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Abstract: The purpose of this paper is to obtain relevant data on materials that are the most com-
monly used in fuel-cell and hydrogen technologies. The focus is on polymer-electrolyte-membrane
fuel cells, solid-oxide fuel cells, polymer-electrolyte-membrane water electrolysers and alkaline water
electrolysers. An innovative, methodological approach was developed for a preliminary material
assessment of the four technologies. This methodological approach leads to a more rapid identi-
fication of the most influential or critical materials that substantially increase the environmental
impact of fuel-cell and hydrogen technologies. The approach also assisted in amassing the life-cycle
inventories—the emphasis here is on the solid-oxide fuel-cell technology because it is still in its
early development stage and thus has a deficient materials’ database—that were used in a life-cycle
assessment for an in-depth material-criticality analysis. All the listed materials—that either are or
could potentially be used in these technologies—were analysed to give important information for
the fuel-cell and hydrogen industries, the recycling industry, the hydrogen economy, as well as
policymakers. The main conclusion from the life-cycle assessment is that the polymer-electrolyte-
membrane water electrolysers have the highest environmental impacts; lower impacts are seen in
polymer-electrolyte-membrane fuel cells and solid-oxide fuel cells, while the lowest impacts are
observed in alkaline water electrolysers. The results of the material assessment are presented together
for all the considered materials, but also separately for each observed technology.

Keywords: critical materials; fuel cells; electrolysers; hydrogen technologies; criticality; life-cycle
assessment

1. Introduction

There are major concerns about negative environmental impacts. The Paris agreement,
which was signed by 195 countries, is a further attempt to enforce a global action plan
to mitigate the problems of climate change [1]. In addition, the European Union has set
itself the very challenging goal of achieving carbon neutrality by 2050 [2]. For these and
many other reasons, decarbonisation of the energy, transport and industrial sectors is
necessary, and according to Ref. [3], it is expected that hydrogen will play an important
role in this transition. The unique properties of hydrogen enable fuel-cell and hydrogen
(FCH) technologies to be an alternative and complementary solution to conventional
power-generation systems. The basic concept is to generate green hydrogen with water
electrolysis using surplus electricity from renewable energy sources. State-of-the-art,
commercial FCH technologies are nearly mature enough for deployment; however, certain
roadmaps regarding the infrastructure roll-out need to be followed [4] and particular
societal barriers still need to be addressed [5]. One factor that also hinders the widespread
deployment of FCH technologies is the lack of well-defined end-of-life (EoL) strategies [6].
From the sustainability point of view, it is necessary to reduce the consumption of virgin
critical materials by recycling and in doing so reduce the environmental impacts of the
production stage [6].
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The most market-mature hydrogen-production technologies using water electrolysis
are alkaline water electrolysers (AWEs) and polymer-electrolyte-membrane water elec-
trolysers (PEMWEs) [7,8]. On the other hand, among the fuel-cell technologies, polymer-
electrolyte-membrane fuel cells (PEMFCs) and solid-oxide fuel cells (SOFCs) both have a
relatively high technological maturity and large research-and-development activities [9,10].
PEMFCs and SOFCs also have the possibility to be used in a variety of applications [11] and
dominate the market for small, stationary combined-heat-and-power installations (i.e., for
domestic use) [12,13]. In general, the most critical materials in FCH technologies are those
that are used as catalysts for electrochemical reactions. This applies to AWEs, PEMWEs and
PEMFCs, where the catalysts are generally based on platinum-group metals (PGMs). Due
to a different mode of operation and higher temperatures, a SOFC’s core components are
mainly based on yttrium, cerium, lanthanum and other rare-earth elements (REEs), which
makes this FCH technology increasingly interesting for the recycling industry, especially
from the perspective of the EU Member States, due to the heavy dependency on REE
imports [14].

Within the Fuel Cells and Hydrogen Joint Undertaking, recommendations and guide-
lines to carry out life-cycle assessments (LCAs) of FCH technologies were published by the
FC-HyGuide project [15]. As outlined in [16], FCH technologies are still difficult to assess
with LCAs since the method has comprehensive data requirements and scarce available
information on the materials and processes used by industry. The collection and validation
of high-quality, life-cycle-inventory (LCI) data for each unit process is the most difficult
and time-intensive aspect of developing the LCA [17]. After the materials are identified,
several methodologies or approaches can be used to assess the criticality of these materials.
The materials must be evaluated with a multi-criteria tool, due to the different impacts on
the environment, human health, the economy, etc. [18]. In the past decade, the strategies
proposed by National Research Council [19] and the Raw Materials Initiative [20] have
accelerated the development of methods for assessing the criticality of raw materials. Nev-
ertheless, assessments of critical materials are still at an early stage and according to [21],
the evaluation methodologies can be further improved and more sectors and regions need
critical materials’ studies.

There are several reports and studies where various approaches to evaluating material
criticality are proposed and/or assessed. In report [22], the criticality assessment of various
metals was based on three criteria: (1) demand growth, (2) supply risk, and (3) recycling
restrictions. Various aspects of material criticality and possible solution pathways to
mitigate it are presented in a report [23]. The criticality of materials important for clean-
energy technologies was assessed in [24] and was based on two dimensions: importance
to clean energy and supply risk. A supply-risk index for elements or element groups
that are of economic value was determined by a ranking system based on four criteria
in a report from 2011, which was updated in 2013 and ultimately in 2015 where seven
criteria were used [25]. The report [26] implemented a repeatable method for identifying
strategic and critical materials essential to the defence, technology and energy sectors, and
proposes various scenarios to mitigate their supply-chain risk. The report [27] summarizes
the results of a screening methodology where a two-stage approach was used. The first
stage involves an indicator-based, early-warning screening that aims to identify a subset of
the studied minerals as “potentially critical.” The second stage utilizes the output of the
early-warning screening to prioritize the potentially critical minerals for further in-depth
analysis to understand the specific factors leading to their identification and determine
which of them represent a significant risk to U.S. economic and national-security interests.
In the European Union a list of critical raw materials was first published in 2011 and the
European Commission is committed to updating the list at least every 3 years to reflect
production, market and technological developments [28]. The methodology used to assess
criticality [29] has a combination of two assessment components: economic importance
and supply risk (poor governance). Compound indicators are used for each of these
two assessment components; therefore, each takes multiple factors into account. The
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revised methodology was published in 2017 [30] and the latest list in 2020 [31] includes
30 critical raw materials. Following these reports, several scientific papers researched
the methodologies used in material-criticality assessment. Some of them studied and
compared the existing methodologies described above to obtain new insights into the
assessment of material criticality [32,33], while some of them propose adaptations to
the existing methodologies. In study [34], a methodology was presented and discussed
that took account of three dimensions: supply risk, environmental implications, and
vulnerability to supply restriction. In another study [35], an indicator is added to the EU
criticality methodology, i.e., the international transformation of materials. Aspects of the
EU criticality methodology, used to assemble the 2011 and 2014 material-criticality lists,
were discussed in [36]. Specific elements that could be adapted were highlighted and their
novelty and/or potential outcomes were presented. These guidelines were implemented
in the next update of the methodology in 2017. A new methodology was proposed in
study [37], where a dynamic material-flow model was integrated with a LCA, which
created the first step towards a dynamic criticality assessment. Study [38] presented a
new methodology, called SCARCE, which enhances existing criticality assessments by
considering, next to availability and vulnerability, also social and environmental aspects.

As discussed above, and pointed out in [39], most criticality studies follow an approach
analogous to a classic risk assessment, a method first introduced by [19]. They use the
main matrix of a potential risk (e.g., supply risk and all the subcategories that should
be considered) against vulnerability, i.e., the importance of a raw material for a specific
area. In addition, in a research paper [39], the results of a survey on the “Awareness
on use of ‘critical raw materials’ in education and research”, revealed that 47% of the
surveyed researchers take into account the future availability of materials used in their
research projects. However, only 33% of the surveyed researchers knew the origins of the
used materials, which is an important factor when assessing any future supply risk. In
contrast, 58% stated that they consider the price development of the materials. In cases
where additional comments were given, the respondents stated that the toxicity, price and
availability of the materials are the key factors in the search for new materials and that the
substitution of critical or expensive materials by others is important. Since the price of a
material is a dynamic and (to some extent) unpredictable parameter, it can only be assessed
as a snapshot in time. However, as concluded from the survey in [39], it is an important
factor when it comes to the selection of materials. It was also noted in [35] that in nearly
all of the reviewed studies, the classification of materials according to their value (price)
is absent.

There are also relatively few papers concerning the hazardousness and/or toxicity of
raw materials. In the paper [40], a toxicological assessment compilation of selected raw ma-
terials (including platinum and precious metals) is presented, but is focused on acceptable
amounts per daily intake, because the study is intended for homeopathic medicinal prod-
ucts. An empirical relationship between the score in a hazard-ranking system, used by the
U.S. Environmental Protection Agency, and the primary energy intensity was discovered
in [41]. As the primary energy intensity of a material increases, the hazard-ranking score
of the land contaminated by hazardous waste (Superfund site) decreases. When coupled
with material-price information, this relationship explains why less-energy-intensive and
less-expensive materials are found with greater frequency and concentration at Superfund
sites, despite their high toxicity; their recovery is not efficient from the energy or economic
standpoints. The Priority List of Hazardous Substances [42] includes substances that have
been assessed as being of the greatest public-health concern to people at or near the Su-
perfund sites. Their frequency, toxicity, and potential for human exposure are the three
criteria that contribute to the overall ranking of a substance on this list. Assessed only in
terms of toxicity (which is divided into six categories), palladium is ranked in the second
and platinum in the third category, which suggests that PGMs are relatively toxic. Silver
is ranked in the fourth category, while gold and various REEs are ranked in the fifth and
sixth categories (low to non-toxic). One of major issues remains the global harmonization
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of the classification and labelling of chemicals and materials. According to a study [43],
the first steps were made back in 2009, when discussions to consider the development of
a Globally Harmonised System of Classification and Labelling of Chemicals (GHS) was
initiated by the United Nations. The study concluded that after 10 years there is still
no concrete decision on this matter. Some countries have developed their own lists of
classified chemicals; however, the study demonstrates that there is some discrepancy in the
classification results for carcinogen, mutagen or reproductive toxicants among the selected
countries (i.e., EU, Malaysia, Japan and New Zealand). An overview of the EU’s regulation
on the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) and
the requirements for the chemical registration of metals were presented for the case of
aluminium compounds in Ref. [44]. Also, some of the issues and challenges in evaluating
the potential human-health risks associated with metals were highlighted.

In a broader sense, hazardousness and/or toxicity is addressed using different environ-
mental indicators. The study [34] added environmental implications as a third component
to the methodology proposed in [19]. This approach was used in [45], where the substi-
tution potential for 62 different metals in all their major uses and the performance of the
substitutes in those applications were studied. It was shown that there was not even one
example of the 62 metals where an exemplary substitute was available, i.e., for the REEs
and PGMs, the best substitute is generally a metal from the same group, and this with
basically the same supply risk as the original metal. The same methodology as in [34] was
used in a study [46] where REEs were assessed on the global and national levels (USA and
China). Interestingly, the analysis indicated a lower criticality for REEs over the longer
term than for a number of other industrial metals. In [38] a new methodology was used
that was aimed at enhancing the assessment of critical resource use at the country level
(a case study of Germany) by considering all three sustainability dimensions (economic,
social and environmental). Forty different metals were compared, and at the top of this list
with the highest environmental impacts are gold, tungsten, platinum and silver.

