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Abstract: Fuel cell electric vehicles are a promising solution for reducing the environmental impacts of
the automotive sector; however, there are still some key points to address in finding the most efficient
and less impactful implementation of this technology. In this work, three electrical architectures
of fuel cell electric vehicles were modeled and compared in terms of the environmental impacts
of their manufacturing and use phases. The three architectures differ in terms of the number and
position of the DC/DC converters connecting the battery and the fuel cell to the electric motor. The
life cycle assessment methodology was employed to compute and compare the impacts of the three
vehicles. A model of the production of the main components of vehicles and fuel cell stacks, as
well as of the production of hydrogen fuel, was constructed, and the impacts were calculated using
the program SimaPro. Eleven impact categories were considered when adopting the ReCiPe 2016
midpoint method, and the EF (adapted) method was exploited for a final comparison. The results
highlighted the importance of the converters and their influence on fuel consumption, which was
identified as the main factor in the comparison of the environmental impacts of the vehicle.

Keywords: fuel cell electric vehicles; DC/DC converters; life cycle assessment; hydrogen; proton
exchange membrane fuel cell

1. Introduction

One of the main issues the world is currently facing is climate change due to air
pollution, greenhouse gases (GHG), and ozone depletion [1]. In Europe, the transportation
sector has to be held accountable for almost 30% of the emitted GHG, more than 20% of
which is due to road transport [2]. Transport emissions have been growing since 1990,
making their reduction a key point in a transition towards a more sustainable future. The
EU has set a goal to achieve climate neutrality by 2050, and cutting down 90% of emissions
from vehicles by that year is a priority to reach this objective [2,3]. In order to achieve
such a target and to lower the impact of road transportation, the car industry is moving
away from traditional internal combustion engine vehicles (ICEV) powered by fossil fuels
towards different solutions based on electric vehicles (EV) [4].

All road vehicles equipped with an electric propulsion system fall under the definition
of EVs, and various types can be identified: “pure” battery electric vehicles (BEV), hybrid
electric vehicles (HEV), and fuel cell electric vehicles (FCEV) [5]. Fuel cell vehicles can be
one of the solutions to lower emissions since they are zero-emission propulsion vehicles
and potentially a zero-emission well-to-wheel means of transportation when hydrogen is
produced from renewable sources [6].

Hydrogen production is one of the key issues for the successful implementation of
FCEV technology, considering that it can be obtained through several different procedures,
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each with a different environmental impact that heavily influences the overall impacts of
FCEVs. At present, a consistent portion of employed hydrogen is produced from the steam
reforming of natural gas (48%), while the remaining portion is obtained via petroleum
fraction (30%), coal gasification (18%), and electrolysis (4%) [7]. Depending on the envi-
ronmental impact these technologies have, hydrogen can be classified as grey (if produced
from steam methane reforming (SMR)), blue (from SMR with carbon capture and storage),
turquoise (from methane pyrolysis), and green (from water electrolysis) [8]. Production
of hydrogen, transport, and storage still need development and pose an economical and
technological barrier that slows down the growth of hydrogen mobility [9].

Considering all these factors, FCEVs are nowadays best seen as complementary to
BEVs, the latter being more suitable for city routes and use, while fuel cell vehicles could
fill what BEVs lack in range and flexibility [10]. Improving the driving range of BEVs
requires an increase in the size of batteries, which would reach weights and sizes that are
not economically favorable. On the other hand, FCEVs are able to reach longer ranges
just by enlarging the tank while keeping the rest of the system the same size. Another
advantageous point of FCEVs is that the fueling time is comparable to that of gasoline-
based vehicles, while BEVs need at least 20–30 min to charge even with the most recent fast
charging technologies [11].

Nevertheless, for FCEVs to become really competitive in the transportation market,
a fundamental aspect to be addressed is whether they are truly advantageous from an
environmental viewpoint. In this regard, several studies have been produced in the last
few years in the literature. For instance, Evangelisti et al. used the LCA methodology
to compare the production of FCEV vehicles to the production of more traditional BEV
and ICEV [12] vehicles. This comparison was further studied by Candelaresi et al., who
considered a wide range of vehicle typologies in their work [13]. Both authors concluded
that FCEVs are a viable and promising technology in the decarbonization of the automo-
tive sector, highlighting how the production of hydrogen is one of the key points to be
addressed to improve the environmental footprint of FCEVs [12,13]. Numerous studies
have focused on the influence of hydrogen production on the total emissions of FCEVs,
comparing various methods as well as vehicle typologies. Das et al. investigated the
Indian market and energy grid, assessing the viability and benefits of using renewable
energy for the production of hydrogen [14]. Delpierre et al. focused on the production of
hydrogen through wind-generated electricity in the Netherlands and its possible future
developments [15]. The study conducted by Bartolozzi et al. highlights how wind-based
energy is a promising technology for reducing the emissions of hydrogen production in
Italy [9]. Another concerning point in the adoption of FCEV is the cost associated with
the technology. Wulf et al. studied the cost of several hydrogen production methods,
concluding that hydrogen from renewable sources, despite being the least impactful on
the environment, also presents the highest costs [16]. Regarding the whole life cycle of
an FCEV vehicle, a study by Miotti et al. analyzed the environmental impacts and cost
of the FCEV technology compared to BEV and ICEV. The results showed how, while ad-
vantageous when considering the environmental impacts, fuel cell vehicles are still an
expensive technology [17]. On the other hand, this economic gap between hydrogen fueled
vehicles and traditional vehicles is getting thinner and thinner. Wang et al. conducted
a study performing a life cycle cost assessment for the Chinese market, concluding that
FCEVs could see a wider diffusion after 2025 and be competitive with their traditional
counterparts in either 2030 (for heavy-duty vehicles) or 2035 for the passenger sector [18].

