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highlights
 Development of new LCI for the AWE, PEMWE and HT PEMFC systems.
 LCA of the manufacturing and EoL phases of the observed FCH technologies.
 Stepwise approach in the EoL analysis.
 Recycling of PGMs substantially reduces environmental impacts.
 Greatest reduction in environmental impacts observed in PEMWE and smallest in AWE.
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(LCIs), i.e., material inputs for the AWE, PEMWE and HT PEMFC are developed, whereas the
existing LCI for the LT PEMFC is adopted from a previous EU-funded project. The LCA
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models for all four FCH technologies are created by modelling the manufacturing phase,
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followed by defining the EoL strategies and processes used and finally by assessing the

End of life

effects of the EoL approach using environmental indicators. The effects are analysed with a

Critical materials

stepwise approach, where the CML2001 assessment method is used to evaluate the envi-
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ronmental impacts. The results show that the environmental impacts of the

Fuel cells

manufacturing phase can be substantially reduced by using the proposed EoL strategies

Waste management

(i.e., recycled materials being used in the manufacturing phase and replacing some of the
virgin materials). To point out the importance of critical materials (in this case, the
platinum-group metals or PGMs) and their recycling strategies, further analyses were
made. By comparing the EoL phase with and without the recycling of PGMs, an increase in
the environmental impacts is observed, which is much greater in the case of both fuel-cell
systems, because they contain a larger quantity of PGMs.
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Introduction
According to the 2030 climate & energy framework, the EU has
a binding target to cut emissions by at least 40% by 2030,
compared to 1990 levels. This is to be done by increasing the
share of renewable-energy production to at least 32% and by
improving energy efficiency by at least 32.5% [1]. It is recognized that the economy will need to gradually adopt the new
paradigms of a circular economy and sector coupling to
remain globally competitive. Fuel cell and hydrogen (FCH)
technologies can contribute to stabilising the electricity grid,
which is associated with the use of an increasing number of
intermittent renewable energy sources (RESs), and to the
coupling of the energy, transport and chemical sectors. These
technologies include the alkaline water electrolyser (AWE),
the polymer-electrolyte-membrane
water electrolyser
(PEMWE), the high-temperature polymer-electrolyte-membrane fuel cell (HT PEMFC), the low-temperature polymerelectrolyte-membrane fuel cell (LT PEMFC) and the solid-oxide
fuel cell (SOFC). The FCH technologies are starting to show
commercial maturity. Nevertheless, many issues regarding
infrastructure roll-out [2] and social acceptance [3] need to be
addressed.
The AWE [4] and PEMWE [5] are the most market-mature
hydrogen-production technologies based on the electrolysis
of water [6e8]. Water electrolysers can be connected to the
electricity grid [9], but applications based on RESs such as
geothermal [10], solar [11], and wind [12] are preferred. Among
the state-of-the-art fuel-cell technologies, PEMFC [13,14] and
SOFC [15] both have a relatively high technological maturity
combined with major research activities [16,17]. They have the
potential to be used in a variety of applications [18], and of all
the fuel-cell types, they are the most appropriate for smaller,
portable devices [19,20] and stationary combined heat-andpower (CHP) installations [21,22], respectively. A comprehensive review of the systems integrated with SOFC and PEMFC
technologies (i.e., combined gas turbine (CGT) power systems,
CHP systems, Rankine cycle systems, tri-generation systems,
marine and transportation applications, small-scale residential applications) can be found in Ref. [23,24].
As part of the Fuel Cells and Hydrogen Joint Undertaking
(FCH JU), recommendations and guidelines to carry out a
life-cycle assessment (LCA) of FCH technologies were published by the FC-HyGuide project [25]. According to the
project’s guidance documents for performing LCAs on fuel
cells [26] and hydrogen production [27], a cradle-to-grave
approach is recommended. The review article [28]
concluded that there are still relatively few LCA studies
applied to PEMFCs and SOFCs. According to the article, the
key elements that influence the environmental impacts of
fuel cells are: the efficiency of the system, the type of fuel
used, and the electricity mix used for the manufacturing
and the end-of-life (EoL) phase, e.g., recycling or incineration. Often, EoL data represent the greatest obstacle to carrying out the complete cradle-to-grave LCA study of fuel
cells and hydrogen-production systems [29,30]. Some of the
issues in LCAs and the main reasons for the absence or
inaccurate analyses of the EoL phase are:

 A clear definition of the system boundaries (i.e., cradle-togate, gate-to-gate or cradle-to-grave approach) [31,32] is
missing,
 Incomplete or completely missing data in the life-cycle
inventory (LCI) databases (e.g., Ecoinvent, GaBi Thinkstep
Professional) for material production processes (especially
the case for rare-earth elements in SOFCs)
 Too general [33] or outdated secondary data from previous
reports [34e36] are used for LCIs [37,38],
 Recycling technologies are non-existent, which is especially the case for rare-earth elements in SOFCs [39,40],
 Data about recycling technologies are outdated and difficult to obtain from manufacturers [41],
 Recycling technologies are still in the research & development phase [42],
 Obsolete or inappropriate recycling technologies are used
[43,44],
 Decommissioning scenarios (i.e., recycling, reuse, incineration, landfilling) are used, but are not defined [45,46].
There are recent LCA studies on PEMFC systems that follow
the guidelines of the FC-HyGuide project and include the EoL
phase. For example, a cargobike fitted with a PEMFC [47], the
recycling of a PEMFC membrane-electrode assembly (MEA)
[48], a comparison of an ICE vehicle, a battery electric vehicle
and a fuel-cell electric vehicle [49], a micro-CHP system based
on a PEMFC [50], and an uninterruptable-power-supply system based on a PEMFC [51]. LCA studies of an AWE system [45]
and a PEMWE system [46] are also examples where the
modelling of the EoL stage was included; however, they do not
clearly define the decommissioning processes. Although
hydrogen production from biogas reforming is out of the
scope of this paper, the LCA study [52] is very exemplary, since
it follows the guidelines from the FC-HyGuide project and also
incorporates the EoL phase.
The aim of this paper is to present a plausible comparison,
from the LCA point of view, of the considered FCH technologies (AWE, PEMWE, HT PEMFC and LT PEMFC). Due to the
scarcity of the available LCI input data, the SOFC technology
was not included in the study. In order to make the results of
this study clear and transparent, the operating phase was not
included in the LCA analysis. Due to different energy mixes
used to produce hydrogen, the operating phase can blur the
impact of the manufacturing and EoL phases (especially if the
energy mix is based heavily on fossil fuels), as was shown in
Refs. [53]. For the AWE, HT PEMFC and PEMWE technologies,
new LCI databases were developed within the HyTechCycling
project [54]. For the LT PEMFC technology, the LCI data were
adopted from Ref. [36]. EoL scenarios were adjusted to each
respective technology. Gabi Thinkstep software was used for
LCA modelling and the data analyses. The results of the
manufacturing phase were compared within each group of
FCH technologies (electrolysers and fuel cells). A stepwise EoLanalysis approach was developed and applied to all the technologies to assess the effect of the EoL phase on the environmental impacts. In order to emphasize the importance of
the recycling of the critical platinum-group metals (PGMs), the
EoL phase of the considered technologies was modelled twice,
with and without the recycling of the PGMs.
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Life-cycle assessment approach
The LCA methodology is standardized according to the ISO
standards 14,040 and 14,044 [55,56] and is used to analyse the
environmental impact of products or activities throughout
their entire life cycle. Provisions and suggestions from the FCHyguide project for performing a LCA on FCH technologies
[26,27] were considered in this analysis. The GaBi Thinkstep
manual on Database & Modelling Principles [57] was used with
all the guidelines from relevant documents from the EU
regarding the LCA approach found in the ILCD handbooks,
[58e60].
A life-cycle inventory (LCI) analysis and the data needed for
modelling the life-cycle phases were gathered from previous
EU projects, scientific literature and publicly available data
sheets from FCH manufacturers. The majority of the LCI data
(material and energy inputs) for case studies of FCH technologies were obtained within the HyTechCycling project, for
various sizes of power units.
The functional unit for implementing the LCA was determined on the basis of the original data obtained in the
HyTechCycling [61] and NEEDS [36] projects. In the case of
AWE and PEMWE the functional unit is a 50-kW system, a 5kW system in the case of the HT PEMFC and a 1-kW system
in the case of the LT PEMFC.
The aim of this article is to show the effect of materials
(selection, handling) on the environmental impacts by analysing the environmental impacts of the manufacturing and
the EoL phases. However, it should be emphasized that the
operating phase generally contributes most to the environmental impacts; hence the importance of the manufacturing
phase can be difficult to see since usually the largest share of
the environmental impacts comes from the hydrogen production. In the case of electrolysis, the environmental impacts
are greatly affected by the electricity mix used, i.e., the coalpower-plant-based electricity mix is significantly worse than
those based on RESs, which also differ from each other (e.g.,
wind energy has a smaller environmental impact than photovoltaics). In the case of fuel cells, hydrogen has even more
potential production routes (electrolysis, natural-gas steam
reforming, gasification of coal or biomass, etc.). Also, various
phenomena like the degradation of core components (catalysts, membranes, bipolar plates, etc.), hydrogen purge or
hydrogen leakage all reduce the systems’ efficiencies because
more electricity is consumed in the case of electrolysis or
more hydrogen is consumed in the case of fuel cells. Since
various operating-phase scenarios (and the accompanying
physical phenomena) are possible, it is important to properly
assess them to obtain a credible and complete cradle-to-grave
LCA. On the other hand, if the importance of the
manufacturing phase is almost invisible in the results of
environmental impacts, the effect of the EoL phase on the
manufacturing phase (with closed-loop recycling) is even
harder to evaluate and present. Nevertheless, if a hydrogenproduction method with low environmental impacts is used,
the operating phase can be comparable to the manufacturing
phase, as was shown in a HyTechCycling report [61] and our
paper [53]. In such a case the manufacturing phase, and hence
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the EoL phase, are not negligible. In the future, the goal is to
significantly increase the share of RESs (lower environmental
impacts during hydrogen production). That is the reason why
the operating phase was not the primary focus of this
research, and so it was left out, because this allowed a more
accurate and direct comparison of the effects of the EoL phase
on the manufacturing phase.
From a circular-economy perspective, it is crucial to avoid
the manufacturing of new parts with the reuse of undamaged
parts of the system (i.e., the containers or housings of outdoor
systems), avoid the use of virgin materials by implementing
recycling (plastics, steel, nonferrous metals, etc.), and use
energy extraction from non-recyclable materials with high
calorific values (mostly plastics). The strategy for defining the
EoL phase was divided into several steps:
 Manual dismantling was applied for all subsystems and
components that cannot be reused. Recycling rates for
different materials were defined based on data from the
recycling-industry sector. Energy extraction and landfill
were only used in cases where reuse or recycling was not
possible, or no other data were available for the EoL. The
EoL processes were defined according to the literature, industry data or research papers for each group of materials
(steel, non-ferrous, plastics, electronics, PGMs, critical,
etc.).
 These processes were linked to the EoL processes from
generic databases available in Ecoinvent 3.5 and partly also
in the Gabi-ts Professional database. In specific cases,
additional EoL processes were modelled. For example, in
the case of Pt, for which standard recycling industry procedures in FCH technologies are not yet specified, the
process was modelled according to Duclos et al. [48,62] (for
modelling see Subsection Life-cycle assessment of LT
PEMFC system).
 The environmental impacts of the defined EoL processes
were assessed. The avoided environmental impacts due
to generated energy (heat and electricity) by energy
extraction (incineration) were considered in the calculations. Generated energy cannot be used in the same LCA
model because there is no data regarding energy consumption in the manufacturing phase, but we can use the
electricity and heat in other processes. The avoidance of
environmental impacts was calculated by converting
generated energy into environmental impacts using the
general EU28 electricity mix and the EU28 LFO heatgeneration mix.
 According to defined recycling rates, the masses of secondary materials were obtained and used instead of the
virgin materials in the manufacturing phase. The
assumption was made that recycled materials fulfil all the
requirements in the FCH manufacturing phase, so a onetime closed recycling loop was used.
 The effect of the EoL phase on the manufacturing phase is
calculated, shown and discussed in Subsection
Environmental impacts of the EoL scenario as a stepwise
procedure. As a first step, the environmental impacts of the
manufacturing phase are assessed. The reduction of the
environmental impacts of the manufacturing phase due to

EU-28: Aluminium recycling (2010) EAA
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Plastic granulate secondary ts
EU-28: Plastic granulate secondary ts
96%
88%
88%
88%
84%
84%

e3.5 … ecoinvent 3.5 database, ts … gabi Thinkstep database.

16.9

EU-28: Aluminium ingot mix ts
RER: Steel production, electric, chromium steel 18/8 e3.5
DE: Cast iron component ts <p-agg>
DE: EAF Steel billet/Slab/Bloom ts
GLO: Market for PP, granulate e3.5
GLO: Market for polyethylene, high density, granulate e3.5
0.75
1.1
0.8
3.7
0.25
1.5

REC
REC
REC
REC
REC
REC

96%
100%
100%
100%
76%
76%
76%
100%
88%
REC
LF
LF
LF
REC
REC
REC
EE
REC
EU-28: Aluminium ingot mix ts
GLO: Market for graphite e3.5
DE: Glass fibres ts
CA: Nafion - for use in fuel cell ts
GLO: Market for carbon black e3.5
CA: Nafion - for use in fuel cell ts
GLO: Market for platinum e3.5
RER: Polyvinylidene chloride (PVdC) ts
RER: Steel production, electric, chromium steel 18/8 e3.5
0.3
4.5
0.1
0.06923
0.0008
0.00078
0.00075
1.1
0.1