According to the European Commission’s report [47], the EoL recycling input rates
are still very low for PGMs and REEs, which are on average 11% and 6%, respectively.
This means that even for materials for which overall recycling rates are relatively high
(e.g., the recycling rates for PGMs are up to 95% for industrial catalysts and 50–60% for
automotive catalysts), recycling’s contribution to meeting the demand for materials is
relatively low. This is because demand is higher than the level that can be met by current
recycling capacities. That is why there is a strong and growing interest in the development
of novel, more productive and environmentally friendly recycling technologies [48,49], [50].
Also, the EU is following its Raw Materials Initiative [20] by funding various research
projects that are concerned with increasing the supply or reducing the demand for at least
one critical material [51]. Recently, this initiative was supported by two Horizon 2020 calls
that aim to develop eco-design guidelines for FCH products [52] and the validation of
existing and novel recycling technologies for key FCH products [53]. The second project is
especially industrially oriented and, among other things, will try to answer the question of
whether recycled materials can achieve the properties of virgin materials and can be used
to replace them completely.

The purpose and novelty of this paper is to show how existing methodologies can
be used and aggregated together to obtain relevant data on materials that are the most
used in FCH technologies. The focus is on four different FCH technologies (AWE, PEMWE,
PEMFC and SOFC) that are the most widely used and were the focus of the research project
HyTechCycling [54] that aimed to deliver the reference documentation and studies on both
conventional and novel EoL technologies and strategies applicable to FCH technologies [55].
One of the contributions presented in this paper is an assessment of the environmental
impacts of FCH materials with an innovative methodological approach. This is new
approach in which three criteria for evaluating materials (hazardousness, EU criticality
method and price) are combined into a single score for a preliminary evaluation of FCH
materials. In addition, an inventory list of most common materials in FCH technologies
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was assembled and was assessed using the LCA methodology. The LCA analysis was
conducted only for the manufacturing phase (cradle-to-gate analysis) and the results were
compared/validated with the new single-score FCH material inventory list. Furthermore,
this approach shows a quicker identification of the most influential or critical materials that
substantially increase the environmental impact of the considered technologies and might
hinder their wider commercialisation. The focus was on an assessment of critical materials,
where environmental impacts are also evaluated in accordance with the improvements
over the last decade (lower catalyst loadings, substitute materials used, etc.). The results are
presented together for all the considered materials, but also separately for each observed
technology, which should be of great interest to the FCH industry and policymakers.

2. Materials and Methods

The four FCH technologies considered in the EU HyTechCycling project were broken
down into the core components to identify the most used materials in these technologies.
Although balance-of-plant (BoP) components are not the primary focus of this study,
they were included in the analysis because they also include valuable materials such as
PGMs, REEs, precious metals, etc. The strategy for identifying critical materials is shown
in Figure 1. The first goal was to screen the most used materials in FCH technologies
and prepare the LCI lists. These lists were evaluated by using our own methodological
approach, with the aim to already identify the potentially critical materials. The results
of this preliminary analysis were the cornerstone of the HyTechCycling project and were
published as part of the project’s deliverables [56]. Furthermore, the assembled lists of
these materials were analysed in greater detail using the LCA methodology. This also made
it possible to compare and validate the results of the preliminary analysis with respect to
the in-depth LCA analysis and detect the potential outliers in both approaches.

1 
 

 

Figure 1. Strategy for identifying and validating critical materials in FCH technologies.
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2.1. Methodological Assessment

In the case of fuel-cell systems, the focus in this research is on SOFCs and PEMFCs.
These two types of fuel-cell stacks were broken down into their main components: elec-
trolyte, anode, cathode, catalyst layer, GDL, interconnect and sealants. On the other hand,
water electrolyses based on AWEs and PEMWEs are the key electrochemical hydrogen-
production technologies considered in this study. These two types of electrolyser stacks
were broken down into their main components in the same manner as the fuel-cell stacks.
Based on the materials comprising the main components of the considered FCH tech-
nologies, the lists of materials were drawn up. The critical materials within these four
FCH technologies were identified according to three criteria: hazardousness, price and EU
criticality methodology.

A hazardous material (the first assessment criterion) is defined as a substance that has
an adverse effect on humans, animals or the environment. To determine the hazardousness
of materials in FCH technologies the Globally Harmonised System of Classification and
Labelling of Chemicals (GHS) was adopted as a standard. As explained in [57], the GHS
provides a harmonised basis for globally uniform, physical, environmental, and health-
and-safety information about hazardous chemical substances and mixtures. It sets out the
criteria for a classification of the chemicals for the physical-chemical, health and environ-
mental hazards of chemical substances and mixtures and sets out standardised hazard
information to facilitate the global trade of chemicals. The GHS has been implemented in
the EU by Regulation (EC) No 1272/2008 on the classification, labelling and packaging of
substances and mixtures (the ‘CLP Regulation’). In line with the GHS standard, CLP allows
for the identification of hazardous chemicals and the communication of these hazards
to users through labelling. The EU works closely with the European Chemicals Agency
(ECHA) and has established a European regulation REACH [58] where the main objective
of ensuring a high level of protection for human health and the environment is established
by shifting the responsibility from public authorities to industry with regards to assessing
and managing the risks posed by chemicals and providing the appropriate safety infor-
mation for their users. Based on a three-level classification of chemicals and materials in
the ECHA database, the FCH materials were classified as low, medium or high in terms of
hazardousness. The second assessment criterion is the price of the material, which was es-
timated based on the Asian Metal Market [59], London Metal Exchange [60], Elements and
their compounds list [61]. The prices of some compounds and raw materials are volatile
due to constantly changing demand and supply. That is why price as a criterion in our
study is more related to material criticality because it also reflects the relationship between
the demand (growth of the market for a particular material) and supply (production and
recycling capabilities). Also, material prices undoubtedly influence the decision-making of
the recycling industry, which has a direct effect on the environmental footprint of materials.
After the price estimation, three categories of material price were defined: Low (<5 $/kg),
Medium (5–500 $/kg) and High (>500 $/kg). The third assessment criterion, which is
closely connected with material scarcity, is the EU’s criticality methodology [29,30], which
is a combination of two assessment components: economic importance (EI) and supply risk
(SR). The last assessment in 2020 [31] applies a revised version of the European Commis-
sion’s criticality methodology, while ensures comparability with the previous methodology
used in 2011, 2014 and 2017. The overall results of the fourth assessment are shown in
Table 1 and Figure 2. The critical raw materials (CRMs) are marked with red dots and
are located inside the criticality zone (SR threshold ≥ 1 and EI threshold ≥ 2.8). If an
assessed material is in this zone, it is ranked as high in terms of EU criticality. The blue
dots represent the non-CRMs; these materials were ranked as low for EU criticality. For the
assessed materials that exceed only one threshold in the EU criticality methodology, we
introduced a new level and ranked them as medium.

The novelty in this paper is the aggregation of the three evaluation criteria for a mate-
rials assessment of FCH technologies: hazardousness of material (1st criterion), estimated
price of the material (2nd criterion) and EU’s criticality assessment (3rd criterion). The
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assessment of the material’s criticality is based on an evaluation and scoring of each of
the three criteria—where High means 3 points, Medium, 1 point, and Low, 0 points. By
summing the points of all the criteria, the materials are ranked into three categories using
the scoring system shown in Table 2. A total score of 5 to 9 points means that the material
is ranked as very critical; a total score from 2 to 4 points means that material is medium
critical; and score from 0 and 1 represents low or non-critical materials According to the
scoring presented in Table 2, we assessed the list of all possible materials used in the FCH
technologies and BoP components.

Table 1. List of EU CRM’s based on 2020 criticality assessment, [31].

2020 CRM’s (30)

Antimony Fluorspar Magnesium Silicon metal
Baryte Gallium Natural graphite Tantalum
Bauxite Germanium Natural rubber Titanium
Beryllium Hafnium Niobium Vanadium
Bismuth HREEs PGMs Tungsten
Borate Indium Phosphate rock Strontium
Cobalt Lithium Phosphorus
Coking coal LREEs Scandium
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One of the advantages of the integration of FCH technologies in energy systems is
their environmental performance, which is better than the environmental performance of
conventional fossil-fuel-based technologies [62]. Currently, the environmental impact of
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FCH technologies comes mainly from the hydrogen production (the majority of hydrogen
is still made from natural-gas steam reforming); but a very important segment that is not
properly addressed yet is the production phase, where the production of materials (raw
sources extraction, preparation, production) plays a significant role [63]. The environmental
performance evaluated with the LCA approach can be misleading if the critical materials are
not addressed properly. A study by an untrained LCA practitioner, or simply inattention,
could neglect some of the critical materials involved in the FCH production phase due to
the very low masses (e.g., in PEMFC or PEMWE systems, the PGMs’ weight ratio can be as
low as 0.01% of the total mass of the system [64]). To properly address the circular economy
in the future, all important critical materials must be included in the LCA studies. To obtain
a deeper understanding of the importance of materials—and based on that the preliminary
assessment of criticality—we have used this innovative methodological approach where
the environmental impacts of materials are evaluated by using three individual impact
categories aggregated together to achieve the final score.

Table 2. Scoring system for assessing the criticality of materials.

1st Criteria 2nd Criteria 3rd Criteria Score Criticality

High High High 9

HighHigh High Medium 8
High High Low 6
High Medium Medium 5

High Medium Low 4

Medium
High Low Low 3

Medium Medium Medium 3
Low Medium Medium 2

Low Low Medium 1
LowLow Low Low 0

2.2. Life-Cycle Assessment Approach

The Life Cycle Assessment includes four phases: (i) goal and scope, (ii) life-cycle
inventory analysis (LCI), (iii) life-cycle impact assessment (LCIA), and (iv) interpretation
of results. It was conducted according to the ISO standards 14040 [65], 14044 [66], and
ILCD guidelines [67]. The provisions and suggestions given in the guidance document for
performing a LCA on FCH technologies by [68], were also considered in the analysis. For
this purpose, a specific calculation tool called Gabi software [69] was used. The first step
in conducting the LCA was the identification of all the relevant materials in the observed
FCH technologies, which is also one of the main outputs of this study. In addition to critical
materials, other materials of interest were also assessed using a LCA. Secondary data from
the generic databases were taken from the ecoinvent 3.6 [70] and the GaBi Professional
database [71], or adopted from the EU H2020 project HyTechCycling. Since some of the
materials are not available in generic databases (especially for SOFC technology) they were
modelled according to the available research literature and/or chemical composition [72].

