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opean Ecodesign Directive guide
the deployment of hydrogen-related products for
mobility?†

Felipe Campos-Carriedo, ab Eleonora Bargiacchi, *a Javier Dufour ab

and Diego Iribarren a

Fuel cells and hydrogen products are expected to be increasingly deployed as European economies set

course towards the energy transition. In order to actually contribute to the overall goal of sustainability,

these products should be conceived as sustainable-by-design options and effective assessment tools are

thus required to guide the design process. For the first time in the specific field of hydrogen-related

products, this work tests and discusses the suitability of the instrument provided by the European

Ecodesign Directive for such purposes: the EcoReport tool linked to the Methodology for Ecodesign of

Energy-related Products. To that end, the propulsion systems of a fuel cell passenger car and a fuel cell

heavy duty truck were assessed. First, two base cases defined according to current key performance

indicators were implemented in the EcoReport tool to gain insights into ecodesign hotspots and gaps of

the tool for its practical use to evaluate hydrogen-related products. Secondly, after adjusting the

EcoReport tool according to the findings of the previous step, both cases were parametrised to estimate,

under eco-efficiency and criticality aspects, up to which extent short-term technological targets could

improve their performance. Overall, the EcoReport tool is concluded to be valuable for an early

assessment and subsequent development of ecodesign measures for hydrogen-related products

provided that it is upgraded in terms of direct data availability, updated criticality characterisation factors

and impact assessment methods. By reaching the key performance indicators expected for 2030, the

assessed products for mobility would arise as competitive road transport alternatives. Nevertheless, this

performance is highly dependent on the production pathway of the hydrogen used as a fuel, which

highlights the need for a holistic deployment of the hydrogen economy.
Introduction

The European Union (EU) has committed to reducing its overall
greenhouse gas emissions by at least 55% in 2030, relative to
1990 levels.1 In order to achieve this goal, specic binding
objectives have been set out for different sectors. These include
ensuring zero tailpipe emissions from new passenger cars,
increasing the renewable electricity fraction in the EU mix up to
40% and achieving an overall reduction of 36–39% in nal and
primary energy consumption through energy efficiency.2 This
roadmap not only positions Europe as a world leader in the
energy transition but also, in a subsidiary way, looks forward to
reducing energy dependence. Energy imports reached over 60%
of the continental nal energy consumption in 2019, Russia
935, Móstoles, Spain. E-mail: eleonora.
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tion (ESI) available. See DOI:

3, 7, 1382–1394
being the top trading partner in crude oil, natural gas and solid
fossil fuels.3 This fact places the EU in a position of weakness,
especially in a context of geopolitical instability (Ukraine crisis)
and raw material scarcity.4

Such an energy transition will profoundly alter how the
European countries generate, distribute, store, and consume
energy. In this situation, the fuel cells and hydrogen (FCH)
sector has been identied as one of its crucial enablers.
Hydrogen arises as a versatile, clean and exible product with
the potential of fostering the integration of renewables into the
European electricity mix (offering a path to store renewable
electricity surplus), providing transportation with a fuel free of
tailpipe carbon emissions, replacing natural gas for heating
purposes and enlarging its contribution to industry feedstocks.
It is estimated that the deployment of hydrogen could
contribute to lling half of the gap between the reference
technology scenario in 2050 (reductions considered mostly via
state-of-the-art solutions with increased energy efficiency) and
the Paris Agreement scenario (<2 °C rise in global surface
temperature).5
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Overview of the ecodesign process according to directive
2009/125/EC.
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Thus, Europe has established ambitious goals for the short,
medium and long-term deployment of the FCH sector. It is
foreseen that up to 2250 TW h of hydrogen could be generated
internally by 2050, implying a rapid escalation of the water
electrolysis installed capacity to 15–40 GW by 2030 (ref. 5) and
enabling the production of renewable hydrogen at a cost lower
than 3 V per kg.6 Regarding end users, in a 2050 ambitious
scenario, fuel cell electric vehicles (FCEVs) could account for the
largest share of the hydrogen demand (ca. 30%).5 It is envisaged
that one out of 22 passenger vehicles, one out of 12 light
commercial vehicles and 45 000 heavy duty vehicles (trucks and
buses) could be on the roads by 2030, adding up to a total FCEV
eet of over 4 million units.5 As the road transport sector is
expected to play a key role in the energy transition and decar-
bonisation of European economies,7–9 the replacement of
traditional propulsion systems by FCEVs has been estimated to
be potentially responsible for over 40% of the carbon footprint
reduction assignable to all hydrogen applications in 2050.5

Proton exchange membrane fuel cells (PEMFCs) have been
used in various applications since the early 2000s, currently
being the only fuel cell alternative proven to be effective and
market-available for transport purposes. This is because
PEMFCs present features which perfectly t transport func-
tional requirements, such as the employment of a solid elec-
trolyte (avoiding the dependence on corrosive liquids and
easing maintenance), a low working temperature and quick
start-up times.10 However, the current market penetration of
PEMFCs is limited due to issues that affect their performance
and competitiveness: high cost, insufficient durability, and
limited power density.11 In particular, the use of platinum in the
PEMFC stack is linked to over 50% of the device manufacturing
costs and presents relevant environmental and social impacts.12

It is expected that the upcoming generations of passenger
FCEVs will limit platinum loading to 3–7 g (nowadays requiring
around 3–6 times this value), thereby achieving similar levels to
those presented by the catalytic converters of diesel vehicles.13