In this framework, the aim of this work is to focus on an aspect still scarcely investi-
gated by the literature, i.e., the analysis and comparison of the environmental impacts of
three fuel cell electric vehicles built with different architectures of the power system, consid-
ering their production and their use phase. For this purpose, the life cycle assessment (LCA)
methodology was exploited. A model for the production of vehicle, hydrogen, and fuel cell
stacks was used to create the inventory on which this study is based. The impacts of each
manufacturing step and of the entire vehicle were studied and compared, analyzing the
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most significant impact categories. This allowed us to identify the key points of focus in the
comparison of fuel-cell electric vehicles and find the overall least impactful configuration.

2. Fuel Cell Electric Vehicle Architectures

As stated in the name, an FCEV is a vehicle that has a fuel cell stack as its main power
source. A fuel cell can be described as an electrochemical converter in which oxygen and
hydrogen are exploited to produce electricity while generating heat and water as the sole
reaction byproducts. While this device could appear similar to a battery at first sight, both
having two electrodes separated by an electrolyte, there are some fundamental differences.
In particular, while a battery is bound to charge-discharge cycles, a fuel cell keeps working
as long as it is fed with a constant supply of fuel and oxidant gases; moreover, fuel cell
electrodes do not undergo any chemical transformation during the reaction (apart from
unavoidable degradation), while battery ones are consumed during charge and discharge
phases [11,19,20].

The most common fuel cell system utilized in the automotive industry is the Proton
Exchange Membrane Fuel Cell (PEMFC). These devices present various features that are
looked for in automotive, such as a low operating temperature range (below 100 ◦C), high
power density and efficiency, a short startup time, and a lack of pollution and noise [19,21].

As shown in Figure 1, the basic working principle of PEM fuel cells is fairly simple:
hydrogen is injected into the anode side, and a catalyst splits it into protons and electrons.
The electrolyte is designed to let the protons pass through the electrically insulating mem-
brane toward the cathode while forcing electrons to flow into an external circuit, allowing
their exploitation to produce useful electricity. Protons and electrons are then recombined
together with oxygen on the cathodic catalyst, closing the redox process with the generation
of water and the release of heat [19].
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Figure 1. Depiction of the structure, working principle, and reactions of a proton exchange membrane
fuel cell are shown in the figure: GDL—gas diffusion layer; MPL—microporous layer; CL—catalyst
layer. Adapted with permission from the work by Wang et al. [19].

The fuel cell stack is the main source of power for an FCEV and the core of the
technology. The battery acts as an auxiliary power source and can exploit regenerative
braking, while the tank holds the reservoir of fuel. These two components are of critical
importance for the functioning of the vehicle and from an environmental impact point of
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view. It has to be noted that an FCEV can be hybridized with either a battery or a capacitor,
with the former being the preferred choice for the models on the actual market and the only
one analyzed in this study [11].

The hybridization of the power system is aided by DC converters. Converters are an
important focus of this study, and their fundamental function is to increase the voltage
from the power sources to reach the high voltage requirements of the motor. Through these
devices, it is possible to increase the voltage of the motor while reducing the number of
cells in the FC stack and reducing the overall size and weight of the system [22]. Therefore,
converters allow for optimization of the use and size of the FC stack and/or the battery,
reducing their degradation [23–25]. There are four viable configurations to connect the fuel
cell stack, the battery, and the DC bus, according to the literature, as shown in Figure 2 [11].
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The converter connecting the FC stack to the DC bus needs to be unidirectional to
avoid any possible damage due to current entering the stack, while the converter connecting
the battery should be bidirectional to exploit regenerative braking.

Architecture A is the most utilized typology in FCEV [26]. It allows for high flexibility
in the system by controlling both power flows, which also makes the requirements of the
inverter more adaptable. Architecture B is less flexible, having only one converter, despite
being cheaper than A. Architecture C is also cheaper than architecture A; however, the DC
bus voltage depends on the fuel cell output voltage; therefore, it is strongly dependent on
the power delivered by it. Power electronic losses are also higher due to the bi-directionality
of the converter [11]. The last considered architecture, called D, is the cheapest one since it
does not use any converter; however, this also makes the control of the power split harder.
This architecture was never used for FCEV and was not analyzed in this study.

3. Life Cycle Assessment Methodology

To perform an analysis and quantify the impacts of the considered system, the life cycle
assessment (LCA) approach was used. LCA is an established method for the evaluation of
the environmental impacts of products and services, considering their whole production
chain (starting from raw materials), use, end-of-life disposal, and eventual recycling. The
LCA methodology is defined by ISO standards 14040 and 14044. LCA is useful to analyze
the materials and energy used at every single stage of a product’s life, allowing us to identify
the points in the system that present the highest environmental impacts so that they can
be targeted and improved. LCA is also important to compare different technologies or
products, focusing on their ecological impacts. Various impact categories can be analyzed
to describe the impacts (e.g., global warming potential (GWP), ozone depletion, human
toxicity). These features make LCA a useful and versatile tool to have a clear view of a
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product in its entirety, both in a general and a particular way, either considering the whole
life cycle or a single stage or component, depending also on the specific impact category or
categories that are being considered.

The program used in this study is SimaPro 9.3. To model the life cycle inventory, data
from the Ecoinvent 3 database [27] was selected. To perform the life cycle impact assess-
ment (LCIA), the ReCiPe midpoint method was adopted to analyze the impacts of each
component of the inventory, while the EF (adapted) method was implemented to compute
the total single score of each configuration and compare them. The analyzed environmental
impact categories, besides the global warming potential category, were terrestrial acidifica-
tion, freshwater and marine eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity,
and marine ecotoxicity, human carcinogenic and non-carcinogenic toxicity, and mineral
and fossil resource scarcity, for a total of 11 categories.

