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ARTICLE INFO ABSTRACT
Keywords: Fuel cell (FC) technologies for mobility are gaining interest as promising options to decarbonize the transport
Hydrogen sector in line with the current progress towards the H, economy. Previous studies show how the fuel cell

Fuel cell vehicle range extender (FCREx) powertrain architecture can offer flexible and efficient operation along with the

o potentially low total cost of ownership (TCO) in passenger car applications. Cradle-to-grave emissions of these
SDll;l:Ir:; g evele vehicles have not been estimated, nor their variation with the components sizing or the H, production pathway
LCA analyzed. In this study, the life cycle assessment (LCA) and sizing methodologies were combined to address

these knowledge gaps. The design spaces were generated by varying the FC maximum power, the battery
capacity and the H, tank capacity and by simulating the resulting designs with the WLTC 3b driving cycle.
Then, the lifetime H, and energy consumption results and design parameters were calculated and used as
inputs to estimate the greenhouse gases (GHG) and NOy emissions on the manufacturing and fuel production
cycles. From the results, it was proven how considering steam methane reforming (SMR) with carbon capture
and storage (CCS) as the H, production pathway could decrease by 60% and 38% GHG-100 and NOy emissions
respectively, with respect to electrolysis where electricity is generated with the EU mix. The optimum design,
in terms of emissions, was found to be with low-moderate battery capacity and moderate-high FC maximum
power in contrast to the optimum design for performance, which had high battery capacity and high FC stack

Range-extender

power.
1. Introduction of infrastructure, the difficulties of H, distribution and the multiple
production pathways available to produce H,, the cradle-to-grave emis-
The use of H, in fuel cells (FC) for mobility and power generation sions when using H, as an energy vector may be significant. Depending
application has been continuously growing during the last decade since on the production pathway, H, can be classified according to different
it is an effective enabling technology for the decarbonization of these colors: black when it is produced from electrolysis whose energy has
sectors [1]. Apart from H,, there are different choices to also fulfill this been obtained from fossil fuels, gray when it is obtained from steam
objective: batteries and e-fuels. Batteries are more efficient than fuel methane reforming (SMR), blue when the production pathways are

cells, but their low energy density limits the battery-electric vehicles’
(BEV) range capabilities (200-400 km), imply prohibitive costs for
those with high range and have excessively long charging time [2].
E-fuels can be generated from H, and captured CO,, thus enabling long-
range displacements and CO,-neutral emissions [3]. However, CO, and
other emissions are released in-situ, thus increasing local pollution in
cities. In contrast, H, FC vehicles (FCV) enable long-range displace-
ments (500-800 km), high-efficiency energy utilization, fast refueling,
low cradle-to-grave emissions and pollution decentralization [4].

The tank-to-wheel emissions produced by H,-fueled engines or FC
are mostly composed of H,O vapor, which allows the decentralization
of emissions. Nonetheless, due to certain factors such as the lack

either electrolysis from nuclear power or SMR with carbon capture
and storage (CCS) technologies, and green when it is obtained from
electrolysis with electricity generated from renewable sources. Among
this spectrum, green H, implies the lowest cradle-to-grave emissions,
yet it requires large infrastructure and is not achievable in the short-
term on a large scale. Furthermore, in terms of costs, blue H, is a
significantly cheaper option than green H,, thus being the optimal
production pathway to extend the use of H, until enough infrastructure
to produce green H, is developed [5]. Due to the unfeasible short-
term application of green H,, this study only considers black, gray
and blue H,. Furthermore, the choice of considering blue H, rather
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than green H, was motivated to avoid any bias in the present study
towards fuel cell vehicles since two energy sources are considered to
power FCVs in this study: H, and electricity. As such, it could be argued
that considering green H, and electricity from the common mix (EU,
USA, China, ...) would result in a biased study since the additional
renewable energy required to produce H, could be used to decarbonize
the electricity mix, thus making the use of electricity produce lower
emissions than the use of H,. Even though green H, is not considered as
the main production pathway due to the reasons previously explained,
an appendix was added to understand the effect of considering an even
lower-emission production pathway than H,. The emissions associated
with each type of H, were compared to understand the implications
considering high-emissions production pathways.