In order to achieve an effective deployment of FCH tech-
nologies according to the overall sustainability goal, a holistic
approach needs to be followed from their early conception,
thereby ensuring a suitable life-cycle economic, environmental
and social performance. In other words, FCH products need to
be sustainable-by-design options that avoid burden shiing
across (and within) sustainability dimensions. From this
perspective, ecodesign is a key methodology that promotes the
integration of environmental aspects into all stages of the
product development process. By balancing ecological and
economic requirements,14 ecodesign strives for technically and
economically feasible goods accountable for the lowest envi-
ronmental impact throughout the entire product life cycle.
However, the literature exploring the nexus between FCH
technologies and ecodesign is very scarce. Dumortier and
Haussener15 presented in 2015 two design guidelines to reduce
the environmental impact of photo-electrochemical water
splitting devices for hydrogen production, with a focus on the
most suitable combination of components at the system level.
More recently, Ansaloni et al.16 made use of the Ecodesign
Strategy Wheel to specically address state-of-the-art hydrogen-
This journal is © The Royal Society of Chemistry 2023
based fuel passenger ships and scenarios developed in the e-
SHyIPS project.17

In fact, the EU counts on a robust legal framework to support
the ecodesign of energy-related products and progressively
withdraw detrimental alternatives from the market: the Ecode-
sign Directive 2009/125/EC.18 A product group must meet
specic pre-requisites to be targeted by the Ecodesign Directive.
In particular, it must have a signicant environmental impact
(generally, an annual energy consumption higher than 1 EJ),
high potential for affordable environmental improvement, and
market relevance (more than 200 000 units per year sold and
traded).18 However, the unexplored application of this norma-
tive framework to emerging technologies that are expected to
reach such gures in the short-to-medium term (e.g. FCH ones)
could entail a change of the paradigm in the scope of the
directive, shiing from promoting replacement to preventing
the penetration of alternatives that do not comply with certain
sustainability standards.

On the other hand, ‘electric batteries’ is one of the product
groups undergoing the ecodesign process.19 Although the
directive specically states that the modes of transport should
not be considered eligible for ecodesign measures under this
regulation, the fact that the European Commission elaborated
a working plan to include products with the potential of being
used as vehicle propellers, but that may be used in other
applications, sets a precedent to address goods of similar
functional nature such as PEMFCs for mobility.

Fig. 1 shows the procedure endorsed for the implementation
of ecodesign measures.20 Since FCH products are being
promoted as key vectors for the energy transition and pivotal
documents such as the European Hydrogen Strategy21 forecast
an important penetration into the road transport market, this
work focuses on the second step of the process (i.e. preparatory
study) to explore – for the rst time – the suitability of the EU
ecodesign framework to address FCH products. In particular,
the EcoReport tool linked to the Methodology for Ecodesign of
Energy-related Products (MEErP) to carry out environmental
and economic assessment in preparatory studies within the
context of the directive is discussed through the case of PEMFCs
for mobility to ll the identied gaps on (i) testing the practi-
cality of the tool when applied to FCH products, and (ii) eval-
uating how the establishment of ecodesign measures aligned
Sustainable Energy Fuels, 2023, 7, 1382–1394 | 1383
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with projected key performance indicators (KPIs) could improve
their prole.
Methodology

As a preparatory study according to the European Ecodesign
Directive, this work was conducted following the guidelines of
the MEErP.22,23 This methodology was launched in 2011 in the
context of the EU Ecodesign Directive, as a revision and exten-
sion of theMethodology for Ecodesign of Energy-using Products
(MEEuP). It provides practitioners with the EcoReport tool:
a static, simplied life-cycle assessment spreadsheet containing
a limited database of materials and their unit contributions to
several pre-dened environmental impact categories. The tool
is available for public download in ref. 24. The EcoReport tool
also considers economic and criticality assessment, even
though it does not provide a library of default data to that end.
Suggestions on broadening the scope of the MEErP and
updating the resource efficiency indicators provided by the
EcoReport have been made in previous studies.25,26

Within the overall goal of answering the general question
posed in the title of this work, a methodological framework
making use of the EcoReport tool was developed to address two
specic research questions: (i) is the EcoReport tool a practical
instrument to assess FCH products for ecodesign purposes?
and (ii) can the implementation of ecodesignmeasures improve
the performance of PEMFC technologies and turn hydrogen
into a competitive alternative for road transport? The following
sections explain how each of these questions was approached
from a methodological perspective.
EcoReport-based assessment of base cases

In order to discuss the suitability of the EcoReport tool when
applied to FCH products for mobility and identify ecodesign
hotspots, two base cases of PEMFC systems were built using
2020 as the base year. Thus, two sizes of PEMFC stacks were
considered, corresponding to those typically involved in (i)
a large fuel cell passenger car and (ii) a fuel cell heavy duty
truck. The denition of such devices was based on the eGHOST
project27 and current KPIs,6 scaled linearly to a fuel cell power of
114 kW (Toyota Mirai as a reference for a fuel cell passenger car
Table 1 Attributes implemented for extra materials and components

Extra materials and
components Platinum

Carbon black
particles PF

Carbon footprinta [kg CO2-eq.] 70
122.35

1.84 95

End-of-life scenarios Re-use 0% 0% 0%
Recycling 75% 0% 0%
Heat recovery 0% 0% 0%
Incineration 0% 0% 50
Landlling 25% 100% 50

a Carbon footprints per kg of material (platinum, carbon black particles, P
auxiliary battery).

1384 | Sustainable Energy Fuels, 2023, 7, 1382–1394
available in the market30) and 190 kW (Hyundai Xcient as
a reference for a heavy duty fuel cell truck available in the
market28,29). Since the system boundaries were set to account for
both the storage and the energy delivery functionalities, the
hydrogen tank, the balance of plant (BoP) and the auxiliary
battery were also included in the analysis. The features of the
hydrogen tanks were retrieved from ref. 28 for the car, and
calculated from ref. 30 for the truck. The auxiliary battery was
modelled from ref. 19 and scaled linearly to the capacity of the
auxiliary battery used by the two case studies (1.6 and 72.3 kW h,
respectively). The BoP was retrieved from ref. 31 and scaled
linearly to each stack power. It includes the air (ltration and
compression), water (humidiers for cathode air and anode
hydrogen), thermal (radiators and coolant pump) and fuel
(hydrogen recirculation blower and ejectors) management
systems.