3.1. Goal and Scope Definition

The goal of this work is to study the environmental impacts of an FCEV depend-
ing on powertrain architecture, considering its behavior in the Worldwide Harmonized
Light Vehicle Test Procedure (WLTP). WLTP is a standardized test to determine the en-
ergy consumption of a vehicle, and it is based on a predetermined driving cycle, the
Worldwide Light-Duty Test Cycle (WLTC). Since the studied vehicle is a Class 3 vehicle
(power > 34 W/kg), the Class 3 WLTP cycle was used [28]. The car covers 23.3 km in a
single cycle [11]. This study will consider the production of the vehicle in all its parts
and the production of the hydrogen consumed during the test by each architecture. The
experimental data are based on previous work reported in the literature [11], particularly
those regarding FC, battery, and converter sizing, as well as the hydrogen consumption
of each configuration. To keep the model as close as possible to the one built by Colnago
et al. [11], the used parameters are mainly based on the same car type, i.e., the Toyota
Mirai. This vehicle is one of the most popular FCEVs on the market [29], with a large
literature dedicated [22,29–32] to it. The functional unit considered for this work is 1 km
driven by one vehicle, to which a lifetime of 150,000 km is associated, according to the
typical mileage adopted in the literature [12,17,33,34]. This study aims to analyze the
environmental impacts of the vehicle depending on the number and type of converters
implemented in the power system, their influence on the fuel cell stack, and hydrogen
consumption. According to the existing literature [12,17], the manufacturing of gliders
and auxiliaries are the main contributors to the overall impacts of the production phase
of the vehicle. The fuel cell stack is usually the second most influential component in the
manufacturing phase, while hydrogen production is the first contributor to the use phase.
Since the architecture adopted for the powertrain influences both fuel cell stack parameters
and hydrogen consumption, studying their relations and influences on the environmental
impacts could give a clearer picture of the overall impacts of the FCEV technology.

3.2. System Characteristics

The main parameters of a Toyota Mirai (2015), considered in this study as a reference,
are summarized in Table 1. The fuel cell stack is a proton-exchange membrane fuel cell. The
characteristics of the stack change with the type of architecture. For architectures A and
B (displayed in Figure 2), data from Toyota Mirai were considered since a unidirectional
boost converter is present between the stack and the DC bus, which is the case of the real
vehicle, while the stack of architecture C was modeled by Colnago et al. [11], who also
selected a lithium manganese oxide (LMO) Li-ion battery instead of the Ni-MH battery
mounted on the 2015 Mirai [30]. This choice was made because of the predominance of
Li-ion batteries in the current market [35,36], a choice that proved to be farsighted since
the new Toyota Mirai (2021) equips a Li-ion battery [37]. The rise of Li-ion batteries was
fostered by their high specific energy and limited self-discharge, coupled with a good
resistance to charge-discharge cycles and the lack of a memory effect [36].
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Table 1. Main parameters of a Toyota Mirai (2015).

Parameter Data Units

Total mass (no battery) 2130 kg
Max power output 111 kW

Driving range 500 km
Fuel cell system (PEM) 111.2 kW
Battery (LMO Li-ion) 26.6 kW

3.3. Life Cycle Inventory

The life cycle inventory (LCI) of this work is mainly focused on the manufacturing
phase of all the components of the vehicle and on hydrogen production, which concerns the
use phase. The end-of-life stage will not be analyzed since it is beyond the aim of this study.
Figure 3 shows the hierarchy of the main components modeled for the manufacturing phase.
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3.3.1. Fuel Cell Stack

The inventory of the FC stack was mainly conducted by adapting the work of Evange-
listi et al. [12] to the considered parameters. It was assumed that the FC stack is the same
for architectures A and B (Figure 2), while a different stack was considered for architecture
C since it had to be adjusted to the requests of power and voltage due to the lack of a
converter to regulate its output. Table 2 reports the parameters assumed for the two stacks,
while Tables 3 and 4 report the inventory for the production of the fuel cell stacks for the
different configurations.

Table 2. Parameters of the PEMFC stack, depending on the configuration.

Fuel Cell Stack A and B Stack C

Parameters Data Unit Data Unit
Power density 2.00 kW/kg 2.00 kW/kg

Cell current density (max power) 2.11 A/cm2 2.11 A/cm2

Cell voltage maximum power 0.60 V 0.60 V
Number of cells 370 783

Active area 237 cm2 110 cm2

Current at max power 500.07 A/cm2 232.10 A/cm2

Voltage at max power 222 V 469.80 V
Maximum power 111.02 kW 109.04 kW

Total mass 55.51 kg 54.52 kg
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Table 3. Inventory for the production of the fuel cell stack of architectures A and B. The data reported
in the table were adapted from the work by Evangelisti et al. [12].

Fuel Cell Stacks A and B

Inputs amount unit remarks

Bipolar plates 38.3 kg Based on 1.266 W/cm2 of active area
and 0.0237 m2 active area per cell

Coolant gaskets 1.67 kg
MEA 6.11 kg
End plates and tie-rods 9.43 kg
Output amount unit remarks
Fuel cell stack A and B 55.51 kg Final product

Table 4. Inventory for the production of the fuel cell stack of architecture C. The data reported in the
table were adapted from the work by Evangelisti et al. [12].