In recent years, several FCV has been released to the market (Honda
Clarity, Toyota Mirai, and Hyundai Nexo). Shallowly, the architecture
of these vehicles is composed of a low-capacity battery with a high-
power FC system. This architecture is mainly designed to use the FC
system to power the vehicle during most of the operation with the
battery as a supporting power source. Nevertheless, this configuration
is not suitable for the current scenario with a such low number of
refueling stations worldwide [6]. In previous work, the authors of the
present study proposed the previously unexplored use of FC systems as
a range-extender (FCREx) in passenger vehicles [7]. This architecture
has previously been considered for other types of vehicles such as
trucks, captive fleets, or city buses, yet not for light-duty passenger
cars. FCREx configuration consists of a moderate-capacity battery to-
gether with a moderate-to-high FC stack maximum power and offers
many advantages such as flexible operation (BEV and FCREx modes),
significantly lower total cost of ownership (TCO), potentially lower
cradle-to-grave emissions and lower energy consumption, compared to
conventional FCV [4,7].

Other research lines include alternative FCV architectures such as
those with fuel processors to obtain H, from liquid fuels such as
ethanol [8] to extend even further the vehicle range given the extra
consumption of auxiliary components [9]. Although these alternative
architecture have been proved to be interesting to extend the range
of FCVs, they require additional components and lower-capacity bat-
teries than the architecture proposed in this study, which follows the
range-extender concept.

The sizing studies of passenger FCV are usually limited to low-
capacity batteries of super-capacitors [10] (<5 kWh) and high-power
FC stacks [11]. In contrast, for the sizing of a FCREx vehicle, the ranges
of battery capacity and FC stack power must change and the H, tank
capacity must be included since, along with the battery, is the main
source of energy and affects the range of the vehicle. As such, for FCREx
sizing studies, the sizing parameters must be the battery capacity, the
FC stack maximum power and the H, since they have a direct impact on
cradle-to-grave emissions, electricity and H,, vehicle range, and TCO.

The state-of-the-art for FCREx is represented by limited literature
and the only application of FCREx architecture to heavy-duty vehicles
or captive fleets. In the literature regarding the use of the FCREx
configuration for city buses, Xu et al. [12] analyzed different designs
of FCVREx in terms of costs and range for city buses using the CDCS
(charge depleting and charge sustaining strategy). They concluded that
to minimize H, in FCVREX the priorities are in order: reducing auxil-
iary power, braking energy recovery, increase FC stack efficiency and
decreasing battery losses. In further studies [13], they used a two-step
algorithm based on dynamic programming to obtain a quasi-optimal
solution to the sizing problem. With this approach, they concluded that
a battery of 150 Ah and an FC system maximum power output of 40 kW
were optimal for fuel economy and systems durability for an FC city
bus.

Apart from city buses, this architecture has also been considered
for captive fleets, where the refueling and recharging infrastructure is
always close to the operating zone of the vehicle, and trucks. In this
sense, Wu et al. [14] used convex programming to solve the sizing
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problem for urban logistics FCVREx. They concluded with an optimum
battery capacity of 29 kWh and an FC stack maximum power and usage
dependent on the hydrogen price but did not include the mass of hydro-
gen stored as a variable for the sizing since urban logistics vehicles do
not need a high range. They followed their research by considering the
FCVREx architecture in trucks [15], showing that convex programming
methods could provide minimal H, consumption in 8*CHTC-HT and
7*C-WTVC Chinese truck driving cycles.

As commented before, other authors have also considered the siz-
ing of FCV with conventional configurations. Following this line of
research, Gaikwad et al. [16] used a pinch-based analysis for sizing the
FC system together with a supercapacitor considering the WLTC class
3 driving cycle, concluding that the FC size must be at least equal to
the average power demand for a given cycle while the supercapacitor
capacity is only limited to a minimum value if regenerative braking is
considered. Hu et al. [17] performed a sizing analysis of the Lithium
battery of an FCV passenger car with multi-objective real-time EMS
considering fuel economy and system durability to reduce the life cycle
cost. However, the maximum battery capacity considered was 24 Ah,
not enough to provide normal operation in the pure-electric mode for
a reasonable range. Therefore, it cannot be considered an FCVREx.