As specied by default in the EcoReport tool, the scope of the
analysis consisted of the life-cycle phases of materials produc-
tion, components manufacturing, distribution, use, and end of
life (EoL). Each of these phases corresponds to a specic section
in the tool (the use phase section is further divided into a direct
impact and an indirect impact compartment). The assessed
indicators – reported per unit of propulsion system – were the
global warming impact potential (GWP, in kg CO2-eq.) for the
environmental dimension, the life cycle cost without externali-
ties (LCC, inV) within the economic dimension, and the critical
raw material (CRM) content in kg Sb-eq. The criticality assess-
ment was conducted considering as critical materials those
included in the 2020 list dened by the European
Commission.32

The inputs for the materials production section were given
by the bill of materials (BoM) of each of the base cases. The list
of materials included by default in the EcoReport tool was
found to cover only three out of the 11 materials contained in
the PEMFC stack and the hydrogen tank. The data inventories
of the other materials (cf. Table 1) were built by modelling their
unit production in SimaPro soware33 coupled with the ecoin-
vent database.34 The characterisation factors stated in the
MEErP were used when generating the carbon footprint results.
The auxiliary battery (with extended lifetime and reduced
material usage ecodesign measures implemented35) and BoP
impacts were directly retrieved from ref. 19 and 31.
SA
Thermoactive
glue

Carbon
bre Silicone

Balance of
plant

Auxiliary
battery19

9.00 3.39 85.85 2.93 7.03 13.26

0% 98% 0% 100% 1%
0% 0% 0% 0% 0%
0% 0% 0% 0% 9%

% 100% 0% 100% 0% 23%
% 0% 2% 0% 0% 67%

FSA, glue, carbon bre, and silicone) or per kg of component (BoP and

This journal is © The Royal Society of Chemistry 2023
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The components manufacturing stage was le as dened by
default in the EcoReport tool, whereas the packaged volume of
the systems to be input in the distribution phase section was
assumed to be 0.5 m3. In the use phase indirect impact section,
a steady carbon footprint of 3.384 kg CO2-eq. kg−1 H2 was
associated with the hydrogen fuel impact. This value corre-
sponds to the threshold set by the European Renewable Energy
Directive (RED II) for a fuel to be considered renewable (70%
well-to-wheel impact reduction with respect to a conventional
fuel),36 calculated with the same characterisation factors
included in the EcoReport tool. It was implemented as
a consumable dened as an extra material. The durability,
annual mileage of the systems and hydrogen consumption were
retrieved from current KPIs (originally, in hours, kilometres per
year and kilogrammes of H2 per kilometre) and combined to
obtain the durability and the consumption measured in the
units required by the tool (years and kilogrammes of H2 per
year). In this calculation, an average driving cycle of 34.1 km h−1

for the car19 (urban and extra-urban use) and 50 km h−1 for the
truck6 (long-distance freight transportation) was assumed. The
default use phase direct impact section was kept since the only
relevant environmental impacts are those related to mainte-
nance (the tool quanties the requirement of spare parts as 1%
of the total mass of each product system).

Regarding the EoL phase, the lifetime of the cells in the stack
was assumed to be the limiting factor for the durability of the
full product system (i.e. the system lasts until the cells reach the
end of their operational life37,38). The expected larger lifetime of
the tank and the BoP39 was taken into account in their specic
EoL scenarios, setting a re-use rate of 100% for the materials
included in these components. Concerning the auxiliary
batteries, the EoL scenarios from ref. 19 were assumed without
considering replacements (as they present higher durability
than the stack cells). The implementation of the EoL scenarios
in the model also required the modication of the original
EcoReport spreadsheet because only one EoL option was
allowed for every extra material. A maximum of 25% of the mass
of the system was considered to be available from secondary
markets, acknowledging the projected increase in the market
size of these technologies. An overview of the extra attributes
corresponding to this part of the tool is also provided in Table 1.

In the economic section, the capital expenditure (CAPEX)
was dened by adding the current CAPEX KPI (stack, BoP, and
tank) and the auxiliary battery acquisition cost in ref. 19. The
items related to the operational expenditure (OPEX) included
the hydrogen delivered price and the maintenance costs
according to the KPIs for 2020, the discount rate (4%, as sug-
gested by default in the MEErP), and the escalation rate. The
latter was dened as the relative variation in the fuel worth
between the end of the operational life of the FCH system and
the time the product was released to the market.

Updated criticality characterisation factors were calculated
to align the EcoReport tool with the last update of the CRM
list.32 This was conducted following the semi-quantitative
numerical formulation proposed by the MEErP22 (only mate-
rials in the BoMs identied as critical in the list are assigned
a characterisation factor), leading to the following results
This journal is © The Royal Society of Chemistry 2023
measured in kg Sb-eq. per kg of CRM: 17.5 for platinum and
5.37 × 10−3 for natural graphite. The CRM indicator of the
auxiliary batteries19 was also re-calculated according to the most
recent list, involving the following critical materials: cobalt
(5.03 × 10−2 kg Sb-eq. kg−1), natural graphite (5.37 × 10−3 kg
Sb-eq. kg−1), and lithium (2.07 × 10−1 kg Sb-eq. kg−1). This led
to a CRM indicator of 6.13 × 10−2 and 3.24 kg Sb-eq. per battery
system for the car and truck base cases, respectively.