2.2.1. Goal, Scope and Functional Unit

The goal of this study is to analyse the production phase of materials that are most
used in FCH systems to evaluate and compare their environmental impacts. Also, each
FCH technology is evaluated separately to focus attention on the most critical materials
within the technology and on the future steps that can be taken to reduce the environmental
impact. The improvements to the FCH technologies over the last decade are commented
on and address the materials with the largest environmental impacts, greatest scarcity or
highest price with the purpose of elucidating the setbacks, advantages and/or potentials of
these materials. The analysis was conducted from “the cradle to the gate”, from harvesting
the unprocessed resources to a material usable by the manufacturer of the FCH compo-
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nent. The functional unit for the LCA was a mass of 1 g of material used in the assessed
FCH technologies.

2.2.2. Life-Cycle Inventory Analysis

The life-cycle inventory (LCI) was based on lists of materials obtained using the
methodological approach described in Section 2.1. This implies that the processes needed
to produce the core components (mixing of compounds, film casting, stamping/pressing,
sintering, etc.) are not within the scope of this analysis. To successfully execute the LCA the
materials must be available in the LCA databases or we must have all the data regarding
the production process for a specific material. However, in some cases we are dealing with
rather new materials; therefore, some of them are still not available in the LCA databases.
If a material is missing in the database, it should be replaced by a comparable material that
exhibits similar properties or the LCI for that material must be additionally defined.

2.2.3. Life-Cycle Impact-Assessment Method Used

The CML2001 and EF3.0 Life Cycle Impact Assessment (LCIA) methodologies were
used to evaluate the results. The CML2001 methodology is a very reliable and commonly
used LCIA methodology in LCA research papers. Since EF3.0 might not be robust and
proficient enough, and there is also a lack of application experience with widely used
LCI databases, the CML2001 methodology—which was used in all the LCA analyses
within the HyTechCycling project, [73]—was additionally used to compare and verify the
results. However, the European Commission has proposed the PEF (Product Environmental
Footprint) and the OEF (Organisation Environmental Footprint) as a common way of
measuring environmental performance [74]. The overarching purpose of PEF information
is to make it possible to reduce the environmental impacts of goods and services, taking into
account supply-chain activities (from the extraction of raw materials, through production
and use and on to final waste management) [75]. For this reason, we additionally used the
EF3.0 methodology—which is currently undergoing a transition phase in the development
of EF characterization—that is strongly supported and supervised by the Joint Research
Centre. The EF3.0 methodology includes more environmental impact indicators that give
additional information regarding the environmental impacts of the production processes
of materials.

2.2.4. Interpretation of the Results

To obtain a detailed interpretation of the environmental impact of the materials for
each observed FCH technology, the LCA model was set up separately for all the materials
occurring in the production phase of the FCH technology and separately for the BoP
components. The environmental impacts of the production phase of the materials were
calculated and assessed using the EF3.0 and CML2001 LCIA methods. Both methods
were used in the interpretation of the results to obtain a comparison of the environmental
impacts. Also, parallels are drawn with the methodological approach presented above to
see if the environmental impact indicators from the LCA correlate with the methodological
approach (Section 2.1).

3. Results

As a first output the lists of current materials used in the production phase of each
observed technology are presented separately in tables. The aggregated list of all the
materials in the considered FCH technologies is also presented in a table, where the
methodological approach is used to evaluate the materials with a single indicator, which
is a score obtained from the three criteria (a combination of hazardousness, price and
EU criticality). To compare the environmental impacts obtained from the methodological
assessment with the environmental impact indicators, the LCI was constructed and the
production processes of the materials were identified for each material. The LCA results
for the materials’ production are commented on in the last section of the results.
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3.1. Inventory of Materials in FCH Technologies and Methodological Assessment

All the relevant materials are presented for each FCH technology and for the BoP
components. The LCIs of the processes used in the LCA models are taken from the ecoin-
vent 3.6, GaBi Professional, Gabi extension databases and additional data on demand, [76].
Some processes were modelled according to a life-cycle inventory from the literature or
research, a few were substituted according to suggestions from the literature or research
and several were modelled according to the chemical composition of the materials. In this
last approach we modelled the materials with the appropriate amounts of raw materials
according to their chemical composition, but due to a lack of data we neglected or cut-off
the auxiliary materials (such as solvents, etc.) and the energy required to produce the
material. With this we underestimated the environmental impacts of the material’s pro-
duction, but we were able to assess the environmental impacts of almost all the materials
used in the FCH technologies and compared them with the methodological assessment.
From Tables 3–6 all the materials that could be used (by different manufacturers) in the
four observed technologies are listed and linked with secondary or primary databases used
in the LCA approach. The material lists are not presented with the unit of mass because
the mass (and choice of materials) depend on the components used by the manufacturer
and also on the size of the system. This means the exact masses of materials is proprietary
information of each manufacturer and consequently not available to the general public.

SOFC materials mainly consist of REEs, which makes this FCH technology critical
from the perspective of the EU Member States due to the heavy dependence on REE
imports [14]. The materials are classified as relatively costly and low in toxicity, except for
nickel and cobalt, which are classified as carcinogens. For the SOFC technology, all possible
materials used in the production process are presented in Table 3.

Most materials used to build the components for SOFC technology are composites.
This implies that these materials are already half-products, where various resources and
energy were needed to produce them. Since the materials for SOFC components are still
under development—and so their compositions can vary a lot from producer to producer—
this makes it difficult to implement them into the LCI databases. Due to this lack of
information in the LCI databases some of the materials are modelled based on available
literature. In cases where no data are available, the composite materials are modelled solely
by the weight ratios of the materials comprising the composite. We are aware that this only
gives a rough estimate of the environmental impacts, because there are several production
processes and waste streams that are left out using this approach. However, this clearly
demonstrates that a combined effort by industry, research institutions and policymakers
must be made to improve the LCI databases with reliable and up-to-date data.

Table 3. List of materials in SOFCs and the available inventory.

Component Material Processes Used in SOFC LCA Model

SOFC

Electrolyte
Yttria-stabilised zirconia (YSZ) Yttria-stabilised zirconia (YSZ) 1

Cerium gadolinium oxide Cerium(IV) oxide-gadolinium doped 2

Cerium samarium oxide Cerium(IV) oxide-samarium doped 2

Anode
Nickel-based oxide doped with YSZ No Available Data
Nickel GLO: Nickel (Class 1, 99.95%) ILCD 2017 Nickel Institute, ts

Cathode
Strontium-doped
lanthanum manganite RER: Lanthanum strontium manganite (LSM) 2

Lanthanum strontium cobalt ferrite Lanthanum strontium cobalt ferrite (LCSF) 2

Interconnect
Doped lanthanum chromate EU28: Lanthanum chromate production (estimation), ts
Stainless steel DE: Stainless-steel slab (X6CrNi17) ts <p-agg>

Sealant
Glass-ceramic EU28: Glass ceramic production, ts
Phyllosilicates (Vermiculite) GLO: market for vermiculite ecoinvent 3.6

1 modelled according to LCI from the literature, [72], 2 modelled according to chemical composition—estimation.
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PEMFC materials are mainly low-to-medium in cost, with the exception of PGMs.
Most of the materials used in this FCH technology are classified as non-hazardous, with
the exception of the PGMs and PBI membranes doped with H3PO4, which are only used in
high-temperature PEMFCs. Other critical materials in PEMFCs are PFSA, which is the most
common material for low-temperature electrolyte membranes, followed by sulfonated
PEEK and Teflon, which are both rated as medium-to-high according to the EU’s criticality
method. For the PEMFC technology, all possible materials used in the production process
are presented in Table 4.

Table 4. List of materials in PEMFCs and the available inventory.

Component Material Process in LCA Database

PEMFC

Electrolyte
Perfluorosulphonic acid (PFSA—Nafion) CA: Nafion—for use in fuel cell ts
Sulfonated polyether ether ketone (s-PEEK) DE: Polyetherether ketone granulate (PEEK) ts
Polybenzimidazole (PBI) doped with
H3PO4 (HT-PEM) RER: polybenzimidazole (PBI) 1

GDL
Carbon fibres EU-28: Polyacrylonitrile Fibres (PAN) ts 2

Metallic mesh (steel product) DE: EAF Steel billet/Slab/Bloom ts <p-agg>

Catalyst layer
Platinum and Pt-alloys GLO: Platinum mix ts
PTFE-Teflon (hydrophobic agent) DE: Polytetrafluoroethylene granulate (PTFE) Mix ts
Carbon black (catalyst support) DE: Carbon black (furnace black; general purpose) ts

Interconnect
Graphite RER: graphite production ecoinvent 3.6
Stainless steel DE: Stainless-steel slab (X6CrNi17) ts <p-agg>

Sealant

Thermoplastic (PTFE) DE: Polythetraflouroetylene granulate (PTFE) Mix ts

Elastomer (Silicone, Viton®, EPDM)
EU-28: Silicone sealing compound ts
DE: Styrene-butadiene rubber (S-SBR) mix 3

EU-28: EPDM roofing membranes ts
1 modelled according to chemical composition—estimation, 2 substitution for carbon fibres—PAN is a precursor, 3 substitution for synthetic
rubbers, e.g., Viton®.

Table 5. List of materials in PEMWEs and the available inventory.

Component Material Process in LCA Database

PEMWE

Electrolyte Perfluorosulphonic acid (PFSA—Nafion) CA: Nafion—for use in fuel cell ts
Sulfonated polyether ether ketone
(s-PEEK) DE: Polyetherether ketone granulate (PEEK) ts

GDL
Carbon fibres (only cathode side) EU-28: Polyacrylonitrile Fibres (PAN) ts 1

Titanium or Ti-alloys GLO: titanium production, primary ecoinvent 3.6

Catalyst layer

Platinum and Pt-alloys (cathode side) GLO: Platinum mix ts
Palladium and Pd-alloys (cathode side) GLO: Palladium mix ts
Carbon black (cathode side
catalyst support) DE: Carbon black (furnace black; general purpose) ts

Iridium and Ir-alloys (anode side) No Available Data 2

Ruthenium and Ru-alloys (anode side) ZA: Ruthenium ts
Titanium dioxide (anode side
catalyst support) RER: market for titanium dioxide ecoinvent 3.6

Interconnect
Titanium or Ti-alloys GLO: titanium production, primary ecoinvent 3.6
Stainless steel DE: Stainless-steel slab (X6CrNi17) ts <p-agg>

Sealant Elastomer (Silicone, Viton®, EPDM)
EU-28: Silicone sealing compound (EN15804 A1-A3) ts
DE: Styrene-butadiene rubber (S-SBR) mix 3

EU-28: EPDM roofing membranes ts
Thermoplastic (PTFE) DE: Polytetrafluoroethylene granulate (PTFE) Mix ts

1 substitution for carbon fibres—PAN is a precursor, 2 instead of iridium ruthenium could be used as a substitute in LCA modelling, 3

substitution for synthetic rubbers, e.g., Viton®.
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PEMWE materials are similar to those of the PEMFC. The oxygen-evolution-reaction
(OER) and hydrogen-evolution-reaction (HER) catalysts are based on PGMs, which means
that these materials are also classified as critical and high cost. The materials are mainly
non-hazardous, with the exception of the PGMs used for catalysts. For the PEMWE
technology, all possible materials used in the production process are presented in Table 5.
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Table 6. List of materials in AWEs and the available inventory.