There has been extensive work in the last decade about the use of
life cycle assessment (LCA) methodologies to estimate the cradle-to-
grave emissions of Hy-based fuels and technologies. LCA studies are an
important tool that serves as a base of comparison to understand the
environmental impact of technologies in different sectors [18], scenar-
ios [19], and even costs [20]. Nonetheless, this LCA study focuses on
estimating the cradle-to-grave emissions rather than in costs given the
current growth of the Hy-related technologies and the huge variation
in their costs during the previous and following years. None of the
studies focused on LCA for H, technologies consider the use of FCREx
architecture for passenger vehicles. The recent research found in the
literature shows how e-fuels (or H,-based synthetic fuels) have gained
interest due to the neutral CO, emissions their usage implies [21].
Nonetheless, it has been proved that the use of H, produced through
electrolysis from renewable sources could decrease the greenhouse gas
emissions (GHG) significantly more than e-fuels while if it is produced
through SMR the H, cost could be lower than the e-fuels cost [22]. In
this regard, the direct use of H, in FC has also been proven to have clear
advantages in terms of well-to-wheel efficiency, GHG-100 and other
pollutant emissions, and fuel cost for light-duty passenger vehicles [23].

The studies regarding the emissions associated with the H, value
chain are mostly focused on a very specific part of the cradle-to-
grave process such as H, production [24] and distribution [25], FC
stack production and recycling [26], and storage [27]. Those focused
on the general cradle-to-grave process show how FC vehicles could
significantly reduce the GHG emissions with respect to conventional
ICEV [28] and even BEV [4] if H, is produced through SMR with CCS.
In the literature, only Dimitrova et al. [29] considered the environ-
mental impact of a vehicle with a solid-oxide FC (SOFC) operating
as a range-extender. Nevertheless, none of them considers the use
of Proton Exchange Membrane FC (PEMFC) as a range-extender in
FCREXx vehicles nor the variation of the environmental impact of FCREx
vehicles with design and H, production pathway.

1.1. Knowledge gaps

In light of the previous studies, some conclusions can be extracted
to provide an idea of the knowledge gaps in the literature:

1. The studies about the use of FCREx architecture for light-duty
passenger vehicles are limited since most of the research has
been focused on the use of this configuration of heavy-duty
vehicles or captive fleets.
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2. No data was found about the lifetime H, and overall energy
consumption of FCREx passenger vehicles nor about how they
change with the sizing of the battery, the H, tank capacity and
the FC stack maximum power.

3. The environmental impact, in terms of GHG and NOy emis-
sions, of FCREx vehicles with PEMFC technology has not been
assessed yet. Not to mention the application of this architecture
to passenger vehicles.

4. Most of the studies focus on a specific vehicle or design but do
not consider the variability of the environmental impact with
the sizing of the components. There is no information about
how the cradle-to-grave emissions of FCREx vehicles change
with the components sizing. The combination of LCA with sizing
methodologies is a novelty itself.

5. There are no studies about how the cradle-to-grave emissions
of a vehicle with two power sources comprising the powerplant
such as FCREx change with the H, production pathway.

6. There is a lack of research about how the cradle-to-grave emis-
sions of an FCV change if it is designed for a different target
range.

7. The performance of FCREx has only been assessed in terms
of H, consumption, but no data about the optimum design in
terms of cradle-to-grave emissions is available. Also, there is
no information about whether the optimum FCREx design in
terms of performance coincides with the optimum design that
minimizes cradle-to-grave emissions.

In conclusion, the literature regarding the sizing of FCREx is still
limited, particularly for passenger vehicles, and mostly omits the fun-
damental behavior and optimization of the FC system while do not pay
attention to the cradle-to-grave emissions implication. Also, there is no
study combining both sizing and LCA methodologies to understand the
design implications both in terms of emissions, lifetime fuel or energy
carriers consumption, and performance. This study combines both LCA
and sizing methodologies to understand the impact of FCREx design on
performance and emissions and to provide recommendations about the
future design choices for this type of FCV.

2. Contribution and objectives

This study intends to address all the knowledge gaps listed above.
In order to do so, the LCA and sizing methodologies are combined.
With the sizing methodology, the H, and energy lifetime consumption
are calculated for FCREx passenger vehicles, thus allowing to analyze
the energy carriers utilization and its variation with the components
sizing (knowledge gaps 1, 2). With the design spaces obtained from
this combination in terms of GHG-100 and NOy emissions, it is in-
tended to analyze and understand how the cradle-to-grave, fuel cycle
and manufacturing cycle GHG-100 and NOyx emissions change with
the FCREx design, the target range and the H, production pathway
(knowledge gaps 3, 4, 5 and 6). Special attention is paid to blue H,
since it is the lowest pollutant production pathway that is feasible in
the short term. In this case, the relative emission-production of the
vehicle manufacturing and fuel production cycles with respect to the
total emissions are analyzed to understand the relative importance of
each cycle of the cradle-to-grave process to minimize GHG-100 and
NOyx emissions. With the data at hand, the optimum FCREx design in
terms of emissions and consumption are compared to understand if
they overlap or are different in order to understand which factors affect
the sizing of the optimum FCREx design (knowledge gap 7). Finally, it
will be possible to elaborate recommendations for the FCREx design
process-based, not only on performance but also on cradle-to-grave
emissions. These recommendations are not only focused on how the
FCREx should be designed, but also on how it should be taken action on
the fuel production and vehicle manufacturing processes to minimize
the cradle-to-grave emissions of FCREx efficiently.
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Fig. 1. Methodology schematic, simulation tools and differentiated parts.