ESI I and II† (Inputs and Extra Materials tabs) show how the
aforementioned data were implemented in the EcoReport
spreadsheet for each of the base cases.
Parametric EcoReport-based assessment

In order to evaluate how the progressive implementation of
technologically feasible ecodesign measures could improve the
performance of FCH products for mobility given the emerging
nature of the devices under evaluation, it was needed to provide
the EcoReport tool with parametric attributes rather than
assessing a nite number of static base cases and improved
alternatives (which would be common in ecodesign preparatory
studies for more mature technologies). Such a parametrisation
was enabled by complementing the EcoReport spreadsheet with
a MATLAB® algorithm. Nevertheless, it should be noted that
a full prospective life cycle assessment is out of the scope of the
present work, acknowledging that both the characterisation
factors and the background data were dened in the tool for
a single reference year. In other words, the extension of this
work to a full prospective life cycle assessment would require
not only the use of a complete set of prospective foreground
data but also further efforts in aspects such as prospective
background data availability.40 Table 2 presents the techno-
economic denition of the two case studies, which comprises
some xed specications from the base cases as well as the set
of parameters introduced in the analysis.

The domain for those parameters was dened according to
the KPIs that the Strategic Research and Innovation Agenda of
the Clean Hydrogen Partnership6 sets for PEMFC technologies
until 2030, disregarding further improvement from then on.
These KPIs were therefore adopted as technologically feasible
targets that ecodesign measures could foster. In order to enable
continuity in the assessment, regressions on the intermediate
milestones were calculated. Preferably, a linear model was
implemented. Only when the correlation coefficient in the
linear regression resulted lower than 0.95, an inverse linear
model was considered. When the latter did not meet the
correlation requirement either, an exponential model was
applied (Table 3). The choice of these regression models was
based on a trial and error approach that led to the conclusion
that they were the ones that suitably tted the tendency of the
data.

Parametric results from the adjusted EcoReport tool were
transposed to the functional unit most commonly used in life
cycle assessment of transport systems:41 passenger-kilometre (p
km) for the passenger car case study and tonne-kilometre (t km)
for the truck case study. An average car occupancy rate of 1.62
passengers and an average truck carried load of 15.96 tonnes
Sustainable Energy Fuels, 2023, 7, 1382–1394 | 1385
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Table 2 Techno-economic parametric definition of the two case studies

Fuel cell car Fuel cell truck

PEMFC stack Power [kW] 114 190
Bill of materials Platinum [g/stack] Parameter (mPt) Parameter (mPt)

Carbon black particles [kg/stack] 1.41 2.34
Peruorosulfonic acid (PFSA) [kg/stack] 0.41 0.68
Polyethylene terephthalate (PET) [kg/stack] 13.49 22.48
Thermoactive glue [kg/stack] 3.37 5.62
Gas diffusion layer [kg/stack] 2.10 3.50
Stainless steel [kg/stack] 51.35 85.59
Silicone [kg/stack] 11.88 19.79
Glass-reinforced thermoplastic [kg/stack] 3.80 3.80
Copper [kg/stack] 2.26 3.76
Steel [kg/stack] 8.72 14.54

Hydrogen tank Capacity [kg H2] 5 32.09
Weight [kg] 82.5 175

Auxiliary battery Capacity [kW h] 1.6 72.3
Weight [kg] 33.60 278.62

Balance of plant Weight [kg] 78.38 130.63
CAPEX (including externalities linked to the production phase) [V per system] Parameter (C) Parameter (C)
System durability [km] Parameter (t) Parameter (t)
Annual mileage [km] 14 000 Parameter (m)
Hydrogen consumption [kg H2 km

−1] Parameter ( _H) Parameter ( _H)
Hydrogen delivered price [V per kg H2] Parameter (O) Parameter (O)
Maintenance cost [V per km] Parameter (n) Parameter (n)
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were considered. These assumptions were based on ecoinvent
database guidelines for passenger cars and trucks over 32
tonnes of gross combined weight in the European territory.34

Taking into account the time horizon of the parametric study,
the economic indicator (LCC) of this section also accounted for
externalities.42

Eqn (1), (2) and (3) show the expressions used to conduct the
required calculations. In them, l refers indistinctly to passen-
gers (for the car case) or cargo (for the truck case, in tonnes):

GWP ¼ 1

l
$

�
PðmPtÞ

t
þU$H

�
��

kg CO2 eq:

functional unit

�
(1)
Table 3 Evolution of PEMFC parameters according to technology KPIs

Parameter (symbol) [unit] FCEV 2012 2

Platinum loading (mPt) [g] Car — 4
Truck — —

CAPEX (C) [V per system] Car 73 030.4 1
Truck

System durabilitya (t) [km] Car 85 250 1
Truck — —

Annual mileage (m) [km] Car — —
Truck — —

Hydrogen consumption ( _H) [kg H2 per
km]

Car — 0
Truck — —

Delivered hydrogen price (O) [V per kg
H2]

Car 13 1
Truck 13 1

Maintenance cost (n) [V per km] Car — 0
Truck — —

a Hours were converted into the operational lifetime distance using averag

1386 | Sustainable Energy Fuels, 2023, 7, 1382–1394
LCC ¼ 1

l$t
$½C þ CU�

�
V

functional unit

�
(2)

where P(mPt) is the production phase impact of the full product
system as a function of the platinum loading parameter (mPt),
considering both avoided impacts related to EoL scenarios and
maintenance. U stands for the well-to-pump impact of the
hydrogen fuel. Since the use phase (indirect impact) was ex-
pected to greatly inuence the results, an extra carbon footprint-
based scenario was built, considering a hydrogen carbon foot-
print of 1.692 kg CO2-eq. kg

−1 H2 (half of the RED II threshold).
It should be noted that, since several renewable hydrogen
017 2020 2024 2030 Regression

5.6 19.38 9.12 5.7 Inverse linear
76 66.5 57 Linear

7 030.4 9870.4 8210.4 6550.4 Inverse linear
51 023.3 43 064.3 35 105.3 Exponential