STACK
Aluminium
Graphite
Glass fibers
Nafion membrane
Carbon black
Nafion membrane
Platinum
Polyvinylidene chloride
Steel part
BoP COMPONENTS
Aluminium
Steel part
Cast iron
Steel billet
Polypropylene granulate
High Density Polyethylene
granulate
ELECTRICITY, kWh

Recovery
rate
EoLscenario
Material process
Mass
(kg)

 The outdoor containers for the AWE and PEMWE systems
or the outdoor housing for the HT PEMFC system are
made from steel and can be repainted and reused. Paint
for the container is also included in the LCA
manufacturing model. Copper in the form of cables is
recycled, stainless steel (mainly in the form of pipe fittings) and fasteners (thermoplastic) are also recycled.
Fluorescent lamps installed for the container lighting are
assumed to be reused, together with the outdoor
container in the case of the PEMWE and AWE.
 Part of the plastics is recycled, part is put into an energyextraction process (incineration) and a very small part is
landfilled.
 Glass, ceramics, silica, PTFE and PVDF are landfilled.
 PGMs (modelled as platinum) are recycled with a 76%
recovery rate. The EoL process is modelled according to
Duclos et al. [48,62]. In the case of AWE, where small
amounts of PGMs are present, a hydrometallurgical process was also used.
 TMs (modelled as titanium) are recycled with a 39.7%
recovery rate according to Ref. [63]. Since there are no
exact data regarding the EoL processes, only the avoided
environmental impacts due to the avoided virgin titanium are considered. In general, TMs have a high recovery rate (nickel, copper, zinc etc.). Bronze and brass
are treated in the EoL phase like copper.
 Steel has an 88% recycling rate. In the process of cast-iron
production, 42.84% of the scrap is used and 57.16% of the

Table 1 e Inventory list for the manufacturing and EoL phase of a 1-kWe LT PEMFC system.

The material inputs, the EoL processes, and the materialrecovery ratios are presented for each FCH technology in the
following subsections. For confidentiality reasons, materials
of the same kind were lumped together or certain similar
materials were aggregated into groups (i.e., platinum group
metals (PGMs), precious metals (PMs), or other transition
metals (TMs)). If the recycling rates for the materials from
these groups are not known, they are modelled according to
the material with the worst-case scenario (i.e., the lowest
recycling ratio). In general, the following assumptions were
made:

EoL process

reuse is calculated and subtracted from the
manufacturing environmental impacts in the next step.
EoL processes are usually linked to additional energy and
materials use and they cause certain emissions. Therefore, the 3rd step represents the increase of the environmental impacts due to the applied EoL process
(manual dismantling included) but without the avoided
environmental impacts due to the secondary materials
used in the manufacturing phase and the energy use in
the other processes (open loop). In the 4th step the
reduction of the environmental impacts due to the
avoided energy is evaluated. Due to the very small
quantity of materials that are considered for energyextraction processes, a small amount of energy is
generated, and thus the effect is very small and can be
neglected. In the last step, the reduction of environmental impacts due to the avoided masses of virgin
materials is shown (closed-loop recycling).

EU-28: Aluminium recycling (2010) EAA ts
EU-28: Inert matter on landfill ts
EU-28: Inert matter on landfill ts
EU-28: Inert matter on landfill ts
Duclos et al., 2017 - own process
Duclos et al., 2017 - own process
Duclos et al., 2017 - own process
EU-28: Polyvinyl chloride (PVC) in waste incineration plant ts
RER: Cast iron production (allocation of impacts) e3.5
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Material
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pig iron. Therefore, in the production process, the mass
allocation of the environmental impacts is required.
The Gabi Thinkstep software environment was used to set
up the LCA models [64] and the data for the LCI was obtained
from the generic databases Ecoinvent 3.5 and GaBi Thinkstep
Professional. The midpoint-approach CML2001 methodology
[65] was used for the life-cycle impact assessment (LCIA). This
method was created by the University of Leiden in the
Netherlands in 2001 and is explained in detail in a handbook
[66], where all the information regarding environmental
impact indicators and other background information about
the methodology are presented. Out of 12 presented impact
indicators, 3 were selected and discussed in more details:
abiotic depletion potential (ADP), which is linked with the
depletion or scarcity of materials [67], global warming potential (GWP), which is the most-used indicator in regulatory
initiatives and guidelines from the EU [68], and human toxicity
potential (HTP), which is linked with human-health effects.
These three indicators, among others, are very important in
evaluating FCH technologies throughout all the life-cycle
phases, which was also emphasized in the HyTechCycling
project results [61].

Life-cycle assessment of LT PEMFC system
The data used for modelling the manufacturing phase were
taken from a somewhat outdated FP6 EU project NEEDS [36],
where the data were generalised and scaled to obtain a 1-kWe
LT PEMFC system. The masses of the materials and the energy
input in the form of electricity are presented in Table 1. The
electricity needed to produce the PEMFC system is presumed
to be generated from the EU28 electricity mix.
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For the recycling of platinum, which is one of the most
critical materials in PEMFC technology, the process was
modelled according to the recent publication about Pt recovery with a hydrometallurgical process by Duclos et al. [48,62].
The LCA model of the process is presented in Fig. 1, where the
mass and energy balances are set according to the output of
1 kg of Pt. The masses and energy demands for Pt recycling in
the considered PEMFC system were scaled to an output of
0.00057 kg of Pt. This is the mass of secondary Pt that, according to Duclos et al. [48,62], can be obtained with a 76%
recycling ratio from the MEA. The remaining solid waste was
incinerated as hazardous waste. Other solvents needed in the
process (e.g., NaOH, demi water, H2O2, NH4Cl) were modelled
with a wastewater treatment after the recycling process. The
organic solvents (pentanol, cyanex®) were used as spent
organic solvents. The hydrochloric acid needed for the recycling process should be neutralized after use; however, since
the neutralization process is not available in the databases, it
was not included in the LCA model.
In all cases of the considered FCH technologies the
aluminium was recycled according to the European
Aluminium Association (EAA) and data was available in the
GaBi Professional TS database [69]. Steel recycling was
modelled with the use of a cast-iron production process and
the mass allocation of environmental impacts according to
the amount of steel scrap used in the process [70]. Polypropylene (PP) and high-density polyethylene (HDPE) were
recycled using a plastic-granulate secondary process [70].
Solid waste (e.g., graphite, glass fibres and Nafion® membrane) was incinerated using hazardous waste. In the incineration process for PVdC, the energy is extracted in the form of
electricity (2.87 MJ) and heat (5.24 MJ).