Component Material Process in LCA Database

AWE

Electrolyte Potassium hydroxide RER: potassium hydroxide production ecoinvent 3.6

Sodium hydroxide DE: Sodium hydroxide (from chlorine-alkali
electrolysis, diaphragm) ts

Anode Nickel GLO: Nickel (Class 1, 99.95%) ILCD 2017 Nickel
Institute, ts

Cathode Nickel GLO: Nickel (Class 1, 99.95%) ILCD 2017 Nickel
Institute, ts

Interconnect
Nickel GLO: Nickel (Class 1, 99.95%) ILCD 2017 Nickel

Institute, ts
Stainless steel DE: Stainless-steel slab (X6CrNi17) ts <p-agg>

Sealant

Thermoplastic (PTFE) DE: Polytetrafluoroethylene granulate (PTFE) Mix ts

Elastomer (Silicone, Viton®, EPDM)
EU-28: Silicone sealing compound (EN15804 A1-A3) ts
DE: Styrene-butadiene rubber (S-SBR) mix 1

EU-28: EPDM roofing membranes ts

Diaphragm
(membrane)

Asbestos (old AWE) GLO: asbestos production, crysotile type ecoinvent 3.6
Composite of polysulfone and ZrO2
(Zirfone®) Polysulfone Composite—Zirfone <LC> 2

1 substitution for synthetic rubbers, e.g., Viton®, 2 modelled according to chemical composition—estimation.

AWE materials are mainly low cost, with the exception of both the anode and cathode
catalysts, which are also classified as critical by the EU. This FCH technology is also
classified as rather hazardous, since an alkaline electrolyte in liquid form is used (i.e., KOH
or NaOH). In addition, the Ni-based catalysts and asbestos diaphragms used in older types
of AWE are classified as carcinogens. For the AWE technology, all possible materials used
in the production process are presented in Table 6.

The main materials used in BoP components are shown in Table 7, with the processes
used from the LCA database. In BoP the main materials of interest are precious metals
(e.g., gold and silver) typically used in printed wire boards (PWBs) and materials used in
batteries, e.g., lead, tin and lithium (LiFePO4), which are classified as toxic to human health
or the environment. Silicon products (silicone rubber, microporous insulation, etc.) are
classified as critical due to the high criticality of silicon metal in the EU as the main raw
material for production.

The materials most used in FCH technologies and BoP are aggregated and presented
in Table 8, which is the list of materials assessed according to the methodology described
in Section 2.1. Table 8 shows the assessment results for all the materials according to
each of the three criteria and in the last column under a new assessment of the overall
rating of the material’s criticality. Based on the new material-evaluation methodology,
there are a total of 16 materials in the FCH technologies that have a high criticality, 12
materials with a medium criticality, and the rest are of low criticality. For a more descriptive
presentation, the materials are color-coded and arranged from very critical materials (red—
High criticality) to the least critical materials (green—Low criticality). Some materials are
used in more than one FCH technology; this can be seen in the third column of Table 8.

Among the most critical materials (coloured red), most of the materials are used in
SOFC technology (11 out of 16). Moreover, 4 out of 16 materials that are ranked high
in criticality are used in PEMWE technology, 2 out of 16 are used in PEMFC technology,
and only one in AWE, while 3 out of 16 critical materials are commonly used in BoP
components.
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Table 7. List of BoP components and materials.

Components Materials Process in LCA database

BoP

Main BoP components

Metals

GLO: Aluminium ingot mix IAI (2010) IAI, ts
DE: EAF Steel billet/Slab/Bloom ts <p-agg>
DE: Stainless-steel slab (X6CrNi17) ts <p-agg>
GLO: Copper mix (99,999% from electrolysis), ts
GLO: market for steel, chromium steel 18/8 ecoinvent 3.6

Plastics
Elastomers
Thermoplastic
Polymers

EU-28 Polypropylene, PP, granulate agg, ts
EU28: Polyethylene, HDPE, granulate, ts
EU-28: Silicone sealing compound (EN15804 A1-A3) ts
DE: Polytetrafluoroethylene granulate (PTFE) Mix ts
EU-28: EPDM roofing membranes ts

Ancillary BoP components

Metals

GLO: Aluminium ingot mix IAI (2010) IAI, ts
GLO: market for steel, chromium steel 18/8 ecoinvent 3.6
DE: Stainless-steel slab (X6CrNi17) ts <p-agg>
GLO: Copper mix (99,999% from electrolysis), ts
DE: EAF Steel billet/Slab/Bloom ts <p-agg>

Plastics
Elastomers
Thermoplastic
Polymers

EU-28 Polypropylene, PP, granulate agg, ts
EU28: Polyethylene, HDPE, granulate, ts
EU-28: Silicone sealing compound (EN15804 A1-A3) ts
EU-28: EPDM roofing membranes ts
DE: Polytetrafluoroethylene granulate (PTFE) Mix ts

Precious metals
GLO: Silver mix ts
GLO: Gold (primary) ts
GLO: Palladium mix ts

Other BoP components Other

GLO: market for tin ecoinvent 3.6
DE: Lead (99,995%) ts
DE: Lithium Iron Phosphate/Carbon Composition
(cathode active material), ts
EU-28: Glass wool ts
EU-28: Silicone sealing compound (EN15804 A1-A3) ts

Table 8. List of commonly used FCH and BoP materials with results of the new methodological assessment.

Material Component Technology
Methodological Assessment New

Hazardous Price EU Criticality Assessment
Cerium gadolinium

oxide Electrolyte SOFC High Medium High High

Cerium samarium
oxide Electrolyte SOFC High Medium High High

Copper PWB’s, Cables BoP High Medium Medium High
Doped Lanthanum

chromate Interconnect SOFC Medium Medium High High

Iridium Catalyst PEMWE Low High High High
Lanthanum

Strontium Cobalt
Ferrite

Cathode SOFC Low-Medium Medium High High

Nickel Catalyst,
Electrode SOFC, AWE High Medium Medium High

Nickel-based oxide
doped with YSZ Anode SOFC Medium-High Medium High High

Palladium
Catalyst,

Interconnect,
Ancillary BoP

SOFC, PEMWE,
BoP Low-Medium High High High

Platinum Catalyst PEMFC,
PEMWE Low High High High



Sustainability 2021, 13, 3565 15 of 29

Table 8. Cont.

Material Component Technology
Methodological Assessment New

Hazardous Price EU Criticality Assessment
Raney-Nickel Catalyst AWE High Medium High High

Ruthenium Catalyst PEMWE,
PEMFC Low High High High

Silica powder Insulation SOFC High Low High High
Silver Ancillary BoP BoP High High Medium High

Strontium-doped
lanthanum
manganite

Cathode SOFC Medium Medium High High

Yttria-stabilised
zirconia (YSZ) Electrolyte SOFC Low-Medium Medium High High

Aluminium Housing BoP, PEMFC,
AWE, PEMWE Medium Low Medium Medium

Asbestos Diaphragm AWE (older
types) High Low Low Medium

Carbon fibres Electrode PEMFC,
PEMWE Medium Medium Low Medium

Chromium steel Housing BoP Medium Low Medium Medium
Gold Ancillary BoP BoP Low High Low Medium
Lead Batteries BoP High Low Medium Medium

Lithium-ion
(LiFePO4) Batteries BoP Low Medium Medium Medium

Orthophosphoric
acid (H3PO4) Electrolyte HT-PEMFC Medium Low High Medium

Perfluorosulphonic
acid

(PFSA—Nafion®)
Electrolyte PEMWE,

PEMFC Low-Medium Medium Medium Medium

Polybenzimidazole
(PBI) Membrane HT-PEMFC Low High Medium Medium

Polysulfone or.
Polysulfone
composite
(Zirfon®)

Diaphragm AWE Low-Medium Medium-High Medium Medium

Polytetraflouroetylen
(PTFE—Teflon)

Catalyst,
Sealant,

Ancillary BoP

AWE, PEMWE,
PEMFC, BoP low Medium High Medium

Potassium
Hydroxide Electrolyte AWE Medium Medium Low Medium

Silicone Sealant AWE, PEMWE,
PEMFC, BoP Medium Low High Medium

Sodium Hydroxide Electrolyte AWE High Medium Low Medium
Sulfonated

polyether ether
ketone (s-PEEK)

Electrolyte PEMWE,
PEMFC Medium Medium Medium Medium

Tin Batteries BoP Medium Medium Medium Medium

Titanium Electrode,
Interconnect PEMWE Low- Medium Medium Medium Medium

Titanium Dioxide Catalyst PEMWE Medium Medium Medium Medium
Zirconia (ZrO2) Diaphragm AWE Medium Medium Medium Medium

Carbon black Catalyst layer PEMFC,
PEMWE Medium Low Low Low

Ethylene propylene
diene monomer

(EPDM)
Sealing AWE, PEMWE,

PEMFC, BoP Medium Low Low Low

Fluroelastomer
(FKM—Viton®) Sealing AWE, PEMWE,

PEMFC, BoP Low Medium Low Low
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Table 8. Cont.

Material Component Technology
Methodological Assessment New

Hazardous Price EU Criticality Assessment

Glass wool Insulation
BoP, AWE,
PEMWE,
PEMFC

Medium Low Low Low

Glass/Glass-
ceramic Sealant SOFC Medium Low Low Low

Graphite Interconnect PEMFC,
PEMWE Low Low Medium Low

High-density
polyethylene

(HDPE)
Ancillary BoP BoP Low Low Low Low

Phyllosilicates
(Vermiculite, Mica,

. . . )
Sealant SOFC Medium Low Low Low

Polypropylene (PP) Ancillary BoP BoP Low Low Low Low
Polystyrene
sulfonic acid

(PSSA)
Electrolyte PEMFC Low Low Medium Low

Very critical materials (red color), medium critical materials (yellow color) and low critical materials (green color).

Some parallels can also be drawn between Table 8 and Figure 3, which shows the
supply risk of raw materials for the key technologies in the EU. Figure 3 shows that among
the key raw materials for the FCH technologies, REEs are the most critical when it comes
to supply risk. With our evaluation above, we have shown more specifically which the
materials in question are—and additionally shown which materials can be—problematic
from the point of view of hazardousness, price and economic importance for the EU.
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assessment, [42].

3.2. Life-Cycle Assessment and Environmental Impacts of FCH Materials

To further evaluate the importance and criticality of materials used in FCH technolo-
gies, the LCA was performed based on the LCIs presented in the previous section. To
provide complete results that are useful for the FCH industry and manufacturers, the val-
ues of the environmental impact indicators are presented in separate tables for each FCH
technology and the BoP components. Only the key results are presented and commented
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on below, while the other results of the LCA are added as Supplementary Materials to
the paper. For each material, the results of the impact indicators are shown in absolute
values, while, similar to the methodological approach, the relative results of each impact
indicator across all the materials are colour-coded (red being High and green being Low).
The colour coding (the range of relative results) is the same for all the tables, which means
all the technologies are directly comparable when it comes to assessing and comparing
the environmental impacts of the materials across the different technologies. In addition
to the LCIA indicators, the methodological assessment is added in the last column to
make an easier comparison of the LCA and the methodological approach. The comparison
between the CML2001 and EF3.0 methodologies is only shown in the case of the PEMFC
technology. From the analysis of the results, it was concluded that the methodologies are
well correlated. For brevity, only the results based on the CML2001 are shown for other
technologies, and the results based on EF3.0 are shown in the Supplementary Materials
(Tables S1–S5).