Fuel Cell Stack C

Inputs amount unit remarks

Bipolar plates 37.62 kg Based on 1.266 W/cm2 of active area
and 0.011 m2 active area per cell

Coolant gaskets 1.64 kg
MEA 6.00 kg
End plates and tie-rods 9.27 kg
Output amount unit remarks
Fuel cell stack C 54.52 kg Final product

Concerning the proton exchange membrane of the fuel cell, it must present a high
proton conductivity, be chemically and mechanically stable in the fuel cell, and offer a
barrier to the mixing of reactants. Perfluoro sulfonic acid (PFSA), in particular Nafion®,
produced by Chemours, is the most used material [20]. Nafion® can be classified as a
copolymer of tetrafluoroethylene (TFE) and unsaturated perfluoroalkyl sulfonyl fluoride,
where the former supplies the required mechanical strength while the latter provides
the hydrophilic proton-carrying sulfonic acid groups at the end of the side chains [19].
The membrane considered in this work is a dispersion-cast membrane, NRE-212, with a
thickness of 50 µm [12]. Since there is no available LCA dataset for Nafion®, a proxy process
was assumed, with 57.4 wt% of TFE and 42.6 wt% sulfuric acid for the PSFA. To account for
the dispersion cast process, two proxy processes were used: a coil laminating process and a
laminated foil process [12]. The inventory for the manufacture of the membrane is shown
in Supplementary Materials, Table S1.

Moving to the outer part of the electrode, i.e., the Gas Diffusion Layer (GDL), the
one considered in this study is composed of a carbon cloth material coated with 10 wt%
polytetrafluoroethylene (PTFE) and 5 wt% carbon black for the microporous layer (MPL),
assuming a carbon cloth made from carbon fibers [30,38]. Since there are no direct datasets
in Ecoinvent 3.7 for carbon fibers and PTFE, their production was modeled following
the processes considered by Evangelisti [12] and reported in the inventory. Then, the
preparation of an MPL, consisting of a hydrophobic solution of PTFE and carbon powder
(hydrophobic ink) with a solid content of 27 wt%, was considered, followed by its deposition
on the GDL and the subsequent heat treatment [12]. The inventory for the thermoforming
of the gas diffusion layer is reported in Table S2, while the inventory of PTFE and carbon
fiber is described in Table S3.

The catalyst layer is the part of the cell where the reactions of hydrogen oxidation (HOR)
and oxygen reduction (ORR) take place. The most commonly used catalyst for PEMFC is
platinum (Pt), and even if other materials are proven to offer similar results, platinum is still
preferred because of its stability, activity, and selectivity [12]. Platinum mining and refining
generate large overall impacts when considering the manufacture of a PEMFC, and reducing
the amount needed in the catalyst layer is one of the main focuses of recent studies aiming
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at lowering the cost and environmental impacts of fuel cell technology [39]. The Pt-loading
considered in this work was the same as the one in the Toyota Mirai, i.e., 0.4 mg/cm2 [40],
with carbon black being the support material, owing to its porous and conductive nature that
allows surface area and contact with the membrane to be maximized. Before the deposition of
the catalyst, carbon must undergo a pre-treatment. The entire process to manufacture 1 g of
Pt/C was modeled based on the work by Evangelisti et al. [12].

The catalyst is usually prepared in the form of ink. The process model in this study
is based on ball mill production with a wet catalyst solution composed of 6 wt% Pt/C,
9 wt% carbon black, 72 wt% Nafion® DE-521 solution (Nafion®, Wilmington, DE, USA),
6.5 wt% deionized water, and 6.5 wt% methanol, which ultimately corresponds to a dry
catalyst composition of 48 wt% carbon black, 32 wt% Pt/C, and 20 wt% Nafion® [12].
The catalyst is assumed to be applied directly to the membrane using a spraying catalyst
decaling method. This procedure is composed of two steps: the thinner anode layer is
spray-coated directly on the hydrated membrane and dried, while the thicker cathode layer
is spray-coated onto a transfer substrate, followed by drying. Then, the two catalyst layers
are heated and roll pressed with the transfer substrate, usually made from polyester, which
is subsequently peeled away from the deposited cathode layer [12]. Table S4 reports the
inventory of the production of the catalyst layer. Additional information for the inventory
of Nafion® DE-521 solution and the catalyst in carbon (Pt/C) can be found in Table S5.

The combination of two GDLs, the membrane, and two catalyst layers produces the
membrane electrode assembly (MEA). The catalyzed membrane is hot-pressed between the
two gas diffusion layers and die-cut to the final cell dimensions. Pressing of the membrane
and GDL is performed at around 7 bar and 100 ◦C for 124 s to achieve the best contact
possible [12]. The inventory of this process is reported in Table S6.

In addition, bipolar plates (BPP) are needed when assembling a multi-cell stack since
their primary role is to electrically connect the anode of one cell to the cathode of the
adjacent cell. They are typically made of graphite composite materials, flexible graphite foil,
and stainless steel alloys. The material considered in this study is a compression-molded
graphite composite, assumed to be composed of 70% graphite and 30% vinyl ester. To
model the vinyl ester, a proxy based on vinyl acetate monomer was considered, while the
‘graphite, battery grade’ process was used for graphite [12]. The inventory of the production
of the bipolar plates is reported in Table S7.

All the previous components are held together and sealed by gaskets, end plates, and
tie-rods, preventing the leakage of the reactants and minimizing the contact resistance
among the layers [20]. In this study, it was assumed that the gaskets are steel rule dies cut
from a silicon roll. The outline of the gasket is laid out and cut into a board, and strip steel
is embedded into the board at a uniform height and mounted on a small-stroke, fast-acting
press. The bulk gasket material is fed into the press, and the material is cut. The process
considered to manufacture the end plates is cellular manufacturing, involving an A465-
cast aluminum block as the material. To model the material production, the ‘aluminum,
production mix, cast alloy, at plant’ process in Ecoinvent 3.7 was used [12]. Table S8 reports
the inventory model for the production of these components.