Fig. 1 e LCA model of Pt-recycling process with boundary conditions.
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Table 2 e Inventory list for the manufacturing and EoL phase of a HT PEMFC system.
Material

PGMs
Catalyst support
Synthetic graphite
Polytetrafluoroethylene
Aluminum
PMs-precious metals

Material process

1.8
0.5
0.6

RER: Benzimidazole-compound production e3.5
EU-28: Phosphoric acid (H3PO4, 54% P2O5)
EU-28: Carbon fiber (CF; PAN-based; HT) - 11 agg; Ext. database XXII:
carbon composites 2020 ts
0.04
Undisclosed
0.5
GLO: Market for carbon black e3.5
12
RER: Graphite production e3.5
0.15
DE: Polytetrafluoroethylene granulate (PTFE) Mix ts
1.4
DE: Aluminium ingot mix ts
0.0018 Undisclosed

EoL
scenario

Recovery
rate

EoL process

EE
REC
LF

100%
100%
100%

DE: Waste incineration (plastics) ts <p-agg>
EU without Switzerland: market for spent solvent mixture
EU-28: Inert matter on landfill ts

REC
LF
LF
LF
REC
REC

76%
100%
100%
100%
96%
90%

Duclos et al., 2017 - own process
EU-28: Inert matter on landfill ts
EU-28: Inert matter on landfill ts
EU-28: Glass/inert waste on landfill ts
EU-28: Aluminium recycling (2010) ts
SE: treatment of precious metal from electronics scrap,
in anode slime, precious metal extraction, e3.5
RER: cast iron production (allocation of impacts) e3.5

Stainless steel
BoP COMPONENTS
Aluminum
Stainless steel
Iron
TMs-transition metals

0.4

DE: Stainless Steel slab ts <p-agg>

REC

88%

20.4
6.5
0.6
0.1

DE: Aluminium ingot mix ts
DE: Stainless Steel slab ts <p-agg>
DE: Cast iron component ts <p-agg>
undisclosed

REC
REC
REC
REC

96%
88%
88%
100%

Reformer catalyst - TMs
based
Electronics

2.5

undisclosed

REC

100%

8.4

RER: Electronics production, for control units e3.5

EE

100%

Cables and wires

1.75

EU-28: Cable 3 wire (EN15804 A1-A3) ts

REC

100%

Insulation material
Burner catalyst support
PGMs
Triethylene glycol
(Coolant)
Cabinet - steel painted
Plastic tank
LEAD BATTERY PACK
Battery e lead
Acrylonitrile butadiene
styrene
Brass

1.1
0.17
0.003
2.5

RoW: Polystyrene foam slab for perimeter insulation e3.5
BE: Ceramics hydrogenics <LC>  own process
undisclosed
EU-28: Triethylene glycol PlasticsEurope

LF
LF
REC
REC

100%
100%
76%
100%

EU-28: Aluminium recycling (2010) ts
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
SE: Treatment of metal part of electronics scrap, in blister-copper,
by electrolytic refining e3.5
SE: Treatment of metal part of electronics scrap, in blister-copper,
by electrolytic refining e3.5
CH: Treatment of waste plastic, industrial electronics,
municipal incineration e3.5
SE: Treatment of metal part of electronics scrap, in blister-copper,
by electrolytic refining e3.5
Construction rubble on inert matter landfill ts
EU-28: Glass/inert waste on landfill ts
Duclos et al., 2017 - own process
EU without Switzerland: market for spent solvent mixture

150
12

GLO: Steel plate worldsteel
EU-28: Polyethylene Linear Low Density Granulate ts

RU
REC

100%
84%

Reuse e closed loop recycling
EU-28: Plastic granulate secondary ts

80.36
0.871

EU-28: Lead primary and secondary mix ILA <p-agg>
EU-28: Acrylonitrile butadiene styrene

REC
EE

65%
100%

RER: treatment of scrap lead acid battery, remelting e3.5
DE: Waste incineration (plastics) ts <p-agg>

0.201

EU-28: Brass (CuZn39Pb3) ts <p-agg>

REC

100%

SE: treatment of metal part of electronics scrap, in blister-copper,
by electrolytic refining e3.5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

STACK
Polybenzimidazole
Phosphoric acid
Carbon cloth

Mass
(kg)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0
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Polyester
Polypropylene
Polyurethane
Polyvinylchloride
Sulfuric acid
Styrene acrylonitrile

The model of the HT PEMFC system is based on the data obtained within the HyTechCycling project [61]. Key features of
the considered system are:
 Methanol-based fuel-cell solution with steam reformer
 Outdoor unit operating at a nominal power of 5 kW
 The modelling approach is the same in all the presented
cases of FCH technologies, where all the subsystems are
modelled separately, in this case: stack sytem, BoP components with steel cabinet and plastic tank, and lead
battery.
In the LCA model, the manufacturing phase is set up in the
manner that all the subsystems are modelled separately.
Electricity consumption in the manufacturing phase was not
considered in the model because the data were not provided
by the manufacturer. For confidentiality reasons, certain
materials are aggregated into groups. In the case of the HT
PEMFC system, the modelling is based on the LCI data shown
in Table 2. In addition to the masses of the basic materials, the
processes used in the LCA of the manufacturing and EoL
phases are also listed. Recycling rates in the EoL phase are
partly obtained from generic databases in Ecoinvent 3.5 and
Gabi Professional, and partly from the recycling industry,
since the recycling of common materials is well established.
It is estimated that the mass of plastics used in the energyextraction process would produce 4.58 kW h of electricity and
10.5 kW h of thermal energy. The reduction of the environmental impacts due to the avoided energy consumption is
allocated to the manufacturing phase.

Life-cycle assessment of AWE system

e3.5 … ecoinvent 3.5 database, ts … gabi Thinkstep database.

100%
84%
100%
100%
100%
84%
EE
REC
EE
LF
REC
REC

DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic granulate secondary (low metal contamination) ts
DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic waste on landfill ts
EU without Switzerland: market for spent solvent mixture
EU-28: Plastic granulate secondary ts

100%
100%
Ceramic
EPDM

0.100
0.062

GLO: Market for ceramics e3.5
DE: Polypropylene/Ethylene Propylene Diene Elastomer Granulate
(PP/EPDM, TPE-O) Mix ts
0.699
DE: Polyester resin (unsaturated; UP) [Plastics]
0.489
DE: Polypropylene GMT part ts
0.034
RER: Polyurethane rigid foam (PU) PlasticsEurope
1.301
RER: Polyvinylchloride injection moulding part (PVC)
39.280 EU-28: Sulfuric acid (96%) ts
8.608
EU-28: Styrene acrylonitrile (SAN), PlasticsEurope

LF
EE

EU-28: Glass/inert waste on landfill ts
DE: Waste incineration (plastics) ts <p-agg>

Life-cycle assessment of HT PEMFC system

The model of the AWE system is based on data obtained
within the HyTechCycling project [61]. The whole system is
divided into several subsystems: CH (chiller), CLC (closed-loop
cooling), CP (control panel), DWS (demi-water supply), GGS
(gas-generation system with stack included), HPS (hydrogenpurification system), IA (instrument air), N2P (nitrogen panel),
OH (outdoor housing). The model of the outdoor AWE system
is based on the data for a 20-foot container system. This system is rated at a nominal power of 50 kW and a hydrogen
production of 1.46 kgH2/h. In the LCA model, the
manufacturing phase is set up such that all the subsystems
are modelled separately. For confidentially reasons, the LCI
data in Table 3 are not presented for each subsystem but are
aggregated to: stack system, BoP components subsystem and
the OH system. All the data used from generic databases for
the LCA modelling are also presented to give the reader a
better understanding. In the case of the AWE outdoor system,
some parts of the OH system are considered for reuse (see
Table 3). For applying the EoL approach, all the masses of the
relevant materials are listed and the corresponding EoL processes are identified.
It is estimated that the mass of plastics used in the energyextraction process would produce 94.94 kW h of electricity
and 222.5 kW h of thermal energy, which are used in other
external processes that are modelled with the EU-28