3.2.1. PEMFC Technology

One of the most mature FCH technologies is the PEMFC, which is mostly used in
mobile or smaller stationary applications. In Tables 9 and 10 the environmental impact
indicators to produce 1 g of material used in a PEMFC are presented.

Platinum, as a PGM, has a several-magnitudes-higher environmental impact than
other materials. Apart from platinum, Nafion, PTFE (Polytetrafluoroethylene), PEEK
(Polyetherether ketone), and silicone are also materials with significant environmental
impacts. This is also confirmed by our methodological approach from Table 8 and shown
in Table 9 (the last column) and in Table 10 (the last row). The mentioned materials are
labelled as High in the case of platinum and Medium in the case of Nafion, PEEK, PTFE
and silicone. Another important conclusion is that the majority of materials for the PEMFC
technology are already included in the databases. The only exceptions are the carbon fibres,
which are substituted by PAN fibres (a common precursor to carbon fibres) and fluro-
elastomer synthetic rubber (i.e., Viton®), which is substituted by S-SBR. Also, PAN fibres
underestimate the environmental impacts of carbon fibres because this common precursor
material undergoes several heat-treatment processes (oxidation and carbonisation) before
it is converted to carbon fibres.

− Comparison of CML2001 and EF3.0 Methodologies for the Example of PEMFC Technology



Sustainability 2021, 13, 3565 18 of 29

Table 9. Environmental impact indicators for 1 g of material used in the PEMFC according to CML2001 methodology.

ADP
Elements

[kg Sb eq.]

ADP Fossil
[MJ]

AP
[kg SO2 eq.]

EP
[kg Phosphate eq.]

FAETP Inf.
[kg DCB eq.]

GWP 100
Years

[kg CO2 eq.]

HTP Inf.
[kg DCB eq.]

MAETP Inf.
[kg DCB eq.]

ODP, Steady
State

[kg R11 eq.]

POCP
[kg Ethene eq.]

TETP Inf.
[kg DCB eq.]

Meth.
Approa.

Platinum 1.72 × 10−3 3.38 × 102 6.93 × 10−1 1.79 × 10−2 2.67 × 10−1 3.30 × 101 9.21 3.86 × 103 8.57 × 10−14 3.07 × 10−2 1.12 × 10−1 High
PBI 3.85 × 10−10 4.99 × 10−2 4.22 × 10−6 1.58 × 10−7 2.24 × 10−5 1.88 × 10−3 7.29 × 10−5 1.01 × 10−1 1.20 × 10−17 4.16 × 10−7 5.94 × 10−6 Med
Nafion 1.31 × 10−7 2.12 4.10 × 10−4 9.14 × 10−5 6.18 × 10−6 8.31 × 10−1 3.25 × 10−5 2.19 × 10−2 1.83 × 10−15 9.31 × 10−6 4.30 × 10−7 Med
PEEK 2.15 × 10−8 3.42 × 10−1 5.23 × 10−5 4.22 × 10−6 8.28 × 10−5 1.74 × 10−2 6.02 × 10−4 9.13 × 10−1 4.32 × 10−14 4.25 × 10−6 1.23 × 10−5 Med
PTFE 1.60 × 10−6 2.04 × 10−1 4.06 × 10−5 2.86 × 10−6 3.25 × 10−5 1.21 × 10−2 4.03 × 10−4 7.87 × 10−1 6.06 × 10−10 2.97 × 10−6 9.78 × 10−6 Med
PAN 8.79 × 10−10 1.10 × 10−1 1.07 × 10−5 2.23 × 10−6 2.45 × 10−5 5.13 × 10−3 1.65 × 10−4 1.82 × 10−1 2.66 × 10−17 1.21 × 10−6 7.52 × 10−6 Med
Silicone 1.53 × 10−7 8.69 × 10−2 1.54 × 10−5 1.63 × 10−6 2.69 × 10−5 5.67 × 10−3 8.79 × 10−4 5.87 × 10−1 4.87 × 10−17 1.96 × 10−6 9.29 × 10−4 Med
Carbon
black 4.68 × 10−10 6.34 × 10−2 5.14 × 10−6 1.86 × 10−7 2.86 × 10−5 2.35 × 10−3 9.21 × 10−5 1.22 × 10−1 1.50 × 10−17 5.16 × 10−7 6.09 × 10−6 Low

EAF Steel 1.04 × 10−10 4.04 × 10−3 9.33 × 10−7 1.12 × 10−7 6.03 × 10−7 3.98 × 10−4 1.50 × 10−5 3.32 × 10−2 1.21 × 10−17 2.07 × 10−7 2.33 × 10−6 Low
Stainless
Steel 2.25 × 10−7 3.50 × 10−2 2.21 × 10−5 1.00 × 10−6 1.42 × 10−4 3.13 × 10−3 7.52 × 10−2 1.26 2.03 × 10−17 1.10 × 10−6 3.87 × 10−5 Low

S-SBR 5.34 × 10−10 8.77 × 10−2 3.58 × 10−6 5.21 × 10−7 2.29 × 10−5 3.06 × 10−3 1.21 × 10−4 1.09 × 10−1 1.15 × 10−17 7.47 × 10−7 3.61 × 10−5 Low
EPDM 2.11 × 10−9 9.52 × 10−2 4.78 × 10−6 6.05 × 10−7 2.52 × 10−5 3.37 × 10−3 1.63 × 10−4 1.85 × 10−1 1.73 × 10−17 7.39 × 10−7 6.78 × 10−6 Low
Graphite 9.37 × 10−11 2.98 × 10−4 1.51 × 10−7 6.75 × 10−8 1.37 × 10−5 2.26 × 10−5 1.80 × 10−5 3.43 × 10−2 2.14 × 10−12 1.02 × 10−8 1.63 × 10−7 Low

For each environmental impact indicator, PEMFC materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).
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Table 10. Environmental impact indicators for 1 g of material used in the PEMFC according to EF3.0 methodology.

Platinum PBI Nafion PEEK PTFE Silicone Carbon
Black Steel Stainless

Steel S-SBR EPDM Carbon
Fibres Graphite

Acid. terrest. and freshwat. [Mole of H +
eq.] 7.8 × 10−1 4.7 × 10−6 1.7 × 10−6 6.1 × 10−5 4.5 × 10−5 1.8 × 10−5 5.7 × 10−6 1.1 × 10−6 2.5 × 10−5 4.5 × 10−6 5.8 × 10−6 1.4 × 10−5 1.9 × 10−7

Cancer human health effects [CTUh] 6.7 × 10−9 9.2 × 10−13 6.0 × 10−12 2.7 × 10−12 1.4 × 10−12 3.6 × 10−11 1.1 × 10−12 1.3 × 10−13 1.3 × 10−9 2.1 × 10−12 1.1 × 10−12 1.2 × 10−12 1.1 × 10−14

Cancer hum. health eff. (Inorganic) [CTUh] 2.3 × 10−19 2.0 × 10−23 1.2 × 10−21 1.5 × 10−23 1.2 × 10−23 3.0 × 10−23 1.5 × 10−22 3.8 × 10−22 6.0 × 10−22

Cancer human health effects (Metal) [CTUh] 5.5 × 10−9 9.0 × 10−13 1.8 × 10−13 1.9 × 10−12 6.5 × 10−13 3.6 × 10−11 1.1 × 10−12 8.7 × 10−14 2.7 × 10−12 1.8 × 10−12 8.5 × 10−13 8.4 × 10−13 7.0 × 10−15

Cancer human health effects (Organic)
[CTUh] 1.2 × 10−9 2.0 × 10−14 5.8 × 10−12 8.7 × 10−13 7.7 × 10−13 7.3 × 10−13 2.4 × 10−14 4.0 × 10−14 1.3 × 10−9 2.1 × 10−13 2.4 × 10−13 3.3 × 10−13 3.9 × 10−15

Climate Change [kg CO2 eq.] 3.4 × 101 1.9 × 10−3 9.6 × 10−1 1.8 × 10−2 1.2 × 10−2 5.9 × 10−3 2.4 × 10−3 4.1 × 10−4 3.2 × 10−3 3.1 × 10−3 3.5 × 10−3 5.3 × 10−3 2.3 × 10−5

Climate Change (biogenic) [kg CO2 eq.] 1.1 × 10−2 9.6 × 10−6 1.7 × 10−7 2.3 × 10−5 2.9 × 10−5 3.5 × 10−5 1.2 × 10−5 3.5 × 10−6 6.4 × 10−6 1.2 × 10−5 1.3 × 10−5 1.7 × 10−5 9.7 × 10−8

Climate Change (fossil) [kg CO2 eq.] 3.4 × 101 1.9 × 10−3 9.6 × 10−1 1.8 × 10−2 1.2 × 10−2 5.8 × 10−3 2.4 × 10−3 4.1 × 10−4 3.2 × 10−3 3.1 × 10−3 3.4 × 10−3 5.2 × 10−3 2.3 × 10−5

Climate Ch. (land use change) [kg CO2eq.] 4.7 × 10−3 8.1 × 10−7 9.8 × 10−8 9.4 × 10−6 1.2 × 10−5 6.2 × 10−6 1.0 × 10−6 7.6 × 10−7 3.9 × 10−6 2.1 × 10−6 1.0 × 10−6 1.5 × 10−6 3.5 × 10−8

Ecotoxicity freshwater [CTUe] 6.1 × 101 4.8 × 10−2 1.1 1.5 × 10−1 1.0 × 10−1 3.6 × 10−2 6.1 × 10−2 1.6 × 10−3 1.2 × 10−2 3.8 × 10−2 4.5 × 10−2 4.6 × 10−2 2.6 × 10−3

Ecotoxicity freshwater (Inorganic) [CTUe] 4.1 × 101 4.6 × 10−2 1.1 1.4 × 10−1 8.5 × 10−2 2.6 × 10−2 5.9 × 10−2 1.0 × 10−3 9.6 × 10−3 3.6 × 10−2 4.2 × 10−2 4.1 × 10−2 3.5 × 10−5

Ecotoxicity freshwater (Metals) [CTUe] 2.0 × 101 1.3 × 10−3 3.3 × 10−4 1.2 × 10−2 1.6 × 10−2 1.0 × 10−2 1.6 × 10−3 5.1 × 10−4 2.8 × 10−3 1.6 × 10−3 3.1 × 10−3 4.3 × 10−3 2.6 × 10−3