3.3.2. Balance of Plant

The fuel cell system is formed by other components besides the fuel cell stack, which
are auxiliaries that have four main tasks: heat management, fuel management, air manage-
ment, and water management [38].

The heat management system comprises high-temperature radiators and a high-
temperature coolant pump. The air management system is composed of an air filtration
system and a compressor expander module (CEM) for air supply. Since the air reaching
the cathode comes from outside, it needs to be filtered; otherwise, there could be the
possibility of poisoning the catalyst, which is sensitive to carbon monoxide and other
particulates [30]. The water management system includes an enthalpy wheel humidifier for
air and a membrane humidifier for hydrogen to keep the level of humidity homogeneous
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in the cell [12,30]. Finally, the fuel management system includes a hydrogen recirculation
blower and ejectors [12]. Other auxiliaries of the FC system include the AC/DC inverter
and the DC/DC converters. The inventory of the inverter was based on the work by
Habermacher [41], while to model the materials and components of the balance of the plant,
the work by Candelaresi et al. [13] was taken into account, adjusting the data for a 111 kW
FC system. Table S9 reports the inventory for the production of the balance of the plant.

3.3.3. Converters

In the literature, complete and precise data are scarce regarding the modeling of
DC/DC converters in LCA since they are usually considered part of the balance of the plant
(BOP) or the power control unit. Although their role and influence on the performance
of the vehicle were studied, the literature mostly focuses on their sizing, efficiency, and
best configuration for the market [26,42,43]. However, little attention was given to their
influence on the overall environmental impact of the vehicle and the materials used in its
production. In this study, converters’ data were based on the work by Colnago et al. [11],
as well as the materials and weights considered for their inventory.

The unidirectional DC/DC converter connected to the fuel cell is formed by parallel
inductors, a capacitor, a transistor, and a diode to regulate the flux of current. The bidirec-
tional converter connected to the battery is modeled by considering the same components
of the fuel cell’s converter, with different parameters and without the diode. Inductors
were modeled as being composed of sintered carbonyl iron and copper, and to model
the carbonyl iron, the process ‘iron sinter, iron sinter production’ in Ecoinvent 3.7 was
used. The parameters considered for the converters are reported in Table 5, while Table S10
displays the inventory for the production of the converters.

Table 5. Sizing parameters of DC/DC converters.

Parameter FC Converter Battery Converter

Switching frequency 10 [kHz] 10 [kHz]
Inductance L 65 [µH] 650 [µH]

Capacitance C 76 [µF] 20 [µF]
Weight 16.98 [kg] 8.036 [kg]

3.3.4. Hydrogen Tank

The hydrogen tank is a major contributor to the environmental impacts of the fuel cell
system and also one of the key challenges for the whole FCEV industry [12]. According to
various studies, the environmental impacts of the tank are comparable to the impacts of
major components such as the glider or the fuel cell stack [33], with evidence that the tank
alone could contribute even up to 50% to the overall impacts of the production phase when
not considering the impacts of the glider itself [17]. Because of the low density presented
by hydrogen, storage is one of the main issues in adopting and developing this technology,
especially in the automotive field [33]. Hydrogen tanks must satisfy several parameters
to provide optimal storage and safety, such as high volumetric and gravimetric energy
densities, a good rate of fuel release, and being lightweight yet robust enough to ensure
safety from flammability, explosions, or projections. Finally, the materials must not be toxic
to human health. These characteristics are met by compressed gas tanks now available on
the market, although their geometry requirements and positioning in the vehicle present
some technological issues that are still being faced [44].

The main issue in modeling the hydrogen tank for LCA is the scarce availability of
first-hand and freely available data about the production of carbon fiber, which is the main
component of the tank [33]. The one considered in this study was modeled by taking
into account the characteristics of the type IV tank of the Toyota Mirai. Type IV tanks
present a multi-layered structure, with the first layer made of a polymeric material coated
in aluminum, the second layer made mainly of carbon fiber, and finally a glass fiber layer
combined with resin. The first layer is called the liner and blocks the passage of hydrogen
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completely; the second one provides mechanical resistance; and the final one is a protective
layer [30]. The Mirai is equipped with two Type IV tanks with a total capacity of 122.4 L and
approximately 5 kg of stored hydrogen, with a storage density of 5.7 wt% and an operating
pressure of 700 bar [45]. For the sake of simplicity, a single tank with these characteristics
was modeled for a total weight of 87.7 kg. Table S11 reports the considered inventory.

3.3.5. Battery

In FCEVs, the battery plays an important role in improving the efficiency of the vehicle and
covers various tasks. It allows for the recovery of energy from regenerative braking and helps
the fuel cell system deliver the required power [11,26]. The battery can increase the efficiency of
the system but also reduce the size of the fuel cell stack and extend the maximum range [46].

As previously explained, the battery model in this work is a lithium manganese oxide
lithium-ion battery (LMO Li-ion), referring to the study by Colnago et al. [11,35].

Because of the presence or absence of the converter linking the battery to the motor,
the nominal voltage of the battery varies with the architecture considered. The ones having
the battery converter (architectures A and C) use a battery pack with a nominal voltage
of 325 V, while architecture B is equipped with a 650 V battery. This consideration does
not influence the inventory of this study since the final weight and number of cells are the
same for both types of batteries.