Material

Material process

EoL
scenario

Recovery
rate

EoL process

411.07
0.06
828.19
12.926
11.68
0.38
60
0.13
0.9805
119.84
12.891
5.159
0.0355
0.417

EU: Steel hot rolled coil worldsteel
EU-28: Stainless steel sheet ts
DE: Stainless Steel slab ts
EU-28: Aluminium ingot mix ts
Undisclosed
EU-28: Float flat glass ts
Undisclosed
Undisclosed
DE: Polyester Resin (UP) ts
DE: TPU, TPE-U adhesive ts
RER: PVC injection moulding part
DE: Polypropylene GMT part ts
DE: PP/EPDM, TPE-O Mix ts
EU-28: ABS ts

REC
REC
REC
REC
REC
LF
REC
REC
EE
REC
LF
REC
EE
EE

88%
88%
88%
96%
100%
100%
92%
50%
100%
84%
100%
84%
100%
100%

RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
EU-28: Glass/inert waste on landfill ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
GLO: Treatment of non-Fe-Co-metals, hydrometallurgical processing e3.5
DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic granulate secondary ts
EU-28: Plastic waste on landfill ts
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts <p-agg>
DE: Waste incineration (plastics) ts <p-agg>

726.02
248.43
4.50
376.62
254.34
385.88
0.68
3.70
0.02
46.20

EU: Steel hot rolled coil worldsteel
DE: Steel sheet 0.75 mm HDG ts
EU-28: Stainless steel sheet ts
DE: Stainless Steel slab ts
EU-28: Aluminium ingot mix ts
Undisclosed
EU-28: Float flat glass ts
EU-28: Brass (CuZn20) ts <p-agg>
Undisclosed
EU-28: ABS ts

REC
REC
REC
REC
REC
REC
LF
REC
REC
EE

88%
88%
88%
88%
96%
100%
100%
100%
90%
100%

RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
EU-28: Glass/inert waste on landfill ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
GLO: treatment of used Li-ion battery, hydrometallurgical treatment
DE: Waste incineration (plastics) ts <p-agg>

24.44
78.45
9.81
31.35
53.80
19.42
0.02
0.05
0.05
3.80
1.12
0.35
3.53

DE: Polyester Resin unsaturated ts
DE: TPU, TPE-U adhesive ts
RER: PVC injection moulding part
BE: Ceramics hytechcycling e own
DE: Silica sand ts
DE: Polypropylene GMT part ts
DE: PP/EPDM, TPE-O Mix ts
DE: Nitrile butadiene rubber ts
GLO: Market for casting, bronze e3.5
DE: Grey cast iron part ts
DE: TPU, TPE-U adhesive ts
DE: Polyamide 6.6 Mix ts
DE: Carbon black ts

EE
REC
LF
LF
LF
REC
EE
EE
REC
REC
REC
EE
LF

100%
84%
100%
100%
100%
84%
100%
100%
100%
88%
84%
100%
100%

DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic granulate secondary ts
EU-28: Plastic waste on landfill ts
EU-28: Glass/inert waste on landfill ts
EU-28: Glass/inert waste on landfill ts
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts <p-agg>
DE: Waste incineration (plastics) ts <p-agg>
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5 3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts
EU-28: Inert matter on landfill ts

RU
REC
REC

100%
88%
88%

Reuse e closed loop recycling
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5

5520.1 EU: Steel hot rolled coil worldsteel
9.61
DE: Steel sheet 0.75 mm HDG ts
97.35
DE: Stainless Steel slab ts

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

STACK
Carbon steel
Stainless Steel sheet
Stainless steel
Aluminium
TMs
Glass
TMs
PGMs
Polyester
Thermoplastics
Polyvinylchloride
PP
EPDM
Acrylonitrile butadiene
styrene
BoP COMPONENTS
Carbon steel
Carbon steel sheet
Stainless Steel sheet
Stainless steel
Aluminium
TMs
Glass
Brass
PGMs
Acrylonitrile butadiene
styrene
Polyester
Thermoplastics
PVC
Ceramic
Silica
Polypropylene
EPDM
NBR
Bronze
Cast iron
Polyuretane
Polyamide
Carbon
OUTDOOR HOUSING
Carbon steel
Carbon steel sheet
Stainless steel

Mass
(kg)
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Table 3 e Inventory list for the manufacturing and EoL phases of an AWE system.
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electricity mix and the EU-28 LFO heat. Even though a closed
loop cannot be created within the model, a reduction of
environmental impacts is allocated to our system.

Life-cycle assessment of PEMWE system

Reused together with the outdoor container

The model of the PEMWE system is based on data obtained
within the HyTechCycling project [61]. The PEMWE system
inventory is obtained from the same manufacturer as in the
case of AWE; therefore, the basic construction of the system is
the same: CP (control panel), ANA (analyser), DWS (demiwater supply) and GGS (gas-generation system, with stack
included), CH (chiller), CLC (closed-loop cooling), HPS
(hydrogen-purification system), IA (instrument air), N2P (nitrogen panel) and OH (outdoor housing) are used from the LCA
model of the AWE system. The outdoor system (OH) also
consists of a 20-foot container where a 50-kW nominal power
PEM electrolyser is placed and it produces 1.46 kgH2/h. For
confidentiality reasons, not all of the materials are exactly
specified and are aggregated into special groups: stack system,
BoP components subsystem and OH system. In the case of the
PEMWE, the LCI data contains processes used for materials in
the manufacturing phase, the EoL approach used and the
corresponding EoL processes applied are listed in Table 4.
Some 21.3 kW h of electricity and 48.89 kW h of thermal energy generated by the energy extraction are used in other
external processes and modelled as the EU-28 electricity mix
and the EU-28 LFO heat. The reduction of environmental impacts due to the generated energy is allocated to our system.

Results and discussion

100%

96%
100%
100%
84%
100%
84%
100%
100%
100%

EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
DE: Waste incineration (plastics) ts
EU-28: Plastic granulate secondary ts
EU-28: Plastic waste on landfill ts
EU-28: Plastic granulate secondary ts
Reused together with the outdoor container
DE: Waste incineration (plastics) ts <p-agg>
DE: Waste incineration (plastics) ts <p-agg>

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

RU
165.06 EU-28: Solvent paint white ts

e3.5 … ecoinvent 3.5 database, ts … gabi Thinkstep database.