36 400 170 500 204 600 238 700 Linear
750 000 1 000 000 1 500 000 Linear
— — —
50 000 — 100 000 Linear

.012 0.0115 0.011 0.01 Linear
0.062 0.056 0.050 Linear

2 11 9 6 Linear
2 11 9 6 Linear
.04 0.03 0.02 0.01 Linear

0.3 0.2 0.1 Inverse linear

e drive cycles of 34.1 km h−1 for the car19 and 50 km h−1 for the truck.6

This journal is © The Royal Society of Chemistry 2023
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production pathways involve carbon footprints below 1 kg CO2-
eq. kg−1 H2 (ref. 43) and the production phase typically accounts
for the highest hydrogen impact contribution when considering
Europe as the source region,44 this second scenario still would
not reach the highest decarbonisation potential that hydrogen
could offer. CU denotes the use phase costs of the product
throughout its lifetime, calculated according to eqn (3):

CU = PWF$(CUext + m$O$ _H + m$n)[V] (3)

where CUext is the annual cost associated with the use phase
externalities. The delivered hydrogen price (O) used as input in
eqn (3) was the average in the period between the reference year
of the product and the moment it reached the end of its oper-
ational lifetime. The parametrisation of this item (O), the
system durability (t) and – in the case of the truck – the annual
mileage (m) led to consider a variable escalation rate and
therefore a variable present worth factor (PWF). This is the
correction factor, expressed in years according to its formula-
tion in the EcoReport tool, to be applied to aggregated cash
ows throughout the lifetime of a product in order to refer them
to the moment when the capital investment was performed.

The overall CRM indicator was reported per functional unit
as a range according to eqn (4) and (5), this time not only
including the materials labelled as critical in the 2020 EU CRM
list, but also those that could become critical in the near future
if a full deployment of FCH technologies took place.13 The lower
edge refers to the current European list (CRMlow) and the upper
edge refers to the supplementary acknowledgement of those
materials foreseen as critical in the short term (CRMhigh). An
additional characterisation factor (CF) for copper (8.90 × 10−4

kg Sb-eq. per kg of potential CRM) was therefore dened. The
same procedure was applied to auxiliary batteries, identifying
potential CRMs from ref. 19 (nickel andmanganese). This led to
an upper edge criticality (CRMAuxBat,high) of 8.00× 10−2 and 4.60
kg Sb-eq. per battery system for the car and truck case studies,
respectively.

CRMlow ¼ 106

l$t
$

2
664
P2
1

CFcurrent;i$wcurrent;i

103
þ b$CRMAuxBat;low

3
775

�
mg Sb eq:

functional unit

�
(4)

CRMhigh ¼ 106

l$t
$

2
664
P3
1

CFall;i$wall;i

103
þ b$CRMAuxBat;high

3
775

�
mg Sb eq:

functional unit

�
(5)

where w stands for the mass (in grams) of each material i, and
b is the number of auxiliary batteries used throughout the
lifetime of the product (one for the full modelling period in the
This journal is © The Royal Society of Chemistry 2023
case of the fuel cell truck, one for the fuel cell car until 2022, and
two for the fuel cell car from then on).
Eco-efficiency assessment

The term eco-efficiency (EE) was dened in 1992 by the World
Business Council for Sustainable Development as the achieve-
ment of delivering “competitively priced goods and services that
satisfy human needs and bring quality of life, while progres-
sively reducing ecological impacts and resource intensity
throughout the life-cycle to a level at least in line with the
Earth's estimated carrying capacity”.45 In 1996, the BASF
petrochemical corporation presented a method for quantifying
EE based on the environmental and economic life-cycle impacts
of a product or process.46 This approach led later to an inter-
national standard on EE assessment (ISO 14045:2012).47 Valente
et al.48 explored the possibilities of using the standardised EE
concept as a partial indicator of the sustainability of FCH
systems, overcoming the lack of EE analyses in this eld. They
proposed eqn (6), also adopted in this study, to quantify EE:

EEk;j ¼ 1=LCCk

jk
(6)

where LCCk represents the life cycle cost of the technology k (a
PEMFC product system herein) and jk stands for the environ-
mental impact of that technology (GWP in this study, referred to
the same functional unit as the LCC indicator). A higher EE
score thus indicates a better performance of the product.

With the aim of providing a clearer insight into the EE
performance of each PEMFC product system k according to
their progress in the period 2020–2030, the factor-X (fX) calcu-
lation was also conducted. As expressed in eqn (7), this was
carried out by quantifying throughout the modelling period the
ratio of the EE score in the year p to the EE score of the
benchmark corresponding with the year 2020 under the RED II
threshold scenario (base cases dened in the rst step of the
methodological framework). Hence, an fX > 1 corresponds to an
improved EE performance with respect to the benchmark: the
higher the fX result, the higher the EE gain.

fXk;p ¼ EEk;p

EEk;benchmark2020

(7)

Fig. 2 presents an overview of the methodology followed to
develop the parametric EcoReport-based assessment described
in this section. Furthermore, in order to identify the life-cycle
stages arising as EE hotspots, an impact contribution analysis
was performed for the years 2020, 2025 and 2030 according to
the inverse of the EE results. In this way, a straightforward
identication of critical life-cycle stages was facilitated since
a higher contribution directly corresponds to a more detri-
mental role in EE terms. Additionally, a continuous one-at-a-
time (OAT) sensitivity analysis was carried out for the dura-
bility, hydrogen consumption, CAPEX and platinum loading
parameters in order to identify those with a major inuence on
the fX results (thus indicating where to focus ecodesign efforts).
Sustainable Energy Fuels, 2023, 7, 1382–1394 | 1387
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Fig. 2 Methodological overview of the parametric EcoReport-based assessment (KPIs, LCIA, Prod., EoL and CRM stand for key performance
indicators, life cycle impact assessment, production, end of life and critical raw materials, respectively).
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In order to contextualise the FCEV results with those for
products with similar functionalities (i.e. mobility) and already
underway in the ecodesign process, the aforementioned calcu-
lations were also performed using the outputs of the ecodesign
preparatory study for batteries in ref. 19. The addressed battery
electric vehicle (BEV) case studies correspond to the passenger
car with large battery capacity and the full electric truck, both
with extended lifetime and low-impact materials ecodesign
measures implemented.35 Correction factors for the electricity
mix employed for recharging (2010–2020 European average
originally, transposed to the 2020–2030 period) and weight
differences (the battery electric truck was considered to carry
2.33 t less than the fuel cell truck due to the weight difference
between the two propulsion systems) were applied.
Results and discussion
EcoReport-based assessment results of the two base cases