The battery pack was modeled following the study of Zhao et al. [47] for what concerns
the composition of anode, cathode, and electrolyte, while it is based on the work by
Ellingsen et al. [48] to model the cell, the auxiliaries, and the pack itself, adapting the data
to the parameters considered by Colnago et al. [11], with a final weight of 42.24 kg. The
whole inventory for the manufacturing of the battery pack can be seen in Tables S12–S17.

3.3.6. Glider and Electric Motor

The glider considered in this work includes the body of the vehicle, steering, braking,
and suspension systems; tires; gearbox; cockpit equipment; fluids necessary for vehicle
operation (brake fluid, transmission fluid, powertrain coolant, windscreen fluid, and
adhesives); electronics nonrelated to the powertrain; and the hydrogen distribution system.
The reference to model the gearbox, tires, fluids, and hydrogen distribution system was the
work by Candelaresi et al. [13], while the rest of the components were described according
to the model developed by Habermacher [41], adapted for a vehicle of 2130 kg (without
battery), which is the weight assumed by Colnago et al. [11].

The electric motor was modeled with the powertrain, which also included the AC/DC
inverter. The former was described according to Candelaresi et al. [13] and adapted for
the considered power of 111 kW, while the inverter inventory was designed according to
Habermacher [41] for a total weight of about 118 kg. The considered motor is common to
all three configurations. The inventories for the glider, the motor, the inverter, and other
auxiliaries are reported in the Supplementary Materials (Tables S18–S24).

3.3.7. Hydrogen Production

Finally, the production of hydrogen was modeled to account for its consumption dur-
ing the use phase. For the purpose of this study, only the direct processes for the production
of the fuel were considered, leaving upstream processes outside of the system boundaries.

The production of hydrogen as a fuel and the development of FCEV technology in the
market are strictly connected, since, without the first, the second would not be competitive
with the traditional means of transport. On the other hand, technologies for hydrogen
production still have to overcome technical and economic issues, mainly concerning the
infrastructure dedicated to hydrogen and the impacts of hydrogen policies on consumers [9].

Although the possibility of a renewable future for hydrogen production is present, its
current state is still far from being environmentally neutral [8]. Currently, approximately
97% of the total hydrogen production is based on fossil primary energy, and only 3% is
based on renewable energies [9].
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For the purpose of this study, considering all these factors, the produced hydrogen
was modeled as a mixture of hydrogen produced with the three most utilized production
technologies, namely, steam methane reforming, coal gasification, and electrolysis [7], in
proportions considered taking into account the study of Garbe et al. [49]: for each kilogram
of hydrogen, hydrogen produced from SMR contributes 58%, while it accounts for 20% and
22%, respectively, from coal gasification and electrolysis.

The main feedstock of SMR is natural gas, consisting mostly of methane (CH4), with
other heavier hydrocarbons and carbon dioxide [50,51]. Conversely, the gasification of
coal exploits the natural abundance of coal as feedstock, as well as the high efficiency
and reliability of the process [50,51]. Regarding water electrolysis, this study considered
hydrogen as produced by an electrolytic cell based on a proton exchange membrane. The
process of electrolysis can be considered environmentally friendly because no carbon
feedstock is directly employed to produce hydrogen; however, there can still be impacts
on climate change when considering upstream processes, such as the manufacturing of
infrastructure and, more importantly, the source of electricity [8,51]. To account for the
present situation of the production of electricity, the process utilized in the inventory was
the production of electricity mix for Italy, as presented in Ecoinvent 3.7.

Tables S25–S27 report the inventory of hydrogen production from steam methane
reforming, coal gasification, and electrolysis, respectively. The distribution phase was
excluded from the system boundaries since it was not useful for the comparison of the
different power systems considered.

3.4. Sensitivity Analysis

A sensitivity analysis was carried out to investigate how a completely green hydrogen
production would influence the results among the three architectures. Even if a completely
carbon-free hydrogen supply is unlikely to be achieved in a short time frame, it would be
useful to take this scenario into consideration to study the performance of the architectures
in a best-case scenario. In this regard, hydrogen would be entirely produced via electrolysis,
using electricity from a renewable source, in particular offshore wind turbines [15]. The
inventory considered for the sensitivity analysis is reported in Table S28.

4. Results

The inventories modeled in this study were implemented in SimaPro for the LCIA
computation by exploiting the ReCiPe 2016 midpoint method and considering the cat-
egories summarized in Figure 4. This section reports only the most significant results,
while the complete data are provided in the Supplementary Materials, in Tables S29–S37,
and Figures S1 and S2. A Monte Carlo uncertainty analysis was also conducted, and its
complete data are reported in Figures S5–S24.

Figure 4. Relative contributions to the whole life cycle of architecture A.
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4.1. Relative Contributions

The environmental impact contributions of each part of the inventory to the whole life
cycle of architecture A are displayed in Figure 4, while those for architectures B and C are
reported in Figures S1 and S2. Impacts of architecture A were chosen to display the overall
contributions since both converters are present, allowing us to identify the categories in
which their presence has more influence. The results show that the most impactful parts
are the production of the glider and the production of hydrogen. These results are in line
with those found in the literature [17,29]. When looking at the global warming potential,
glider production contributes to 22% of total emissions, while hydrogen production makes
up for almost 66% of them. When taking into consideration the other two configurations,
the hydrogen production contribution rises to 67% in the case of architecture B and to
71% for architecture C (Tables S33 and S34). Other major contributors are the hydrogen
tank, the powertrain, and the balance of the plant. These results highlight the categories
where the influence of the converters has a larger impact, i.e., terrestrial ecotoxicity, human
non-carcinogenic toxicity, and freshwater eutrophication.