3. Methodology

In this section, the methodology applied to perform this study is de-
scribed. It can be divided into two different parts: the FCREx modeling
(part 1) and the LCA (part 2) methodologies. Fig. 1 shows a schematic
of the methodological procedure followed. Albeit the two parts are
equally important to obtain the results of this study, the explanation of
the FCREx model is simplified since previous studies contain extensive
and detailed information about the FCREx modeling procedure [7]. For
the LCA methodology, FCREx design and H,/electricity consumption
data were used as inputs from the simulations performed following the
first part of the methodology.

3.1. FC vehicle model description

This model was developed in previous studies to understand the
performance in terms of consumption and range of FCREx architec-
ture in WLTC 3b cycles with different designs [7]. The model was
implemented in the commercial simulation platform GT-Power. This
software is extensively used in the automotive industry to simulate
thermo-fluidynamic systems by numerically solving the mass, energy,
species and momentum conservation equations, among others. The FC
model was calibrated to experimental results using genetic algorithms
with an overall error lower than 2% (Fig. 2). The experimental data
used were extracted from [30,31]. They consisted of the polarization
curves of a 20 kW FC stack at the following conditions:

* Tgtack = 346 K & Peah in = 1.3 bar
* Tstack = 346 K & Pearp 1o = 2.5 bar
* Tstack = 305 K & pearp in = 1.3 bar

Furthermore, the behavior of the model to cathode stoichiometry
was also validated with data from the same papers. Unlike other
studies, the FC model was validated at different operating conditions
of pressure, temperature and stoichiometry so that the results obtained
from simulations such as driving cycles, where the FC temperature
and the air management are constantly changing with the operating
conditions, are meaningful and representative.

Once the FC stack model was validated, it was integrated into a fully
scalable balance of plant (BoP), thus forming an FC system (Fig. 3)
which includes: a H, recirculating pump, an electric compressor, a
cooling circuit, a heat exchanger after the compressor and a cathode
inlet humidifier. This BoP was designed and optimized to maximize the
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Fig. 2. Fuel cell model validation results and comparison against experimental data [7].
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efficiency of the FC system in previous studies [7], reaching a maximum
efficiency close to 60% including the losses associated with the DC-DC
converter before the electrical power output of the FC system and the
consumption of all the components of the BoP. For further information
about the BoP components characteristics and optimization procedure,
the reader can refer to previous studies [7]. In order to ensure the FC
stack integrity and correct operation, some restrictions were imposed
in the BoP management strategy:

+ Anode stoichiometry was always kept close to 3 by controlling the
H, in the anode recirculation loop to avoid anode starvation that
may lead to the FC stack malfunctioning or severe degradation.
Anode pressure was kept 0.3 bar above cathode pressure to
improve H, diffusion. Thus, the control strategy was designed so
that the difference in pressure was kept close to this 0.3 bar also
to avoid structural damage and preserve the FC stack mechanical
integrity.
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+ Cathode inlet relative humidity (RH) was kept, when possible, to
80% to ensure sufficient membrane humidity.

Cathode inlet pressure was kept always over 1.2 bar to overcome
the pressure loss in the FC stack and below 2.5 bar to preserve
the mechanical integrity of the FC stack.

The air management strategy was designed so that the cathode
stoichiometry was kept over 1.8 to avoid starvation. This value is
lower than the target anode stoichiometry since the compressor
consumption is significantly higher than the H, pump required
power. As such, to maximize the FC system efficiency the target
cathode stoichiometry had to be lower.