The two EcoReport spreadsheets with the complete data and
results for the fuel cell car and truck base case studies are
Table 4 EcoReport results for the two base cases (results per unit of th

Environmental indicator Materials production Ma

Carbon footprint [kg CO2-eq] Car 10 236 93
Truck 26 658 149

Economic indicator CAP

Life cycle cost [V] Car 9870
Truck 51 02

Criticality indicator Critical raw material cont
[kg Sb-eq.]

1388 | Sustainable Energy Fuels, 2023, 7, 1382–1394
provided as ESI I and II, respectively.† A summary of the life-
cycle results generated by the EcoReport tool for the two base
cases is reported in Table 4.

Regarding the environmental dimension, materials produc-
tion and the use phase (mainly hydrogen consumption) were
found to account for the highest contribution to the carbon
footprint indicator. Within the materials production phase (cf.
“Raw” tab in ESI I & II†), the hydrogen tankmade of carbon bre
arose as the main contributor among the four components of
the product systems (stack, BoP, tank, and auxiliary battery) in
the two base cases. Focusing on the stack, the platinum loading
was identied as the main impact driver for the two baseline
vehicles. Platinum loading was also found to be the most
detrimental factor in terms of criticality despite its low mass
share.

The economic dimension presents a similar behaviour to the
environmental one. In the case of the fuel cell car, expenses are
distributed between CAPEX and OPEX, with OPEX accounting
for a higher contribution to the LCC indicator. Regarding the
fuel cell truck, the operational expenditure (mainly related to
e propulsion system)

nufacturing Distribution Use End-of-life Total

47 6738.31 −1571 15 542
47 157 622.58 −3480 180 996

EX OPEX Total

.40 12 758.96 22 629.36
3.30 258 919.77 309 943.07

ent Car 0.41
Truck 4.58

This journal is © The Royal Society of Chemistry 2023
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hydrogen consumption) clearly dominates the economic indi-
cator, which is motivated by the high mileage associated with
this base case. For the two case studies, the CAPEX value was
inserted in the tool aggregating the costs of the stack, BoP, tank
and auxiliary battery. No contribution analysis was therefore
enabled. In this regard, other studies addressing
manufacturing cost analysis found that the fuel cell system
(stack and BoP) would account for around half of the overall
capital expenditure49 and, within this system, the platinum
embodied in the stack cells would be responsible for approxi-
mately a quarter of the production cost.12

As detailed in the methodological section, only three out of
the 11 materials implemented in the BoM section of the
EcoReport tool were available by default. The modelling of the
remaining ones required a separate life cycle assessment for the
unitary production of each of them, with the additional effort of
creating a non-standard assessment method to apply the char-
acterisation factors stated by the MEErP. The hydrogen fuel also
required an external evaluation as the tool does not provide any
similar consumables. Finally, in order to be able to dene
different EoL scenarios for each of the modelled extra materials,
the structure of the EcoReport spreadsheet required an adjust-
ment since, by default, only one EoL scenario can be conceived
for the whole set of extra materials. Hence, the actual practi-
cality of the EcoReport tool as an ecodesign instrument useful
for FCH technologies requires its upgrade to provide FCH-
relevant inventories of materials and consumables as well as
updated impact assessment methods.
Fig. 3 Fuel cell passenger car factor-X evolution and impact contributio

This journal is © The Royal Society of Chemistry 2023
Parametric EcoReport-based assessment results

Eco-efficiency results. Fig. 3 and 4 show the fX progression of
both case studies according to the expected evolution of the
parameters in Table 3. In both case studies, the fX results clearly
show the EE improvement associated with the progressive
achievement of the technology KPIs. These gures also depict
the relative impact contribution of the relevant life-cycle stages.

In the case of the passenger car, the improvement in the
assessed parameters according to the KPIs for 2030 could
enhance the eco-efficiency performance by an fX of 3.2 (under
the RED II threshold scenario) or 4.5 (under the reduced
hydrogen carbon footprint scenario). For contextualisation
purposes, the EE performance of the fuel cell passenger car
would overtake that of the battery electric car (whose fX result is
also referenced to the FCEV base case) early in the modelling
period under the reduced hydrogen carbon footprint scenario,
or in 2025 under the RED II threshold one. Regarding the
impact contribution per life-cycle stage, the trend in the inu-
ence of the production phase (including EoL avoided impacts)
is to gradually decrease due to the projected higher durability,
and thus larger overall hydrogen consumption, of a vehicle
throughout its life cycle. This fact would lead to an impact
contribution of this stage between 33.1% (RED II threshold
scenario) and 52.2% (reduced hydrogen carbon footprint
scenario) in 2030.

In the case of the fuel cell truck, current (base-case) tech-
nologies could already overtake the fX score of the battery
electric truck (whose result is also referenced to the FCEV base
n by the life-cycle phase.