Aluminium
TMs
Polyester
Thermoplastics
PVC
Polypropylene
Fluorescent lamps
Nitrile butadiene rubber
Acrylonitrile butadiene
styrene
Exterior paint

0.14
120.43
0.01
16.76
4.26
0.06
42.32
0.11
0.42

EU-28: Aluminium ingot mix ts
Undisclosed
DE: Polyester Resin (UP) ts
DE: TPU, TPE-U adhesive ts
RER: PVC injection moulding part
DE: Polypropylene GMT part ts
EU-28: Fluorescent lamp 36 W ts
DE: Nitrile butadiene rubber ts
EU-28: ABS ts

REC
REC
EE
REC
LF
REC
RU
EE
EE

Environmental impacts of the manufacturing phase
The environmental impact indicators in the manufacturing
phases are presented in Table 5. The comparison is made
separately for electrolysers and fuel cells in the form of radar
diagrams (Fig. 2 and Fig. 3). In the case of electrolysers, the
comparison includes the OH systems. In the case of PEM fuel
cells, the LT PEMFC is scaled to 5 kW. In order to compare the
manufacturing phases of both fuel-cell systems, a cabinet for
the HT PEMFC was excluded from the comparison (only at this
point) because there is no data for the LT PEMFC cabinet,
where the data were obtained from the NEEDS project. In this
way, the environmental impacts for the manufacturing phase
of fuel-cell technologies are comparable. In the analysis of the
EoL phase, the outdoor housings and the steel cabinet are
included and modelled as presented in Table 2, Tables 3 and 4.
Based on the results in Table 5, a relative comparison of the
manufacturing phase for the electrolysers is presented in
Fig. 2 and for the fuel cells in Fig. 3.
Comparing the AWE to the PEMWE system (Fig. 2), it is
evident that on average the PEMWE unit has slightly higher
environmental impact indicators in the manufacturing phase,
even though the weight of the PEMWE unit is about 7.5% lower
than that of the AWE unit (Table 6). This is because the PGMs
contained in the PEMWE system have a greater environmental
impact compared to the PGMs contained in the AWE system.
For example, it was shown in Ref. [53] that platinum has a

Material

Material process

EoL
Recovery
scenario
rate

EoL process

2.86
13.43
496.3
0.60
1.58
0.33
0.12
9.16
36.65
0.08
2.78
0.19
0.16
4.77
8.38
0.92

EU: Steel hot rolled coil worldsteel
EU-28: Stainless steel sheet ts
DE: Stainless Steel slab ts
EU-28: Aluminium ingot mix ts
EU-28: Aluminium sheet mix ts
undisclosed
EU-28: Float flat glass ts
EU-28: Brass (CuZn20) ts <p-agg>
undisclosed
undisclosed
DE: Polypropylene GMT part ts
DE: Polyester Resin unsaturated (UP) ts
RER: PE-HD ELCD/PlasticsEurope <p-agg>
DE: TPU, TPE-U adhesive ts
DE: Polyetherether ketone granulate (PEEK) ts
RER: Steel, electric, chromium steel 18/8 e3.5

REC
REC
REC
REC
REC
REC
LF
REC
REC
REC
REC
EE
REC
REC
EE
REC

88%
88%
88%
96%
96%
100%
100%
100%
39.7%
76.0
84%
100%
84%
84%
100%
88%

RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Aluminium recycling (2010) ts
EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
EU-28: Glass/inert waste on landfill ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
No generic database available
Duclos et al., 2017 - own process
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic granulate secondary ts
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts <p-agg>
RER: Cast iron production (allocation of impacts) e3.5

0.30
0.15

DE: Polytetrafluoroethylene granulate Mix ts
DE: PP/EPDM, TPE-O Mix ts

LF
EE

100%
100%

EU-28: Glass/inert waste on landfill ts
DE: Waste incineration (plastics) ts <p-agg>

1.30
0.30

GLO: Market, bronze e3.5
DE: Polyvinylidene fluoride (PVDF) ts

REC
LF

100%
100%

SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
EU-28: Glass/inert waste on landfill ts

823.8
312.9
7.45
398.1
3.80
263.0
447.2
0.53
6.98
0.02
6.90
0.74
82.21
6.39
31.35
32.70
2.77
2.38
0.50

EU: Steel hot rolled coil worldsteel
DE: Steel sheet 0.75 mm HDG ts <p-agg>
EU-28: Stainless steel sheet ts <p-agg>
DE: Stainless Steel slab ts <p-agg>
DE: Grey cast iron part ts
EU-28: Aluminium ingot mix ts
undisclosed
EU-28: Float flat glass ts
EU-28: Brass (CuZn20) ts <p-agg>
undisclosed
DE: Polypropylene GMT part ts
DE: Polyester Resin (UP) ts
DE: TPU, TPE-U adhesive ts
RER: PVC injection moulding part
BE: Ceramics hytechcycling e own process
DE: Silica sand ts
DE: Polyetherether ketone granulate (PEEK) ts
DE: Polyamide 6.6 Granulate (PA 6.6) Mix ts
RER: Steel, electric, chromium steel 18/8 e3.5

REC
REC
REC
REC
REC
REC
REC
LF
REC
REC
REC
EE
REC
LF
LF
LF
EE
EE
REC

88%
88%
88%
88%
88%
96%
100%
100%
100%
76%
84%
100%
84%
100%
100%
100%
100%
100%
88%

RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
EU-28: Glass/inert waste on landfill ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
Duclos et al., 2017 - own process
EU-28: Plastic granulate secondary ts
DE: Waste incineration (plastics) ts
EU-28: Plastic granulate secondary ts
EU-28: Plastic waste on landfill ts
EU-28: Glass/inert waste on landfill ts
EU-28: Glass/inert waste on landfill ts
DE: Waste incineration (plastics) ts
DE: Waste incineration (plastics) ts
RER: Cast iron production (allocation of impacts) e3.5

0.16

DE: Polytetrafluoroethylene granulate Mix ts

LF

100%

EU-28: Glass/inert waste on landfill ts

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

STACK
Carbon steel
Stainless Steel sheet
Stainless steel
Aluminium
Aluminium sheet
TMs
Glass
Brass
TMs
PGMs
Polypropylene
Polyester
Poly Ethylene
Thermoplastics
PEEK
Steel, electrogalvanised
Polytetrafluoroethylene
Ethylene Propylene
Diene
Bronze
Polyvinylidene fluoride
BoP COMPONENTS
Carbon steel
Carbon steel sheet
Stainless Steel sheet
Stainless steel
Cast iron
Aluminium
TMs
Glass
Brass
PGMs
Polypropylene
Polyester
Thermoplastics
Polyvinylchloride
Ceramic
Silica
Polyetherether ketone
Polyamide
Steel, electrogalvanised
Polytetrafluoroethylene

Mass
(kg)

10152

Table 4 e Inventory list for the manufacturing and EoL phases of a PEMWE system.
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Reused together with outdoor container