The electronic architecture of the FCREx was indirect. This means
that DC-DC converters are used at the output of the FC system and the
battery so that the FC system can be downsized and protected from the
electrical fluctuations that may come from the bus system [32]. Also, an
AC-DC transformer was connected to the electric motor that produces
the brake power (dimensioned for 120 kW of maximum power). The
electric efficiency of each transformer was 95%. The battery pack was
a Li-Ion battery composed of 100 cylindrical cells to provide enough
power when required, and a variable number of parallel cells defining
the battery capacity. Each cell had a nominal voltage of 3.6 V and
a nominal capacity of 3.35 Ah. The cells were modeled using an
equivalent electric circuit (RC) whose open-circuit voltage and resis-
tance (losses) depend on the state-of-charge. The battery temperature
evolution was checked using a lumped thermal mass model to ensure
the battery operating conditions were kept within safety limits.

The vehicle body was SUV-type. This body was chosen so that
there is enough space in the vehicle to fit all the systems in the sizing
procedure at the expense of reducing the available space in the trunk.
The body characteristics were selected based on the Hyundai Nexo FCV
technical data [33]. The dry weight of the FCREx designs without the
FC system, the battery and the H, tanks was set as 1400 kg, with a drag
coefficient of 0.329 and a frontal area of 2.58 m?. The aerodynamic
parameters were constant among designs since they could be fitted
inside the vehicle without external modifications.

3.1.1. Mean values model

As explained in previous work [7], the computational time of run-
ning a simulation of a complete FCREx model in a driving cycle such as
the WLTC 3b cycle is around 4 h. The design space calculated for this
and previous studies consisted of a significant number of designs to con-
sider all the possible combinations of the three parameters varied dur-
ing the sizing and to minimize any possible discretization/interpolation
error in the design spaces. With these boundary conditions, carry-
ing out the required simulations for this study would require around
10 months. Therefore, in order to reduce the computational time, the
FC stack model was simplified to a mean values model using data
from steady-state simulations of the complete model, thus decreasing
the computational time from 4 h to 50 s per driving cycle simulation.
Due to the steady-state nature of the model, in contrast with the
dependence of the FC stack performance to dynamic behavior, a small
deviation with respect to the complete model was found in previous
studies [7]. Nonetheless, the results produced with this model are based
on validated results of a complete FC system model and consider the
change in the optimized BoP operation with the requested load to the
FC stack. As such, it can provide much higher fidelity results than
other approaches used in the literature (as explained in the introduction
section) despite the simplification of the inefficiencies associated with
the FC stack transient behavior.

3.1.2. Energy management strategy

The energy management strategy (EMS) in vehicles with different
power sources such as FCVs is critical for the efficient operation of
the systems [34]. In the case of FCREx vehicles, the power sources
are the FC system and the battery. Therefore, to optimize the EMS
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Table 1
Energy management description and main characteristics.
Control input (1) Fuel cell power Prc
State Energy in the battery E,
Iy
Objective/Cost function H, consumption minimization J :/ Py u(),ndt (€8]
fo
s
Constraint Battery charge sustaining / P, (u(t),E,(1),1)dt =0 2
1o
Algorithm Pontryagin’s Minimum Principle (PMP)
it is necessary to find the sequence of power split that complies with 140 Low Medium High _ Ultra-high

the systems requirements with minimum cost [35]. In a study like the
present one, where different designs whose optimum EMS is different
are compared, ensuring that each design operates with the best perfor-
mance is mandatory to eliminate any bias. Optimal control (OC) is a
tool developed specifically for benchmarking studies since it provides
the optimal power split sequence for every powertrain considered. This
tool was used to ensure that the designs are compared in the best-case
scenario [36].

The overall description of the EMS optimizer can be found in
Table 1. The cost function J (Eq. is the result of integrating along
the simulation time the H, power consumed (Pr) which is controlled
through the control variable u. In the case of FCREx vehicles, the
driving mode that uses the FC system must ensure that the energy in
the battery (E,) or the state of charge of the battery (SOC) is sustained.
As such, this condition is imposed as a constraint for the EMS (Eq. ) by
means of the power consumed by the battery (P,) integration.