Sustainable Energy Fuels, 2023, 7, 1382–1394 | 1389
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Fig. 4 Fuel cell truck factor-X evolution and impact contribution by the life-cycle phase.
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case) under the reduced hydrogen carbon footprint scenario.
However, this would happen in 2024 under the RED II threshold
scenario. In other words, the performance of the fuel cell vehicle
was found to be highly dependent on the hydrogen carbon
footprint, in agreement with previous studies.50 This is associ-
ated with the use phase of the truck accounting for the only
signicant impact contribution from the beginning of the
Fig. 5 Eco-efficiency sensitivity analysis for the two case studies.

1390 | Sustainable Energy Fuels, 2023, 7, 1382–1394
modelling period (>95% in 2020 and near 100% in 2030 for both
fuel scenarios), which is at the same time motivated by the
much higher overall mileage attributable to the truck than to
the passenger car.

Furthermore, Fig. 5 presents the results of the OAT sensi-
tivity analysis to the key parameters considered in the assess-
ment (durability, hydrogen consumption, CAPEX, and platinum
This journal is © The Royal Society of Chemistry 2023
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loading). In order to enable a uniform comparison between
parameters with growing and decreasing desirable trends, the
parameters “hydrogen consumption”, “CAPEX” and “platinum
loading” were evaluated according to their inverse. The vari-
ability of each parameter was considered without exceeding its
KPI for 2030 (upper limit).

For both the car and the truck, the overall behaviour of the
sensitivity analysis curves shows some similarities. In both
cases, the ranking of parameters, from most to least relevant
was found as: durability, consumption inverse (i.e. efficiency),
CAPEX inverse (i.e. product systems per invested V), and plat-
inum loading inverse. This shows the much higher relevance of
targeting attributes that affect the impacts of the use phase of
the technologies (durability and hydrogen consumption). This
nding is even more pronounced for the fuel cell truck since
eco-efficiency gains due to CAPEX and platinum loading
progressions are almost negligible (below 3% and 0.3%,
respectively), in contrast to gains up to 25.7% and 5.4% in the
case of the fuel cell car.
Criticality assessment results

Fig. 6 shows the CRM indicator results for the two case studies.
The base-case fuel cell car presents a CRM result of 1.44–
1.52 mg Sb-eq. per functional unit (p km). Reaching the KPIs for
the year 2030 would lead to a CRM reduction of around 60%
(0.57–0.67 mg Sb-eq. per functional unit). For contextualisation
purposes, the battery electric car (with ecodesign measures
already implemented) would involve a considerably higher CRM
Fig. 6 Critical Raw Material (CRM) indicator evolution for the two case

This journal is © The Royal Society of Chemistry 2023
indicator: 8.91–12.97 mg Sb-eq. (p km)−1. The fuel cell stack was
found to play the leading role in terms of criticality at the start
of the modelling period, with its relative contribution
decreasing from 72.1–66.6% in 2020 to 46.4–40.3% in 2030.
This is due to the progressive reduction in the platinum loading
of the stack and the need to replace the auxiliary battery.

The CRM result for the base-case fuel cell truck is 0.39–
0.51 mg Sb-eq. per functional unit (t km). A reduction of around
53% (0.18–0.24 mg Sb-eq. per functional unit) was found when
reaching the KPIs for 2030. When contextualised with the
battery electric truck, the latter would be associated with
a higher CRM indicator: 2.22–3.04 mg Sb-eq. (t km)−1. When
compared to the case study of the fuel cell car, the case of the
fuel cell truck shows higher contributions of the auxiliary
battery throughout the modelling period (70.9–77.5% contri-
bution in 2020, and 76.4–82.1% in 2030). The reason behind
this disparity in the contribution analysis was found to be the
larger difference in the sizes of the auxiliary batteries of the two
case studies (1.6 kW h in the car and 72.2 kW h in the truck)
than in the sizes of the fuel cell stacks (114 kW in the car and
190 kW in the truck).

Finally, it should be noted that the consideration of not only
critical materials but also potentially critical ones was found to
increase noticeably the results of the criticality assessment,
affecting mainly the battery electric devices of the systems. The
increase estimated in the case of the fuel cell car ranges from
6% to 18%, while it is above 42% for the battery electric car. The
variation is higher in the case of the fuel cell truck (+30% in
2020 and +33% in 2030) because its CRM result is more
studies, according to the 2020 CRM list and its potential extension.

Sustainable Energy Fuels, 2023, 7, 1382–1394 | 1391
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conditioned by the contribution of the auxiliary battery. The
battery electric truck shows a CRM indicator increase of 37%, in
line with the aforementioned trend.

Conclusions

For the rst time, the life-cycle performance of two FCH prod-
ucts for mobility was assessed by using the EcoReport tool
provided within the methodological framework of the European
Ecodesign Directive. A parametric adjustment of the tool ulti-
mately enabled the evaluation of up to which extent the ex-
pected progression of technology attributes potentially targeted
by ecodesign measures could improve the eco-efficiency of the
two FCH products under analysis (a fuel cell passenger car and
a fuel cell truck).

The EcoReport tool was concluded to have the potential of
being an appropriate instrument for the identication of the
key aspects of FCH technologies on which ecodesign measures
could focus. However, it should be upgraded to provide FCH-
relevant inventories of materials and consumables as well as
updated impact assessment methods. In particular, it is
necessary to implement key FCH-related materials not yet
included in the default database of the EcoReport tool (e.g.
platinum, carbon bre, and ionomers). Moreover, the charac-
terisation factors employed in the tool calculation method,
including those for the criticality assessment approach, need to
be revised and updated. While the latter is expected in the
course of plannedMEErP revisions, the development of an FCH-
specic database is deemed a critically underdeveloped topic.
This upgrade is imperative to respect the original purpose of the
EcoReport tool, conceived to carry out a practical assessment of
energy-related products without deep knowledge of life cycle
assessment. It is concluded that such a tool upgrade would
make the European Ecodesign Directive an effective and
powerful enabler of sustainable-by-design FCH products for
mobility.