AWE

LT
PEMFC

50
50
5
1.7
1.67
0.00376
2.01 Eþ05 2.34 Eþ05 1838
501
484
4.14
180
153
0.454
4.64 Eþ04 3.92 Eþ04 171
1.72 Eþ04 1.97 Eþ04 224

HT
PEMFC
5
0.02488
2672
9.28
1.48
424.8
195.2

2.48 Eþ05 2.59 Eþ05 456
692.8
1.35 Eþ08 1.16 Eþ08 406,000 1,152,000
0.000321 0.00027
1.91E-06 5.888E-06
24
551

23.4
518

0.1802
6.94

0.4032
1.536

100%

much greater environmental impact in the production phase
of materials than other PGMs.
To enable a plausible comparison of the manufacturing
phases of the LT PEMFC and HT PEMFC technologies (Fig. 3), a
1-kWe LT PEMFC unit was scaled to 5-kWe power. Since only
the core technology is in the LCI of the LT PEMFC system [36],
scaling it to 5 kWe does not represent a significant error. This
would be the case if all the BoP components, auxiliary systems
and housing were included in the LCI since the weight ratios
of the BoP components, auxiliary systems and the housing for
small systems are different compared to large systems. In the
HT PEMFC system the weight ratio of the stack to the BoP
components is completely different than in the LT PEMFC
system (Table 7). With a larger BoP mass the environmental
impacts in the manufacturing phase are greater because of
the additional material needed in the production processes. In
the manufacturing phase the HT PEMFC system has greater
environmental impacts than the LT PEMFC system, because it
requires additional BoP components (i.e., a catalytic
combustor, a methanol reformer, a vaporiser for methanol/
water mixture, etc.) that increase the weight of the BoP components in the system.

RU
165.06 EU-28: Solvent paint white ts

100%
EE
EU-28: ABS ts
0.42

Power, kWe
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.]

e3.5 … ecoinvent 3.5 database, ts … gabi Thinkstep database.

100%
88%
88%
96%
100%
100%
84%
100%
84%
100%
100%
RU
REC
REC
REC
REC
EE
REC
LF
REC
RU
EE
EU: Steel hot rolled coil worldsteel
DE: Steel sheet 0.75 mm HDG ts
DE: Stainless Steel slab ts
EU-28: Aluminium ingot mix ts
undisclosed
DE: Polyester Resin (UP) ts
DE: TPU, TPE-U adhesive ts
RER: PVC injection moulding part
DE: Polypropylene GMT part ts
EU-28: Fluorescent lamp 36 W ts
DE: Nitrile butadiene rubber ts
5520.1
9.61
97.35
0.14
120.43
0.01
16.76
4.26
0.06
42.32
0.11

EPDM
Polyuretane
Bronze
OUTDOOR HOUSING
Carbon steel
Carbon steel sheet
Stainless steel
Aluminium
TMs
Polyester
Thermoplastics
PVC
Polypropylene
Fluorescent lamps
Nitrile butadiene
rubber
Acrylonitrile butadiene
styrene
Exterior paint

100%
84%
100%
EE
REC
REC

DE: Waste incineration (plastics) ts <p-agg>

PEMWE

DE: PP/EPDM, TPE-O Mix ts
DE: TPU, TPE-U adhesive ts
GLO: Market for casting, bronze e3.5

Reuse e closed loop recycling
RER: Cast iron production (allocation of impacts) e3.5
RER: Cast iron production (allocation of impacts) e3.5
EU-28: Aluminium recycling (2010) ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5
DE: Waste incineration (plastics) ts
EU-28: Plastic granulate secondary ts
EU-28: Plastic waste on landfill ts
EU-28: Plastic granulate secondary ts
Reused together with outdoor container
DE: Waste incineration (plastics) ts <p-agg>

Table 5 e Absolute values for the manufacturing phase of
the FCH technologies according to the CML2001 LCIA
methodology, [66].

0.03
1.12
0.05

DE: Waste incineration (plastics) ts <p-agg>
EU-28: Plastic granulate secondary ts
SE: Treatment of metal part of electronics scrap, in blister-copper, by electrolytic refining e3.5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

Environmental impacts of the EoL scenario
As presented in the LCA approach (Section Life-cycle
assessment approach), the analysis of the applied EoL phase
consists of a stepwise approach: manufacturing of the basic
technology, the reuse of several parts, manual dismantling of
the rest of the system, and the introduction of the EoL processes. After the avoided energy and avoided materials are
considered, energy is used in other process (open loop) and
materials are used instead of virgin materials in the
manufacturing phase (closed recycling loop). The introduction
of the manual dismantling and EoL processes increases the
environmental impacts because additional energy and materials are used and certain emissions are generated. On the
other hand, other steps (reuse, energy recovery in other processes and use of secondary materials) decrease the environmental impact indicators.
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

Fig. 2 e Relative comparison of the manufacturing phases of the PEMWE and AWE 50 kWe units.

Fig. 3 e Relative comparison of the manufacturing phases of the HT PEMFC and the LT PEMFC 5 kWe units.

Table 6 e Masses of BoP components and stack system
for AWE and PEMWE.
PEMWE

AWE

Table 7 e Masses and shares of the BoP components and
the stack system in the HT PEMFC and LT PEMFC.
HT PEMFC

mass, kg share, % mass, kg share, %
BoP system, kg
Stack system, kg
Outdoor housing, kg
Total, kg

2431.01
580.43
5976.81
8988.25

27.05%
6.46%
66.50%
100%

2272.57
1463.76
5976.79
9713.12

23.40%
15.07%
61.53%
100%

LT PEMFC

mass, kg share, % mass, kg share, %
BoP system
Stack system
Total (without housing)

188.02
17.39
205.41

92
8
100

8.10
6.17
14.27

57
43
100

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 6 ( 2 0 2 1 ) 1 0 1 4 3 e1 0 1 6 0

In Fig. 4 the relative effect of each individual EoL step on
the environmental impact indicators is presented for the HT
PEMFC system. After the manufacturing phase, all the indicators are set to 100%. Reuse of the cabinet only slightly
decreases certain indicators, although 42.2% of the entire
mass of the system is avoided, because the virgin material for
the cabinet is steel (see Fig. 5). Applying EoL processes (recycling processes, specific recycling processes for PGMs, acid
neutralization, management of spent solvents, landfill, energy
extraction, incineration, etc.) lead to additional energy and
materials consumption, create additional emissions and
consequently increase the environmental impact indicators.
On the other hand, the energy extraction and secondary
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materials obtained from the recycling processes lead to the
reduction of the environmental indicators.
In the case of the HT PEMFC presented in Figs. 5, 22% of the
total mass of the unit is successfully recycled, 3.3% of the total
mass (plastic parts) is used in energy-extraction processes,
only 0.8% is landfilled, and 3.7% is treated as hazardous waste.
Discarded materials (28%) represent all the emissions and
waste flows to the environment from the recycling processes
used in the EoL phase of the LCA model. PGMs are shown
separately, since there is a significant change in the environmental indicators if the PGMs are recycled or not [53].
The weight percentages of the materials for all the
considered technologies are listed in Table 8. The reuse of

Fig. 4 e Effects of respective EoL phases on the environmental impact indicators of the manufacturing phase for the HT
PEMFC system.