In order to solve the OC problem, Pontryagin’s Minimum Principle
(PMP) was applied. It allows solving an integral optimization problem
as a set of differential optimization problems. The PMP states the
necessary conditions for optimal trajectories in the control and state
of a dynamic system. In particular, PMP applied to the case at hand
implies:

H (u* Ej,A*,1) < H (u, Ej, A*,1)Vu € U,t € [15,1/] 3

where u* and E; are the optimal trajectories of the control and state of
the problem and H is the Hamiltonian function, defined as:

H=P;—AE, =P, u(®).,))+ A P, (u(t), E, (1).1) (©))

According to the PMP, the dimensionless co-state 4 varies with the
evolution of H respect to the state E,:

. OH
A= — 5
oF, %)
Combining with Eq. (4):
0P, 0 (Py/ Poarr)
i=i—t =P, —2 6
6Eb batt 6Eb ( )

The ratio P,/P,,, represents the inverse of the battery efficiency
(power consumed over power provided). If the battery state of charge
is controlled around its design range, the variation of the efficiency with
its energy level E, is small. Therefore, according to Eq. (6), the co-state
A can be assumed constant [37]. This implies that the OC problem can
be solved with the PMP by iteratively looking for the value of 4 that
fulfills the required constraint (Eq. (2)). A more detailed description of
the EMS optimization algorithm can be found in previous studies [7].

3.1.3. Sizing: design spaces generation

Regarding the sizing procedure, three key design parameters were
varied to cover a wide range of FCREx designs: FC stack maximum
power output, H, tank capacity, and battery capacity. Among these
parameters it was shown how the former had the lowest effect on range
but the greatest effect on H, consumption while the other two had
significant effect on range and overall energy consumption [7]. The
limits within which these parameters were varied are:

> —

105

70

Velocity [km/h]

0 500 1000 1500
t [s]

Fig. 4. Worldwide harmonized Light vehicles Test Cycles (WLTC) 3b cycle description.
Low, medium, high and ultra-high dynamics regions are indicated.

+ FC stack maximum power € [20, 100] kW
+ H, tank capacity € [1,5] kg
* Battery capacity € [30,60] kWh

The lower limit for the battery capacity (30 kWh) was chosen
from preliminary simulations so that it ensures enough operable range
in the battery mode with such vehicle body and systems. The mass
and volume of each system was added to the total mass and varied
for each design, i.e., two different simulations with different FCREx
systems sizing have different weight and has influence over the vehicle
consumption. The volume was also estimated to ensure that the H, tank
and the battery could fit in the rear part of the vehicle at the expense
of trunk space. The data used in the sizing are in Table 2.

The data about H, and electricity consumption were estimated
by simulating the FCREx vehicles with the WLTC 3b driving cycle,
corresponding to a power-to-mass ratio >34 for all the possible de-
signs considered with an electric motor of 120 kW. The WLTC 3b
driving cycle is characterized by four different regions of operation:
low, medium, high, and ultra-high dynamics regions (Fig. 4). Even
though this comprises a significant number of driving conditions, it
is still not fully representative of real driving. Given the designs and
vehicle considered in this study, the brake power consumption in
this cycle is around 12.4 kWh/100 km. The range was estimated by
first operating the vehicle with the battery until SOC = 0.3, then
the operation in FCREx mode following the battery charge-sustained
criteria explained in Section 3.1.2 with optimum EMS until H, deple-
tion, followed by operation with the battery until charge depletion.
The criteria of considering the battery SOC = 0.3 for FCREx mode is
based on the philosophy behind range-extender vehicles, whose main
operation could be in battery mode until low SOC is achieved when
the range-extender powerplant is activated to enable charge-sustaining
operation. Considering higher SOC would lead to lower battery losses
and thus to the under-prediction of H, consumption.

3.2. Life cycle assessment

This section, together with its corresponding subsections, is focused
on explaining the LCA methodology after obtaining the H, and electric-
ity consumption data as inputs (Fig. 6). Most of the emissions-related
data were obtained from the GREET® model v2019 as well as from
other data sources in the literature. The emissions data for each H,
production pathway are those obtained [4] for the scenario with the
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to electrolysis production pathway are in black, those unique to SMR are in gray, and those unique to SMR with CCS are in blue.

Table 2

Data used to calculate the mass and volume of the systems [38-41]. These data were
integrated into the FCV model to increase its weight depending on the powertrain
design.

Data used to estimate

System Mass - Volume

Linear correlation:
FC system |« Estimated 175 kg and 286 1 for a 30 kW system
* 250 kg and 614 1 for a 70 kW system

0.045 kg H,/kg system
0.030 kg H,/1 system
220 Wh/kg
600 Wh/1

H, tank

Battery

current EU electricity mix so that the results are representative of the
short-term scenario. In this LCA analysis, all the pathways involved
in the cradle-to-grave process were considered, i.e., the LCA analysis
comprises the fuel production cycle, the vehicle manufacturing cycle
and the operation cycle.