The results from the parametric EcoReport-based assess-
ment show that achieving the selected KPIs for the year 2030
could improve the eco-efficiency performance of the fuel cell
passenger car by 3.1–4.5, and by 2.4–4.9 in the case of the fuel
cell truck. The width of these intervals corresponds to the
relevance associated with the carbon footprint of the hydrogen
used throughout the operational lifetime of the vehicles, set at
3.384 kg CO2-eq. kg

−1 H2 in a conservative scenario (RED II
threshold) and at 1.692 kg CO2-eq. kg

−1 H2 in a more optimistic
one. These improvements would position PEMFC systems as
competitive alternatives in mobility applications when con-
textualised with other coexisting options currently underway in
the European ecodesign process, such as battery electric vehi-
cles. Beyond the goal and scope of this work and the underlying
European Ecodesign Directive, further benchmarking studies
could appropriately complement the reported ndings on the
suitability of alternative mobility options.

The eco-efficiency results of the FCH products show a high
dependence on parameters closely linked to the use phase
impacts of the vehicles. This nding highlights the need to
support hydrogen deployment from a holistic perspective that
1392 | Sustainable Energy Fuels, 2023, 7, 1382–1394
ensures the parallel development of both hydrogen-production
and hydrogen-use technologies, in line with the ambition of the
European eGHOST project under which this work was con-
ducted. As regards material criticality, the platinum loading in
the fuel cell stack arises as the main hotspot in the PEMFC
systems, while auxiliary batteries also show a relevant
contribution.

Overall, the results of this study show a promising perfor-
mance of FCH mobility solutions under the principles of the
European Ecodesign Directive. However, some practicality
issues were found when applying the EcoReport tool to FCH
products. Coming back to the title of this article, the European
Ecodesign Directive could guide the deployment of hydrogen-
related products for mobility by (i) upgrading the EcoReport
tool in terms of FCH-relevant materials inventories and
assessment methods to ease the performance of ecodesign
preparatory studies, and (ii) setting ecodesign requirements
aligned with KPI targets for FCH technologies, especially those
driving the use phase impacts. Future work in this direction is
encouraged.

Author contributions

Felipe Campos-Carriedo: conceptualisation, methodology,
soware, formal analysis, investigation, writing – original dra
preparation, and visualisation. Eleonora Bargiacchi: con-
ceptualisation, methodology, soware, investigation, writing –

review and editing, supervision, and project administration.
Javier Dufour: writing – review and editing, supervision, project
administration, and funding acquisition. Diego Iribarren: con-
ceptualisation, methodology, writing – review and editing,
supervision, project administration, and funding acquisition.

Conflicts of interest

No conicts of interest to declare.

Abbreviations
BEV
 Battery electric vehicle

BoM
 Bill of materials

BoP
 Balance of plant

CAPEX
 Capital expenditure

CRM
 Critical raw material

EE
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PEMFC
 Proton exchange membrane fuel cell

PFSA
 Peruorosulfonic acid

RED II
 European Renewable Energy Directive
Acknowledgements

This work has been carried out within the framework of the
project eGHOST. This project has received funding from the
Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean
Hydrogen Partnership) under Grant Agreement No. 101007166.
This Joint Undertaking receives support from the European
Union’s Horizon 2020 Research and Innovation programme,
Hydrogen Europe and Hydrogen Europe Research. The contents
of this document are provided “AS IS”. It reects only the
authors' view and the Joint Undertaking is not responsible for
any use that may be made of the information it contains.

References

1 European Commission, 2030 climate & energy framework,
https://ec.europa.eu/clima/eu-action/climate-strategies-
targets/2030-climate-energy-framework_en, accessed 1
March 2022.

2 European Commission, Communication from the Commission
to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the
Regions ‘Fit for 55’: delivering the EU's 2030 Climate Target
on the way to climate neutrality COM/2021/550 nal, p. 2021.

3 Eurostat, Energy imports dependency, https://ec.europa.eu/
eurostat/databrowser/view/NRG_IND_ID__custom_938402/
bookmark/table?lang=en,en&bookmarkId=f1ab4519-82df-
4a89-a329-1b8d0a5925f7, accessed 1 March 2022.

4 T. Bros and J.-A. Vinois, High energy prices - Russia ght
back? https://institutdelors.eu/wp-content/uploads/2021/11/
PP272_High-energy-prices_Vinois-Bros.pdf, 2021.

5 Fuel Cells and Hydrogen Joint Undertaking, Hydrogen
Roadmap Europe, 2019.

6 Clean Hydrogen Joint Undertaking, Strategic Research and
Innovation Agenda 2021–2027, 2022.

7 Statistical Office of the European Union, Energy, transport and
environment statistics: 2020 edition, 2020, https://
ec.europa.eu/eurostat/documents/3217494/11478276/KS-
DK-20-001-EN-N.pdf/06ddaf8d-1745-76b5-838e-
013524781340?t=1605526083000.

8 European Environment Agency, National emissions reported
to the UNFCCC and to the EU Greenhouse Gas Monitoring
Mechanism, https://www.eea.europa.eu/data-and-maps/
data/national-emissions-reported-to-the-unfccc-and-to-the-
eu-greenhouse-gas-monitoring-mechanism-17, accessed 2
March 2022.

9 European Environment Agency, Energy statistics - Energy
balances, https://www.eea.europa.eu/data-and-maps/data/
external/energy-statistics-supply-transformation-and-
consumption, accessed 2 March 2022.

10 P. Sharma and O. P. Pandey, PEM Fuel Cells, 2022, 1–24.
al is © The Royal Society of Chemistry 2023
11 P. Plötz, Nat. Electron., 2022, 5(1), 8–10.
12 E. Bargiacchi, F. Carriedo-Campos, G. Puig-Samper,

D. Iribarren, J. Dufour, J. Cren, E. Cor, E. Monnier,
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