4.2. Impacts of the Converters

Figure 5 shows in detail the contributions concerning the production of the fuel cell
system, which is formed by the fuel cell stack, the battery, the balance of the plant, and
the converters. The contribution of the “converter” entry for architectures B and C refers
to either the fuel cell converter or the battery converter, respectively, while architecture
A presents both. It should also be noted that the other components, except for the fuel
cell stack, are considered to be the same. Regarding the FC stack, only the one used in
architecture C is different. Even considering this dissimilarity, the main variability in
the impacts is due to the converters, with architecture A showing the highest impacts
in all categories. This result was expected since both converters are present. The fuel
cell converter has a higher impact than the battery converter in the terrestrial ecotoxicity
and human non-carcinogenic toxicity categories (Figure 5b,c), while the battery converter
presents a higher contribution in the water eutrophication category (Figure 5a). Regarding
the other categories considered, the direct impacts of the production of the converters have
a negligible influence on the total environmental impacts of the vehicle (less than 4% of
total impacts, as visible in Tables S32–S34).
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On the other hand, the architecture of the power system influences the fuel consump-
tion of the vehicle. This correlation has a heavy effect on the overall environmental impacts
of the vehicle since the production of hydrogen is one of the most influential contributors
to the total impacts for all the configurations.

4.3. Hydrogen Production Impacts

Production of hydrogen is a key factor in the development of hydrogen mobility
and in diminishing the environmental impacts of fuel cell technology in automotive. In
this work, the aim was to analyze and compare three different architectures of the power
system, taking into consideration the present possibilities and technologies. For this reason,
the model of hydrogen production was mainly based on fossil resources, resulting in
high impacts and an overall large influence on the total environmental impacts of the
vehicle. Figure 6 displays the three categories where hydrogen consumption has the
highest variability among the configurations, i.e., global warming potential (Figure 6a),
terrestrial acidification (Figure 6b), and fossil resource scarcity (Figure 6c).
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The hydrogen consumption of the vehicle depends on the configuration used for its
power system, with architecture A utilizing the least amount of hydrogen due to the better
power control given by the presence of both converters and architecture C being the most
fuel-consuming one [11].

5. Discussion

The results of this study highlight the main contributors to the environmental impacts
of a fuel-cell electric vehicle. Concerning the manufacturing phase, the most impactful
components of the global warming potential are the production of the glider, the fuel
cell system (which is formed by the fuel cell stack, the battery, the balance of the plant,
and the converters), and the hydrogen tank. This result is consistent with the majority
of the considered categories, with the exception of terrestrial ecotoxicity and human non-
carcinogenic toxicity, where the power train impacts are the second highest after glider
production. The impacts of the converters are difficult to analyze. When considering the
most meaningful categories (freshwater eutrophication, terrestrial ecotoxicity, and human
non-carcinogenic toxicity), the differences among the three configurations can be significant
in terms of converter-related impacts. Table 6 reports the data obtained from this study.
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Table 6. The impacts of converters in the most significant impact categories, depending on the
architecture type.

Impact Category Unit Architecture A Architecture B Architecture C

Freshwater
eutrophication g P eq 2.14 × 10−4 4.44 × 10−5 1.70 × 10−4

Terrestrial ecotoxicity g 1,4-DCB 67.7 38.9 28.8
Human non-carcinogenic

toxicity g 1,4-DCB 3.22 1.69 1.53

On the other hand, even when the contribution of these categories is visible, the influ-
ence on the total impacts is still low. Converters have the biggest impact in the terrestrial
ecotoxicity category, where they contribute to 7.58% of the total impacts for configuration
A, whereas for configuration B and configuration C, they contribute 4.46% and 3.22%,
respectively. The remaining categories present even lower percentages, with the converters
impacting 6.04% on the human non-carcinogenic toxicity for architecture A (architecture
B: 3.25%, architecture C: 2.87%), and 4.35% on freshwater eutrophication (architecture B:
0.93%, architecture C: 3.42%). Their contribution becomes completely negligible in the
other categories. Complete data on the total emissions and relative contributions for the
three architectures is available in the Supplementary Materials, Tables S29–S34.

The indirect impacts of the converters are related to the use of a different fuel cell
stack in the configuration that does not include the fuel cell converter and to the hydrogen
consumption of the vehicle, depending on the considered architecture. The differences in
the impacts for what concerns the fuel cell stacks are so minimal as to be negligible, while
the differences in fuel consumption have a large influence on the total impacts.

When considering all these factors, it becomes clear that identifying the best architec-
ture is not a trivial task. Figure 7 shows a radar graph summarizing all the impacts in each
category for the three vehicles. The architecture presenting the smallest area in the graph is
the one with the lowest overall impact. Architecture C is the most impactful configuration
due to its higher hydrogen consumption. Considering the other two architectures, the
results are much closer, with architecture A showing clearly lower impacts only in three
categories (GWP, terrestrial acidification, and fossil resource scarcity), while architecture B
shows slightly better impacts in the others. The categories where architecture B presents
better impacts are those where the influence of the converters has a non-negligible role.
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Since the results obtained from these LCIA are not enough to identify the best solution,
another computation was conducted using the EF (adapted) method in SimaPro, with the
aim of calculating total single score values for each configuration. These data summarize
the impacts of each category in a single value, making possible the comparison of the three
vehicles in their entirety. The results show that architecture A produces the lowest impacts,
with a total single score of 446 µPt. Architecture B is about 3% more impactful, with a single
score of 460 µPt, and finally, architecture C presents the highest impact, with a single score
of 525 µPt, almost 18% higher than architecture A. The complete results of the analysis with
the EF method are reported in Tables S35–S37.