3.2.1. System boundaries

A schematic of the system boundaries and the elementary flows
considered in this study for the cradle-to-grave process considering
electrolysis, steam methane reforming (SMR) and SMR with carbon
capture and storage (CCS) is shown in Fig. 5. In the present study,
despite many outputs of the cradle-to-grave process such as waterborne
waste and other emissions such as SOy were calculated, the analysis
only considers the GHG-100 and NOy emissions as the system outputs.

3.2.2. Functional unit

The functional unit in this study was changed according to the
process under analysis to improve readability. The functional unit for
the emissions in the vehicle manufacturing cycle was 1 unit of such
vehicle. For the emissions produced in the fuel production cycle, the
functional unit was 120,000 km of vehicle average useful life. This life
was set slightly lower than the commonly used for hydrocarbon-fueled
ICEV (150,000 km) since the batteries and FC durability are lower.
Finally, in the cradle-to-grave process, the functional unit was both 1
unit of vehicle and 120,000 km of useful life, i.e., the total emissions
during the vehicle life.

In the case of Section 3.2.4, where the life cycle inventories are
presented, in the case of the fuel production cycle, the emissions
are given in terms of kWh of energy source, since different energy

sources are being considered (H, and electricity). These values are then
multiplied by the total life H, and electricity consumption (Fig. 6) to
obtain the fuel production cycle emissions along the whole vehicle life.

The values of Table 4 are given as a function of the component
sizing parameter (kWh of energy stored in the case of the battery and
the H, tank and kW of maximum stack power for the FC system) so that
they can be directly converted into emissions by knowing the sizing
parameters.

3.2.3. Impact categories

In the present study, GHG-100 was the main impact category con-
sidered since the main objective of extending the use of FCV is to
reduce the global warming impact of the transport sector. GHG-100
is an impact category that represents the global warming potential of
different gases over a period of time of 100 years. According to this
category, each greenhouse gas has assigned a value of global warming
potential (GWP) that represents the relative effect on global warming
of 1 g of such gas compared to the effect of 1 g of CO,. The GHG-100
were calculated by taking into account CO,, CH, and N,O emissions
with their GWP of 1, 28, and 265 kg CO, equivalent, respectively [42]:

GHG-100 = mco, - GW Pco, +mcy, - GW Poy,
+my,0 - GW Py,o

where mco, , mcy, and my, o are the CO,, CH4 and N,O mass emissions,
respectively.

Furthermore, NOy emissions, although they are not an impact cat-
egory, were also calculated due to the harmful effects they pose to
human health, as well as, their effect on ozone depletion at high
altitudes and ozone generation at low altitudes.

3.2.4. Life cycle inventory

The life cycle inventory (LCI) data was mainly extracted from
GREET® v2019 model, although some data was corrected and added
from the literature. This model is extensively used in the automotive
industry and has been the source of data of many studies [14,43-45]. In
this section, unless otherwise specified, the presented data was obtained
from GREET® model.

The life cycle inventory can be separated according to the part of
the cradle-to-grave process it is used to provide data: fuel production
cycle, vehicle manufacturing cycle and operation cycle (Fig. 5).

Fuel production cycle LCI
The fuel production cycle comprises all the processes from the raw
material extraction until the vehicle refueling. It can be also referred
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Fig. 6. Design spaces for 500, 600, and 700 km of range FCREx. Contours show: H, mass in tank to achieve the target range (1st row), H, consumed along the whole life (2nd
row), and NOy total energy consumed along the whole life, including H, and electricity in the operation cycle (3rd row).

Table 3
Fuel cycle LCI data: GHG-100 and NOy emissions. Functional unit is kWh of energy
source (H, or electricity produced).

Table 4
Vehicle manufacturing cycle LCI: GHG-100 and NOy emissions. Emissions given per
unit of sizing parameter.