Ecotoxicity freshwater (Organic) [CTUe] 1.2 × 10−1 2.9 × 10−4 5.2 × 10−4 9.3 × 10−4 3.1 × 10−4 1.4 × 10−4 3.7 × 10−4 6.6 × 10−6 9.0 × 10−5 3.1 × 10−4 3.6 × 10−4 5.9 × 10−4 3.2 × 10−6

Eutrophication freshwater [kg P eq.] 3.0 × 10−6 2.7 × 10−9 9.4 × 10−10 5.6 × 10−8 3.9 × 10−8 9.8 × 10−9 3.3 × 10−9 1.3 × 10−9 3.9 × 10−9 5.1 × 10−9 4.3 × 10−9 6.9 × 10−9 1.6 × 10−8

Eutrophication marine [kg N eq.] 5.3 × 10−2 3.1 × 10−7 2.9 × 10−7 9.4 × 10−6 6.7 × 10−6 4.1 × 10−6 3.5 × 10−7 2.6 × 10−7 2.7 × 10−6 1.2 × 10−6 1.5 × 10−6 5.4 × 10−6 3.8 × 10−8

Eutrophication terrestrial [Mole of N eq.] 5.8 × 10−1 3.3 × 10−6 3.2 × 10−6 9.9 × 10−5 7.4 × 10−5 4.5 × 10−5 3.7 × 10−6 2.7 × 10−6 2.9 × 10−5 1.3 × 10−5 1.6 × 10−5 5.4 × 10−5 4.6 × 10−7

Ionising rad.—hum. health [kBq U235 eq.] 4.9 × 10−1 3.3 × 10−5 1.8 × 10−5 4.8 × 10−4 5.7 × 10−4 7.1 × 10−4 3.6 × 10−5 2.8 × 10−5 6.4 × 10−5 9.6 × 10−5 2.4 × 10−4 3.7 × 10−4 7.8 × 10−6

Land Use [Pt] 6.4 1.9 × 10−3 2.4 × 10−4 2.7 × 10−2 3.3 × 10−2 2.3 × 10−1 2.4 × 10−3 2.0 × 10−3 6.5 × 10−3 4.1 × 10−3 3.4 × 10−3 5.0 × 10−3 1.8 × 10−4

Non-cancer human health effects [CTUh] 1.6 × 10−7 4.4 × 10−11 7.4 × 10−9 8.0 × 10−11 6.0 × 10−11 4.2 × 10−9 4.9 × 10−11 1.6 × 10−11 1.2 × 10−10 1.7 × 10−10 4.6 × 10−11 5.0 × 10−11 3.3 × 10−13

Non-cancer human health effects Inorganic)
[CTUh] 2.4 × 10−8 8.1 × 10−12 7.4 × 10−9 3.8 × 10−11 3.2 × 10−11 2.2 × 10−11 1.0 × 10−11 6.5 × 10−12 3.8 × 10−12 7.7 × 10−12 9.1 × 10−12 1.0 × 10−11 6.3 × 10−14

Non-cancer human health effects (Metals)
[CTUh] 1.3 × 10−7 3.5 × 10−11 3.2 × 10−12 4.2 × 10−11 2.7 × 10−11 4.2 × 10−9 3.9 × 10−11 9.0 × 10−12 1.2 × 10−10 1.6 × 10−10 3.7 × 10−11 4.0 × 10−11 2.6 × 10−13

Non-cancer human health effects (Organic)
[CTUh] 5.3 × 10−9 2.2 × 10−13 2.8 × 10−11 2.7 × 10−12 1.7 × 10−12 9.5 × 10−13 2.7 × 10−13 3.4 × 10−14 3.2 × 10−13 5.9 × 10−13 6.2 × 10−13 8.2 × 10−13 6.3 × 10−15

Ozone depletion [kg CFC-11 eq.] 6.4 × 10−14 9.0 × 10−18 1.0 × 10−15 2.4 × 10−14 4.1 × 10−10 3.7 × 10−17 1.1 × 10−17 9.1 × 10−18 1.5 × 10−17 8.6 × 10−18 1.3 × 10−17 2.0 × 10−17 1.9 × 10−12

Photochemical ozone formation—human
health [kg NMVOC eq.] 1.8 × 10−1 1.7 × 10−6 1.7 × 10−5 3.1 × 10−5 2.3 × 10−5 1.5 × 10−5 2.0 × 10−6 9.5 × 10−7 8.3 × 10−6 4.7 × 10−6 5.5 × 10−6 1.5 × 10−5 1.1 × 10−7

Resource use, energy carriers [MJ] 3.6 × 102 5.1 × 10−2 2.8 3.5 × 10−1 2.2 × 10−1 9.8 × 10−2 6.4 × 10−2 4.8 × 10−3 3.7 × 10−2 8.9 × 10−2 9.9 × 10−2 1.2 × 10−1 4.3 × 10−4

Resource use, mineral&metals [kg Sb eq.] 1.7 × 10−3 2.3 × 10−10 1.8 × 10−10 6.1 × 10−9 1.6 × 10−6 1.4 × 10−7 2.8 × 10−10 1.3 × 10−10 2.2 × 10−7 3.5 × 10−10 1.1 × 10−9 5.1 × 10−10 9.3 × 10−11

Respiratory inorg. [Disease incidences] 8.7 × 10−6 1.8 × 10−10 1.1 × 10−11 6.5 × 10−9 4.3 × 10−9 1.9 × 10−10 2.3 × 10−10 1.4 × 10−11 4.6 × 10−10 3.1 × 10−11 4.1 × 10−11 7.0 × 10−11 1.5 × 10−12

Water scarcity [m3 world equiv.] 3.9 3.0 × 10−5 5.9 × 10−2 2.4 × 10−3 3.5 × 10−3 2.0 × 10−3 3.1 × 10−5 2.2 × 10−6 7.1 × 10−4 2.3 × 10−4 5.3 × 10−4 5.3 × 10−4 1.3 × 10−5

methodological app. High Med Med Med Med Med Low Low Low Low Low Low Low

For each environmental impact indicator, PEMFC materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).
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Comparing the environmental impact indicators from the CML2001 (Table 9) and
EF3.0 (Table 10) methodologies we can see that in both tables the relative values of the
environmental impact indicators are similar (the colours of the individual materials also
match well):

• Acidification potential (AP) in the CML2001 corresponds well to Acidification terres-
trial and freshwater in EF3.0;

• GWP in CML2001 is almost identical to the Climate change in EF3.0;
• Freshwater eco-toxicity potential (FAETP) in CML2001 has the same relative result

(colouring) for the observed materials as four indicators for the Eco-toxicity freshwater
in EF3.0. If needed, EF3.0 offers a deeper and more elaborate understanding of
freshwater eco-toxicity;

• Ozone-depletion potential (ODP) in CML2001 corresponds well to Ozone depletion in EF3.0;
• Photochemical ozone-creation potential (POCP) in CML corresponds well to Photo-

chemical ozone formation—human health in EF3.0;
• Eutrophication potential in CML2001 corresponds well to the relative results in three

eutrophication indicators (freshwater, marine and terrestrial) in EF3.0. By dividing
eutrophication into three sub-categories, EF3.0 offers a deeper understanding of
this process;

• In terms of human-health effects, the EF3.0 methodology includes some additional
indicators that are not present in the CML2001, which offer a more detailed insight
into the material’s impacts on human health (cancer human health effects, ionising
radiation—human health, non-cancer human health effects, respiratory inorganics).

In general, the CML2001 and EF3.0 show a good correlation in the relative results
(colouring) for most impact indicators (addressed above). Similar to the case of the PEMFC
technology, all the other materials of the considered FCH technologies and BoP components
were assessed with the EF3.0 LCIA methodology. For brevity, those results are presented in
the supplementary material.

3.2.2. AWE Technology

Nickel is classified as critical in the methodological approach (last column in Table 11)
and it also shows high environmental impacts in the LCA analysis. Comparing the environ-
mental impacts of all the materials in the AWE technology, nickel and PTFE (polytetrafluo-
roethylene) have, on average, three-magnitudes-higher environmental impacts, followed
by silicone and Zirfone®. Only the asbestos production process and sodium hydroxide
stand out and have relatively low environmental impacts, compared to the medium result
in the methodological approach. Here, the results are a little surprising, because asbestos
was banned from use due to its known health effects, causing asbestosis, which can lead
to other serious illnesses, such as cancer [77]. Both methodologies fail to recognise and
highlight this phenomenon.

3.2.3. PEMWE Technology

PGM materials (palladium, platinum and ruthenium) used in the catalyst layer have
by far the largest environmental impacts and are assessed as high in criticality, also with
the methodological approach (Table 12). It should also be noted that iridium is a common
choice for the OER catalyst on the anode side. Unfortunately, as shown in Table 5, there are
no data in the standard or extended databases for this material. Since ruthenium is also
commonly used as an OER catalyst, and it exhibits similar physical properties, it was used
as a replacement material for the LCA. Titanium and Nafion® also have relatively large
environmental impacts—especially when compared to materials used in other technologies.
PFTE (Teflon) was commented on already in the PEMFC technology as being medium
critical. Carbon black, stainless steel, S-SBR and EPDM have low criticality according to
the environmental impact indicators and the methodological assessment.
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3.2.4. SOFC Technology

The SOFC technology mainly involves REEs, which makes SOFCs critical from the
perspective of the EU due to the heavy dependence on REEs imports. As seen from Table 13,
they do not have the largest environmental impacts when compared to other technologies.
However, it should be noted here that, in the case of cerium (IV) oxide-gadolinium doped,
cerium (IV) oxide-samarium doped and lanthanum strontium cobalt ferrite (LCSF), the
environmental impacts are underestimated due to the lack of data in the LCI (energy
inputs, auxiliary materials and processes, etc.). Lanthanum strontium manganite (LSM),
yttria-stabilised zirconia (YSZ), lanthanum chromate and nickel have medium-to-high
environmental impacts and are also classified as high in terms of criticality according to
the methodological assessment due to the dependence on imports.

3.2.5. Balance of Plant

Even though the balance-of-plant (BoP) components represent auxiliary systems for
the FCH technology (housing, piping, blowers, pumps, insulation, electronic parts, wires,
etc.) they are vital for operations in all FCH technologies. As seen in Table 14, very
different materials are used in BoP components (e.g., from palladium that is ranked high
in methodological assessment and has high environmental impacts to steel that is low
in methodological assessment and has low environmental impacts). There is a notable
discrepancy between the environmental impacts and the methodological assessment in
the case of gold, which is ranked medium according to the methodological assessment
but has extremely high environmental impacts in the production phase. It should be
pointed out that it has higher environmental impacts than all the PGM materials. Some
discrepancy is also seen in the case of tin, chromium steel and copper. According to our
assessment, copper is ranked high in terms of hazardousness because ECHA records state
it is very harmful to human health. However, this is not recognised by any of the LCIA
methodologies. In the case of tin and chromium steel, the LCIA methods have extended
databases and show other environmental impacts not recognised by our methodology.
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Table 11. Environmental impact indicators for 1 g of material used in the AWE according to CML2001 methodology.

ADP
Elements

[kg Sb eq.]

ADP Fossil
[MJ]

AP
[kg SO2 eq.]