6. Sensitivity Analysis Results

The sensitivity analysis conducted in this work explores the possibility of a best-case
scenario in which hydrogen is completely produced by means of electrolysis powered by
renewable sources and how this would influence the comparison among the architectures.
The results highlight lower overall emissions and a considerable shift in the relative con-
tributions of the components of the inventory for each impact category, as can be seen in
Figure 8 for architecture A and in Figures S3 and S4 for architectures B and C.

Figure 8. The relative contributions of each component considering a completely green hydrogen pro-
duction.

The differences in the total global warming potential and the GWP due to the produc-
tion of hydrogen for the base case and the best-case scenario are reported in Table 7.

Table 7. Comparison of the emissions for the base and best-case scenarios.

Base Scenario Best-Case Scenario

Impact
Category Unit Total Hydrogen

Production Total Green Hydrogen
Production

A Global warming kg CO2 eq 0.2412 0.1588 0.0960 0.0136
B Global warming kg CO2 eq 0.2490 0.1670 0.0963 0.0143
C Global warming kg CO2 eq 0.2853 0.2037 0.0991 0.0174

It can be noted that the contribution to the emissions of fuel production decreases
drastically, with total emissions following the same behavior. This is expected since hy-
drogen production is one of the top contributors to emissions in most impact categories.
The results show how, with the decrease in total emissions, the difference among the three
architectures is even thinner than in the base scenario previously considered. This can
be noted in Figure 9, where the total emissions for the global warming potential category
and the two categories where green hydrogen production has the highest contributions,
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i.e., freshwater and marine ecotoxicities, are reported. Architecture C still presents the
highest emissions, with a larger gap with the other two architectures for the categories of
freshwater ecotoxicity and marine ecotoxicity (Figure 9b,c); however, the differences among
the three architectures are basically negligible in this scenario, as can be easily noted from
Figure 9a.
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A second computation was performed using the EF (adapted) method to obtain a final
single score for each architecture. The computed scores confirm the results of the previous
computation: the overall emissions are sensibly lower; however, the differences among the
three architectures are negligible. With this new computation, architecture A seems to be
performing slightly worse than the others (165.07 µPt against 164.83 µPt of architecture
B, and 164.88 µPt scored by architecture C). This behavior is due to the presence of both
converters in architecture A, whose emissions could have a heavier influence considering
the reduced impacts of fuel production. The computed values, on the other hand, are too
similar to each other to draw a certain conclusion on which architecture would perform
better in a best-case scenario with a completely green production of hydrogen.

The complete results obtained in the sensitivity analysis are reported in the Supple-
mentary Materials (Tables S38–S46 and Figures S3 and S4).

7. Conclusions

This work aims at analyzing and studying the environmental impacts of different
architectures of the power system of an FCEV. These architectures present three different
configurations in which the fuel cell stack and the battery are linked to the electric motor
using a converter. The first configuration, i.e., architecture A, possesses two converters, with
both the fuel cell stack and the battery linked to the electric motor. Architecture B, on the
other hand, is only characterized by the converter connecting the fuel cell stack to the motor,
while architecture C presents only the converter linking the battery to the powertrain.

The results show how the presence of the converters in the system does not only
modify the impacts in the production phase but also, more importantly, those in the use
phase. Hydrogen consumption is one of the most impactful processes in all the impact
categories considered and the most important contributor to the global warming potential
of the vehicle. Since architecture C has the highest hydrogen consumption among the three
(0.02 kg/km), the produced impacts are larger than the other two architectures, producing
a total of 285 g CO2 eq for each kilometer driven, compared to 241 g CO2 eq of architecture
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A and 249 g CO2 eq of architecture B. When researching the better architecture between
A and B, the role of the converters becomes more important. Architecture A shows better
GWP impacts due to the lower fuel consumption, but looking at the other environmental
impact categories, it performs worse than architecture B. The largest differences are shown
in the categories where the presence of the converters matters the most. The freshwater
eutrophication impacts of architecture A are 5 mg P eq/km, while architecture B impacts
4.7 mg P eq/km. When considering the human non-carcinogenic toxicity, architecture A
shows the highest impacts (53.3 g 1,4-DCB/km), higher than the impacts of architecture B
(52.07 g 1,4-DCB/km), and even more than architecture C (53.22 g 1,4-DCB/km).

Since the data obtained from the midpoint study did not yield a clear result, the scores
obtained from the endpoint LCIA computation were crucial to identifying the best architec-
ture among the three. The final scores were rather similar for all the architectures; however,
architecture C was identified as the most impactful overall (single score 525 µPt/km), and
architecture A presented the lowest impacts (446 µPt/km), with architecture B showing
total impacts only 3% larger (460 µPt/km).

The importance of the production of hydrogen was confirmed by the results obtained
from a sensitivity analysis, where the fuel was considered to be produced with a completely
green process, adopting electrolysis powered by renewable sources. This analysis showed
how the impacts of the entire life of the vehicle decrease drastically (the final score of the
three architectures is about 165 µPt in this case, against 446 µPt of the best performing
architecture in the base scenario); however, the emissions of the three architectures are
similar to each other. These results highlighted how, when the emissions of the use phase
are reduced to their minimum, the differences in the manufacturing of the vehicle can be
considered negligible, and so the three architectures could be considered equivalent from
an environmental point of view. It has to be noted that the fuel consumption of each vehicle
does not change; therefore, the overall fuel costs would still be lower for architecture A (the
least consuming); however, at the same time, architecture A is still the most expensive due
to the presence of both converters. In conclusion, as long as the production of hydrogen
will depend on non-renewable sources, the most important factor when comparing the
environmental impacts of different architectures of the power system in an FCEV is the
hydrogen consumption of the vehicle during its use phase, followed by the impacts of the
manufacturing of the converters.
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