfor-
mance of the hydrogen system under study [28]. For illustrative pur-
poses, Fig. 8 shows the sensitivity of the economic indicator (LCoH) to
the SOE stack price, the discount rate, and the labour cost considered in
this study. As expected, variations of up to £50% in these parameters
were found to lead to changes in the absolute value of the LCoH.
However, within the range of variation considered, these changes would
not alter the overall conclusions of the study, suggesting that the results
are reasonably robust to uncertainties in the selected parameters.
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4. Conclusions

This study successfully conducted a prospective LCSA of hydrogen
produced via SOE powered by CSP in Spain in 2030, prospectively
benchmarking its performance against conventional hydrogen from
SMR. Sustainability hotspots were identified across environmental,
economic and social dimensions. Environmentally, the CSP section
contributes the most to the indicators selected for discussion, i.e.,
climate change, acidification, and use of material resources. Specific
hotspots were identified in the operational stage, notably from direct
emissions of natural gas for climate change and diphenyl ether pro-
duction for acidification, and in the infrastructure, primarily from cop-
per requirements in the material resource use indicator. Economically,
the LCoH of CSP + SOE hydrogen was estimated at 7.64 €023 per kg of
hydrogen. Wages represent a major cost driver (30% of the LCoH) fol-
lowed by the CSP (27%) and electrolysis (19%) systems. Finally, social
impacts are concentrated in the hydrogen production stage due to high
labour demands. Additionally, upstream supply chain risks, such as
those related to chromium production in Kazakhstan and natural gas
extraction and refining in Algeria, indicate areas needing careful
monitoring of working conditions.

Although conventional SMR hydrogen outperforms CSP + SOE
hydrogen in four out of the seven sustainability indicators selected for
discussion, the latter shows promising sustainability advantages,
including a significantly lower carbon footprint (around 80% reduc-
tion), reduced risks related to fair wages (65% reduction), and enhanced
potential for regional economic development (88% increase). These
findings suggest that SOE, when coupled with CSP, has strong potential
to support the European hydrogen economy. However, further
sustainable-by-design research and innovation are essential to improve
cost-competitiveness and address potential environmental concerns and
supply chain risks, thereby mitigating burden-shifting across impact
categories and sustainability dimensions.
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Fig. 8. Sensitivity of the levelised cost of hydrogen from the CSP + SOE system to variations in stack price, discount rate, and labour cost.
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The successful application of the SH2E guidelines in the present case
study, utilising a harmonised LCSA framework, highlights the relevance
of addressing methodological consistency across sustainability di-
mensions, particularly through common methodological decisions and
transparency on model asymmetries. This opens the door to a broader
use of the SH2E guidelines, which are designed for any practitioner
conducting LCSA of FCH systems. The guidelines steer core methodo-
logical choices (functional unit, system boundaries, etc.) and FCH-
specific topics (e.g. supply-chain segmentation and data sources),
providing a robust foundation for LCSA in this context. Looking ahead,
harmonised practice is essential when it comes to generating consistent
and comparable sustainability results; otherwise, studies may reach
misleading conclusions that hinder trust and action. Future assessments
can build upon these guidelines to deliver reliable evidence that sup-
ports informed decisions by industry, policy-makers and society, thus
contributing to a sustainable deployment of hydrogen systems.
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