EP
[kg

Phosphate eq.]

FAETP Inf.
[kg DCB eq.]

GWP 100
Years

[kg CO2 eq.]

HTP Inf.
[kg DCB eq.]

MAETP Inf.
[kg DCB

eq.]

ODP, Steady
State

[kg R11 eq.]

POCP
[kg Ethene eq.]

TETP Inf.
[kg DCB eq.]

Methodological
Approach

Nickel 6.01 × 10−8 1.15 × 10−1 1.58 × 10−3 3.11 × 10−6 1.10 × 10−3 7.66 × 10−3 4.80 × 10−2 4.80 2.54 × 10−12 6.40 × 10−5 3.12 × 10−4 High
Zirfone 1.07 × 10−7 9.26 × 10−2 2.42 × 10−5 1.36 × 10−5 3.68 × 10−3 4.81 × 10−3 8.59 × 10−3 7.36 1.23 × 10−9 2.80 × 10−6 4.10 × 10−5 Med
PTFE 1.60 × 10−6 2.04 × 10−1 4.06 × 10−5 2.86 × 10−6 3.25 × 10−5 1.21 × 10−2 4.03 × 10−4 7.87 × 10−1 6.06 × 10−10 2.97 × 10−6 9.78 × 10−6 Med
Sodium
hydroxide 1.64 × 10−8 1.55 × 10−2 2.59 × 10−6 5.10 × 10−7 1.99 × 10−6 1.32 × 10−3 3.75 × 10−5 9.07 × 10−2 3.36 × 10−17 2.10 × 10−7 1.57 × 10−6 Med

Silicone 1.53 × 10−7 8.69 × 10−2 1.54 × 10−5 1.63 × 10−6 2.69 × 10−5 5.67 × 10−3 8.79 × 10−4 5.87 × 10−1 4.87 × 10−17 1.96 × 10−6 9.29 × 10−4 Med
Asbestos 9.28 × 10−11 4.78 × 10−4 2.22 × 10−7 7.21 × 10−8 1.56 × 10−5 3.71 × 10−5 2.56 × 10−5 5.29 × 10−2 1.55 × 10−12 1.48 × 10−8 1.86 × 10−7 Med
Potass.
hydroxide 7.62 × 10−8 2.53 × 10−2 8.60 × 10−6 4.51 × 10−6 1.85 × 10−3 1.75 × 10−3 3.19 × 10−3 3.40 1.91 × 10−10 5.49 × 10−7 2.14 × 10−5 Med

Stainless
steel 2.25 × 10−7 3.50 × 10−2 2.21 × 10−5 1.00 × 10−6 1.42 × 10−4 3.13 × 10−3 7.52 × 10−2 1.26 2.03 × 10−17 1.10 × 10−6 3.87 × 10−5 Low

S-SBR 5.34 × 10−10 8.77 × 10−2 3.58 × 10−6 5.21 × 10−7 2.29 × 10−5 3.06 × 10−3 1.21 × 10−4 1.09 × 10−1 1.15 × 10−17 7.47 × 10−7 3.61 × 10−5 Low
EPDM 2.11 × 10−9 9.52 × 10−2 4.78 × 10−6 6.05 × 10−7 2.52 × 10−5 3.37 × 10−3 1.63 × 10−4 1.85 × 10−1 1.73 × 10−17 7.39 × 10−7 6.78 × 10−6 Low

For each environmental impact indicator, AWE materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).
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Table 12. Environmental impact indicators for 1 g of material used in the PEMWE according to CML2001 methodology.

ADP
Elements

[kg Sb eq.]

ADP Fossil
[MJ]

AP
[kg SO2 eq.]

EP
[kg Phosphate

eq.]

FAETP Inf.
[kg DCB eq.]

GWP 100
Years

[kg CO2 eq.]

HTP Inf.
[kg DCB eq.]

MAETP Inf.
[kg DCB eq.]

ODP, Steady
State

[kg R11 eq.]

POCP
[kg Ethene eq.]

TETP Inf.
[kg DCB eq.]

Meth.
Approach

Palladium 1.20 × 10−3 3.05 × 102 1.01 1.55 × 10−2 5.84 × 10−1 2.74 × 101 1.82 × 101 4.19 × 103 6.09 × 10−14 4.33 × 10−2 1.99 × 10−1 High
Platinum 1.72 × 10−3 3.38 × 102 6.93 × 10−1 1.79 × 10−2 2.67 × 10−1 3.30 × 101 9.21 3.86 × 103 8.57 × 10−14 3.07 × 10−2 1.12 × 10−1 High
Ruthenium 3.71 × 10−4 6.31 × 101 7.86 × 10−2 3.44 × 10−3 5.35 × 10−3 6.43 4.30 × 10−1 6.24 × 102 2.45 × 10−10 3.70 × 10−3 8.04 × 10−3 High
Nafion 1.31 × 10−7 2.12 4.10 × 10−4 9.14 × 10−5 6.18 × 10−6 8.31 × 10−1 3.25 × 10−5 2.19 × 10−2 1.83 × 10−15 9.31 × 10−6 4.30 × 10−7 Med
PEEK 2.15 × 10−8 3.42 × 10−1 5.23 × 10−5 4.22 × 10−6 8.28 × 10−5 1.74 × 10−2 6.02 × 10−4 9.13 × 10−1 4.32 × 10−14 4.25 × 10−6 1.23 × 10−5 Med
PTFE 1.60 × 10−6 2.04 × 10−1 4.06 × 10−5 2.86 × 10−6 3.25 × 10−5 1.21 × 10−2 4.03 × 10−4 7.87 × 10−1 6.06 × 10−10 2.97 × 10−6 9.78 × 10−6 Med
Silicone 1.53 × 10−7 8.69 × 10−2 1.54 × 10−5 1.63 × 10−6 2.69 × 10−5 5.67 × 10−3 8.79 × 10−4 5.87 × 10−1 4.87 × 10−17 1.96 × 10−6 9.29 × 10−4 Med
Titanium 2.06 × 10−7 4.06 × 10−1 1.41 × 10−4 8.45 × 10−5 1.61 × 10−2 2.96 × 10−2 1.96 × 10−2 4.74 × 101 2.76 × 10−9 2.12 × 10−5 1.03 × 10−4 Med
Titanium
dioxide 7.75 × 10−8 7.00 × 10−2 1.26 × 10−4 1.48 × 10−5 4.53 × 10−3 5.46 × 10−3 5.78 × 10−3 2.27 × 101 5.44 × 10−10 5.92 × 10−6 3.49 × 10−5 Med

Carbon
black 4.68 × 10−10 6.34 × 10−2 5.14 × 10−6 1.86 × 10−7 2.86 × 10−5 2.35 × 10−3 9.21 × 10−5 1.22 × 10−1 1.50 × 10−17 5.16 × 10−7 6.09 × 10−6 Low

Stainless
steel 2.25 × 10−7 3.50 × 10−2 2.21 × 10−5 1.00 × 10−6 1.42 × 10−4 3.13 × 10−3 7.52 × 10−2 1.26 2.03 × 10−17 1.10 × 10−6 3.87 × 10−5 Low

S-SBR 5.34 × 10−10 8.77 × 10−2 3.58 × 10−6 5.21 × 10−7 2.29 × 10−5 3.06 × 10−3 1.21 × 10−4 1.09 × 10−1 1.15 × 10−17 7.47 × 10−7 3.61 × 10−5 Low
EPDM 2.11 × 10−9 9.52 × 10−2 4.78 × 10−6 6.05 × 10−7 2.52 × 10−5 3.37 × 10−3 1.63 × 10−4 1.85 × 10−1 1.73 × 10−17 7.39 × 10−7 6.78 × 10−6 Low
PAN 8.79 × 10−10 1.10 × 10−1 1.07 × 10−5 2.23 × 10−6 2.45 × 10−5 5.13 × 10−3 1.65 × 10−4 1.82 × 10−1 2.66 × 10−17 1.21 × 10−6 7.52 × 10−6 Low

For each environmental impact indicator, PEMWE materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).

Table 13. Environmental impact indicators for 1 g of material used in the SOFC according to CML2001 methodology.

ADP
Elements

[kg Sb eq.]

ADP Fossil
[MJ]

AP
[kg SO2 eq.]

EP
[kg Phosphate eq.]

FAETP Inf.
[kg DCB eq.]

GWP 100
Years

[kg CO2 eq.]

HTP Inf.
[kg DCB eq.]

MAETP Inf.
[kg DCB eq.]

ODP, Steady
State

[kg R11 eq.]

POCP
[kg

Ethene eq.]

TETP Inf.
[kg DCB eq.]

Methodological
Appr.

Cerium-gadulinium 9.48 × 10−8 2.56 × 10−1 2.75 × 10−4 8.56 × 10−6 2.34 × 10−4 2.30 × 10−2 3.82 × 10−3 3.13 9.56 × 10−17 9.62 × 10−6 9.52 × 10−5 High
Cerium-samarium 8.26 × 10−8 1.99 × 10−1 1.72 × 10−4 6.76 × 10−6 1.78 × 10−4 1.77 × 10−2 2.84 × 10−3 2.37 7.27 × 10−17 7.41 × 10−6 7.11 × 10−5 High
LCSF 1.48 × 10−7 9.82 × 10−2 1.44 × 10−4 6.86 × 10−6 3.09 × 10−3 8.26 × 10−3 5.74 × 10−3 5.25 3.88 × 10−10 4.26 × 10−6 2.10 × 10−4 High
LSM 8.70 × 10−7 3.69 × 10−1 9.56 × 10−5 4.78 × 10−5 1.40 × 10−2 2.18 × 10−2 3.76 × 10−2 1.63 × 102 3.90 × 10−9 9.09 × 10−6 2.05 × 10−4 High
YSZ 1.02 × 10−7 6.83 × 10−2 4.84 × 10−5 8.49 × 10−6 2.84 × 10−3 5.40 × 10−3 5.17 × 10−3 6.77 1.21 × 10−9 1.86 × 10−6 3.98 × 10−5 High
Lanthanum
chromate 2.20 × 10−7 1.34 × 10−1 7.43 × 10−4 1.86 × 10−4 1.14 × 10−4 1.36 × 10−2 3.56 × 10−3 1.39 2.64 × 10−13 4.22 × 10−5 5.81 × 10−5 High

Nickel 6.01 × 10−8 1.15 × 10−1 1.58 × 10−3 3.11 × 10−6 1.10 × 10−3 7.66 × 10−3 4.80 × 10−2 4.80 2.54 × 10−12 6.40 × 10−5 3.12 × 10−4 High
Stainless steel 2.25 × 10−7 3.50 × 10−2 2.21 × 10−5 1.00 × 10−6 1.42 × 10−4 3.13 × 10−3 7.52 × 10−2 1.26 2.03 × 10−17 1.10 × 10−6 3.87 × 10−5 Low
Glass ceramic 8.25 × 10−8 2.74 × 10−2 1.23 × 10−5 1.43 × 10−6 6.38 × 10−6 2.04 × 10−3 5.61 × 10−4 1.80 × 10−1 4.46 × 10−14 6.48 × 10−7 1.05 × 10−5 Low
Vermiculite 2.80 × 10−9 1.48 × 10−3 2.29 × 10−6 3.05 × 10−7 2.24 × 10−5 1.14 × 10−4 8.26 × 10−5 4.77 × 10−2 1.74 × 10−11 1.37 × 10−7 1.27 × 10−6 Low

For each environmental impact indicator, SOFC materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).
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Table 14. Environmental impact indicators for 1 g of material used in the BoP according to CML2001 methodology.