Fig. 5 e Mass-flow percentages of the materials in the EoL phase for the HT PEMFC.
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Table 8 e Mass-flow percentages of the materials in the
EoL phase.
PEMWE

AWE

PEMFCHT

8988.2 kg 9713.1 kg 355.41 kg
Virgin material
PGM recovery
Recycled material
BoP system
Stack
Reused parts
Waste parts
Discarded material
Energy extraction
Hazardous waste
Landfill

18.30%
0.00085%
18.00%
27.00%
6.50%
63.70%
36.30%
17.30%
0.20%
0.00%
0.80%

21.80%
0.00013%
19.20%
23.40%
15.10%
59.00%
41.00%
19.90%
0.80%
0.00%
1.20%

35.80%
0.00924%
22.00%
52.90%
4.90%
42.20%
57.80%
28.00%
3.30%
3.70%
0.80%

PEMFCLT
14.17 kg
70.30%
0.01245%
29.70%
56.80%
43.20%
0.00%
100.00%
29.90%
32.70%
7.70%
0.00%

parts is not considered in the case of the LT PEMFC technology
due to the absence of the cabinet in the LCI data.
In Fig. 6 the effects of the EoL phase on environmental indicators are presented for all the considered technologies. The
results show the relative values of the environmental indicators after the EoL phase is applied. The EoL-phase analysis, for all the considered technologies, utilises the same
stepwise approach. The majority of the impact indicators are
significantly reduced, mainly because of the use of recycled
materials. Three indicators that were also of great interest in
the HyTechCycling project are GWP, HTP and ADP:

 In GWP, which can be linked with energy intensity, the
reductions are by 28.2, 38.9, 34.5, and 16.1% points in the
AWE, PEMWE, HT PEMFC and LT PEMFC systems,
respectively.
 In HTP, which is linked with human-health effects, the
reduction is 55.8, 65.6, 39.8, and 33.4% points in the AWE,
PEMWE, HT PEMFC and LT PEMFC systems, respectively.
 The indicator where large reductions are observed is ADP,
which is linked with the depletion of materials: 61.6, 70.4,
58.7, and 66.6% points in the AWE, PEMWE, HT PEMFC and
LT PEMFC systems, respectively.

Effect of PGM recovery on environmental impacts in EoL
phase
One of the goals of this study was to address the critical materials in FCH technologies. A sensitivity analysis of the EoL
effect was carried out. Environmental impacts of the considered technologies without PGM recycling are compared to
those with PGM recycling (Fig. 7, Table 9). For this purpose,
additional LCA models without the PGM recycling processes
and the use of secondary (avoided) PGMs were designed. All
other processes and avoided materials in the LCA models
remained the same.
The reduction of environmental impact indicators for the
HT PEMFC technology, after applying the EoL phase, is presented in Fig. 7 for two cases: with PGM recycling and without
PGM recycling. After the manufacturing phase, the environmental impact indicators are set to 100%. After the EoL phase

Fig. 6 e Relative values of environmental impacts after applying the stepwise EoL analysis for all the considered
technologies.
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Fig. 7 e Relative values of the environmental impacts after applying the EoL phase with and without the recycling of PGMs
for the HT PEMFC system.

Table 9 e Relative values of environmental impact indicators using the EoL approach with and without the recycling of
PGMs.
Man.

AWE

PEMWE

PEMFC-HT

PEMFC-LT

EoL base NO-PGMrec EoL base NO-PGMrec EoL base NO-PGMrec EoL base NO-PGMrec
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.]

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

38.4%
69.5%
16.2%
6.3%
13.6%
71.8%
44.2%
8.2%
78.9%
25.7%
19.6%

40.7%
71.8%
24.8%
7.5%
14.4%
74.5%
44.1%
8.5%
80.6%
32.8%
19.9%

29.6%
60.8%
18.2%
5.5%
10.4%
61.1%
34.4%
5.4%
63.6%
25.1%
14.8%

is applied, the change in the environmental impact indicators
depends strongly on the PGMs recycling. The extent in the
reduction of indicators is also dependent on the type of PGMs
and other critical materials. In this case, platinum, palladium,
ruthenium and gold were the most critical materials included.
The relative values of the environmental impact indicators
for all the considered technologies, after applying the EoL
phase, are listed in Table 9 for two cases: with PGMs recycling
and without PGMs recycling. The greatest difference is
observed in the case of the HT PEMFC and LT PEMFC technologies, where platinum is always present. Platinum is

39.1%
72.6%
56.3%
16.2%
24.4%
71.9%
37.3%
17.2%
72.6%
57.7%
16.5%

41.3%
61.8%
27.8%
34.2%
35.4%
65.5%
60.2%
34.6%
95.3%
31.6%
43.0%

93.8%
92.6%
98.8%
93.8%
99.2%
98.9%
89.3%
92.1%
102.2%
96.4%
99.8%

33.4%
56.2%
28.6%
34.2%
52.7%
83.9%
66.6%
33.2%
79.5%
31.7%
97.9%

100.6%
78.5%
97.9%
99.3%
108.9%
96.3%
89.3%
92.1%
102.2%
96.4%
99.8%

known to have a few magnitudes greater impact in the material production phase than any other critical material. The
smallest difference is observed in the case of the AWE technology with the lowest platinum content.
As can also be concluded from Table 1 to Table 4, the PGMs
represent 0.016% in the LT PEMFC, 0.043% in the HT PEMFC,
0.00018% in the AWE, and 0.00111% in the PEMWE of the total
mass of the system. Despite the extremely low mass percentages, PGMs have a significant effect on the environmental
impact indicators, which suggests that these materials are
very important and should be recycled properly.
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Conclusions
In the present study the modelling of the manufacturing and
the EoL phase of four different FCH technologies, and an
evaluation of potential lowering of the environmental impacts
in the manufacturing phase, was analysed. New LCIs were
developed for the AWE, PEMWE and HT PEMFC systems. The
LCI for the LT PEMFC system was taken from a previous EUfunded project in order to compare it to the HT PEMFC system. For the manufacturing phase, the environmental impacts of 50-kWe electrolyser units and 5-kWe fuel cell units
were compared:
 On average, the PEMWE has a greater environmental
impact than the AWE because in PEMWE technology platinum is present in the system. On the other hand, less and
also different PGMs with lower impacts on the environment are used in the AWE technology.
 HT PEMFCs have larger environmental impacts than LT
PEMFCs. The reason is that additional BoP components are
needed (i.e., a methanol reformer and a catalytic
combustor), which add to the system mass and contain
some platinum.

From the analysis it can be concluded that in the future,
further environmental reductions can be achieved through
the use of appropriate EoL strategies and that the recycling of
critical materials (i.e., PGMs) is of great importance in the
circular economy for FCH systems.
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