ADP
Elements

[kg Sb eq.]

ADP Fossil
[MJ]

AP
[kg SO2 eq.]

EP
[kg Phosphate eq.]

FAETP Inf.
[kg DCB eq.]

GWP 100
Years

[kg CO2 eq.]

HTP Inf.
[kg DCB eq.]

MAETP Inf.
[kg DCB eq.]

ODP, Steady
State

[kg R11 eq.]

POCP
[kg

Ethene eq.]

TETP Inf.
[kg DCB eq.]

Methodological
Appr.

Copper 3.19 × 10−6 4.02 × 10−2 6.51 × 10−5 1.47 × 10−6 1.33 × 10−4 3.98 × 10−3 7.59 × 10−3 2.81 2.36 × 10−17 2.93 × 10−6 4.27 × 10−5 High
Palladium 1.20 × 10−3 3.05 × 102 1.01 1.55 × 10−2 5.84 × 10−1 2.74 × 101 1.82 × 101 4.19 × 103 6.09 × 10−14 4.33 × 10−2 1.99 × 10−1 High
Silver 7.53 × 10−5 9.81 × 10−1 8.33 × 10−3 2.82 × 10−5 1.36 × 10−3 8.15 × 10−2 9.12 × 10−1 1.38 × 101 3.10 × 10−16 3.39 × 10−4 4.48 × 10−3 High
Lead 2.45 × 10−6 1.61 × 10−2 3.97 × 10−5 4.07 × 10−7 9.38 × 10−6 1.50 × 10−3 4.78 × 10−4 7.25 × 10−2 6.26 × 10−18 1.83 × 10−6 5.51 × 10−6 Med
Lithium-ion
(LiFePO4) 3.80 × 10−8 1.53 × 10−1 4.35 × 10−5 5.27 × 10−6 6.51 × 10−5 1.02 × 10−2 8.28 × 10−4 7.62 × 10−1 1.25 × 10−13 3.01 × 10−6 7.51 × 10−5 Med

PTFE 1.60 × 10−6 2.04 × 10−1 4.06 × 10−5 2.86 × 10−6 3.25 × 10−5 1.21 × 10−2 4.03 × 10−4 7.87 × 10−1 6.06 × 10−10 2.97 × 10−6 9.78 × 10−6 Med
Silicon 1.53 × 10−7 8.69 × 10−2 1.54 × 10−5 1.63 × 10−6 2.69 × 10−5 5.67 × 10−3 8.79 × 10−4 5.87 × 10−1 4.87 × 10−17 1.96 × 10−6 9.29 × 10−4 Med
Gold 5.20 × 10−2 6.30 × 102 6.06 × 10−1 4.17 × 10−2 6.29 × 10−2 6.14 × 101 4.19 5.54 × 103 1.91 × 10−13 3.08 × 10−2 7.56 × 10−2 Med
Chromium
steel 1.66 × 10−7 5.62 × 10−2 2.50 × 10−5 9.29 × 10−6 1.45 × 10−2 4.39 × 10−3 7.99 × 10−2 1.60 × 101 2.10 × 10−10 2.30 × 10−6 2.66 × 10−3 Med

Tin 2.70 × 10−5 1.40 × 10−1 1.11 × 10−4 9.66 × 10−5 8.17 × 10−2 1.10 × 10−2 7.68 × 10−2 9.39 × 101 6.90 × 10−10 6.81 × 10−6 1.45 × 10−4 Med
Aluminium 3.81 × 10−9 1.51 × 10−1 1.05 × 10−4 6.81 × 10−6 1.29 × 10−4 1.59 × 10−2 1.96 × 10−2 2.48 × 101 1.61 × 10−15 6.70 × 10−6 9.11 × 10−5 Med
Regular steel 1.04 × 10−10 4.04 × 10−3 9.33 × 10−7 1.12 × 10−7 6.03 × 10−7 3.98 × 10−4 1.50 × 10−5 3.32 × 10−2 1.21 × 10−17 2.07 × 10−7 2.33 × 10−6 Low
Stainless Steel 2.25 × 10−7 3.50 × 10−2 2.21 × 10−5 1.00 × 10−6 1.42 × 10−4 3.13 × 10−3 7.52 × 10−2 1.26 2.03 × 10−17 1.10 × 10−6 3.87 × 10−5 Low
EPDM 2.11 × 10−9 9.52 × 10−2 4.78 × 10−6 6.05 × 10−7 2.52 × 10−5 3.37 × 10−3 1.63 × 10−4 1.85 × 10−1 1.73 × 10−17 7.39 × 10−7 6.78 × 10−6 Low
Glass wool 2.00 × 10−7 3.40 × 10−2 9.77 × 10−6 1.79 × 10−6 4.72 × 10−6 2.23 × 10−3 6.87 × 10−5 3.58 × 10−1 4.51 × 10−17 4.57 × 10−7 3.54 × 10−6 Low
HDPE 5.04 × 10−11 7.31 × 10−2 4.11 × 10−6 2.78 × 10−6 9.66 × 10−5 1.79 × 10−3 3.55 × 10−4 2.17 × 10−1 3.48 × 10−13 1.03 × 10−6 1.61 × 10−6 Low
PP 1.45 × 10−10 7.10 × 10−2 4.19 × 10−6 2.79 × 10−6 9.96 × 10−5 1.63 × 10−3 3.75 × 10−4 2.29 × 10−1 1.24 × 10−14 7.58 × 10−7 2.21 × 10−6 Low

For each environmental impact indicator, BoP materials are labeled as: high impact (red color), medium impact (yellow color) and low impact (green color).
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4. Discussion

The comparison of materials used in FCH technologies revealed that the PEMWE
technology includes the largest number of different PGM materials. Also, titanium must be
used as a catalyst support and for interconnects (bipolar plates), because it can withstand
electrochemical corrosion at higher voltage potentials. Assessed purely on a materials basis,
the use of PGMs and titanium ranks the PEMWE highest in material criticality and has the
greatest impact on the environment. The PEMFC, as the most mature and technologically
developed FCH technology, is mainly based on platinum catalysts. In the last decades,
the R&D in PEM technology (fuel cells and electrolysers) has been focused on lowering
the PGM loadings in catalysts. From this study it can be concluded that this has had a
very positive effect, because it significantly contributes to decreasing the environmental
impacts in the production process. The other possibility is to find substitute materials
for catalysts (i.e., PGM alloys or even non-noble catalysts). All these measures will bring
the technology down the criticality ladder. Except for platinum, and to some extent the
Nafion® membrane, the PEMFC technology shows very moderate environmental impacts.
The SOFC consists mainly of rare earth elements (REEs), which also puts the technology
high on the criticality ladder, due to the dependence of the EU on imports of REEs. A
potential threat to this technology could be the total mass of required REEs, because it
represents a large weight ratio of the entire system. However, REEs also have relatively
moderate environmental impacts, which makes the technology very interesting for further
research. In contrast, the AWE technology does not use PGMs or REEs and it is therefore
the lowest on the criticality ladder. Also, the environmental impacts are very moderate
and are mainly attributed to the use of nickel for the catalysts and interconnects. However,
some speculations can also be raised about the diaphragm (membrane) material. Older
AWEs used asbestos, while current AWEs use Zirfon®. Both LCA methodologies do not
recognise asbestos as being hazardous. As a matter of fact, it shows smaller environmental
impacts than the commonly used Zirfon® diaphragms, although it is well known that
asbestos is hazardous to human health and its use is now prohibited. Compared to other
materials in AWE technology, the Zirfon® diaphragm shows rather large environmental
impacts. R&D is working on a new generation of AWEs, the so-called zero-gap technology
(similar concept to PEM technology), where anion-exchange membranes (AEMs) are used.
Successfully implementing this concept can further decrease the environmental impacts
of the AWE technology. In BoP components the largest environmental impacts and high
material criticality are shown by the precious metals (gold, silver) and small amounts of
PGMs (mostly palladium). The largest discrepancy between the methodological approach
and the LCA approach can be seen in the case of gold. However, as already mentioned, gold
has by far the largest environmental impact among all the materials, but it is not ranked as
a critical raw material. This study, which partially originates from past EU-funded projects,
represents a very important input for future projects with which the EU wants to set out
much needed guidance documents for eco-design and a sustainable and efficient approach
to end-of-life fuel-cell and hydrogen technologies.

5. Conclusions

The materials used in fuel-cell and hydrogen (FCH) technologies were assessed us-
ing a novel methodological assessment and with a life-cycle assessment (LCA) approach.
The focus was on the identification and assessment of all the materials used in the four
most mature FCH technologies: polymer-electrolyte-membrane fuel cells, solid-oxide fuel
cells, polymer-electrolyte-membrane water electrolysers and alkaline water electrolysers.
Although balance-of-plant components are not the primary focus of this paper, common
materials used to manufacture them were also assessed. This new methodological as-
sessment is a combination of three separately used criteria for the assessment of material
criticality: (a) hazardousness, (b) price and (c) EU criticality methodology. It enabled
a faster (preliminary) ranking and the identification of materials and was also used to
build the life-cycle inventory (LCI) lists for the LCA analyses. The LCA approach was
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used to obtain a deeper understanding of the environmental impacts of materials and to
verify the new methodological approach. All the LCA analyses were made only for the
manufacturing phase (cradle-to-gate analysis) using 1 g of material as a functional unit.
From the results it can be seen that the platinum group metals (PGMs) are extremely high
in terms of criticality and have very large environmental impacts, while rare-earth elements
also show a high material criticality, but only moderate environmental impacts. Only gold
has a larger environmental impact than the PGMs; however, it is not ranked as a critical
raw material according to the EU criticality methodology. The results from this study show
the importance of treating all (not just critical) materials in FCH technologies. Especially
because in real systems the mass ratio of materials is very different (unlike in our study,
where all the impacts are normalised per 1 g of material) and sometimes small amounts
of very critical materials can have significant environmental impacts. On the other hand,
large quantities (a high weight ratio in the total mass of the system) of seemingly uncriti-
cal material can overwhelm the contribution of an otherwise critical material. It should
be stressed that relevant and up-to-date LCI databases—that include all FCH materials,
their mass ratios in FCH technologies, exact production processes of materials and the
components, followed by end-of-life scenarios—should be one of the main agendas for the
FCH industry and policymakers in order to achieve lower environmental impacts and the
higher sustainability of FCH technologies.
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per 1g of material, Table S4: Environmental LCIA results for BoP according EF3.0 methodology
per 1g of material, Table S5: Environmental LCIA results for all FCH materials according CML2001
methodology per 1g of material.
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