Production GHG-100 NOy System GHG-100 NOy
pathway emissions emissions emissions emissions
[kg CO, eq./kWh] [kg/kWh] [kg CO, eq.] [kgl

H,-Electrolysis (black) 0.489 5.1 -10* Battery 26.07 3.9 . 102
H,-SMR (gray) 0.343 1.5 - 10+ capacity [/kWh]
H,-SMR w/ CCS (blue) 0.111 2.0 - 10* FC stack 7.84 8.7 - 10°
Electricity 0.316 3.6 - 10* power [/kW]

H, tank 424 4.9 - 101

capacity [/kg H,]

H, tank 12.73 1.46 - 102

as the well-to-tank process. As explained before, three different H,
pathways were considered: electrolysis with electricity from the current
EU electricity mix, SMR and SMR with CCS. In these three pathways,
the H,, after being produced, is compressed and distributed via tube
trailers to be re-compressed at the refueling station (Fig. 5). These
production pathways along with the distribution procedure and the
EU electricity mix were considered since they represent the closest-
to-present scenario. Green H, and distribution via pipeline are not
considered due to the large infrastructure it needs to be feasible at
a reasonable scale, which means they are not feasible at the short-
term. In contrast, producing H, with distributed electricity or through
SMR with or without CCS is relatively immediate since most of the
H, at the present is produced through SMR, whose plants can be
adapted to include CCS strategies. In the case of CCS technology, a
CO, sequestration capacity of 90% was assumed, based on the literature
data [46].

Apart from H,, there is another energy source in FCREx vehicles:
electricity stored in the battery. The GHG-100 emissions per kWh of
electricity were obtained from [47] assuming a 6.5% of distribution
and transmission losses [48]. Table 3 shows the GHG-100 and NOy
emissions per kWh of energy source for each production pathway,
considering all the processes described. Total emissions were calculated
with a refueling efficiency of 1.

Vehicle manufacturing cycle LCI
The emissions produced in the vehicle manufacturing cycle are
subjected to significant changes in this study since the vehicle design

capacity [/kWh]

changes. The emissions associated with the production of each compo-
nent were scaled to those corresponding to a 1400 kg vehicle body. The
vehicle manufacturing cycle comprises the manufacturing of mechan-
ical components (transmission system, chassis, traction electric motor,
electronic controller, vehicle body and vehicle tire replacement), the
assembly, disposal and recycling (ADR) processes, the fluids manufac-
turing (brake, transmission, coolant, windshield and adhesives), the
battery (NMC111 Li-ion), the FC system and the H, tank (type IV
carbon fiber for 700 bar). The data associated with the recycling of the
FC system and the H, were not included since emissions associated with
the FC stack recycling are negligible [49] and there is not enough data
in the literature about the emissions produced during the recycling of
H, high-pressure tanks. The emissions data for the components whose
specifications change in the design spaces (sizing) are given in Table 4
per unit of sizing parameter. The sizing parameters, or those controlled
to modify the components sizing, are the FC stack maximum power
(kW) the battery capacity (kWh) and the H, tank capacity (kWh of H,
or kg of Hy).

The raw materials (inputs in Fig. 5) considered for the manufactur-
ing of such vehicles were steel, aluminum, magnesium, zinc, copper
wires, glass, plastic product, styrene-butadiene rubber, carbon-fiber-
reinforced plastic, lithium and other vehicle materials. The emission
associated with the processing of raw materials and the extraction of
elementary materials such as sand water, bauxite ore, zinc ore, etc,
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were considered while those generated during the transport of such
materials to the manufacturing plants were neglected [50].

Operation cycle LCI

The operation cycle can also be called the tank-to-wheel process.
Different from conventional ICE vehicles, the emissions produced by
FCV and their effect on the environment are minimal. The only sig-
nificant tank-to-wheel emission of FC systems is H,O. In this study,
the H,O emissions of the FCREx vehicles when operating in the range-
extender mode and their effect on global warming were considered. For
that purpose, the effective global warming potential of water was set as
5.104 kg CO, eq. [51]. This value is the result of two contrary effects
of near-surface emitted water vapor: the effect of water as a GHG-
100 emission and the decrease in temperature due to the formation of
low-altitude clouds that increase the atmosphere reflectance.

4. Limitations of the study

Before presenting the results obtained and the discussion, it is
important to highlight the limitations of this study derived from the
hypotheses and methodologies applied:

» The results of this study are applicable to SUV-type passenger
vehicles since they represent an important fraction of the vehicle
fleet and their size enables the coexistence of moderate-capacity
batteries together with FC systems.

Europe and United States technology level are assumed to be sim-
ilar (GREET® model) while the main difference is the electricity
mix.

The emissions produced in the manufacturing processes of the
machines and devices used to generate the energy sources and
the vehicles are not considered. This is negligible with respect
to the whole-life emissions of a vehicle since the same machine
is constantly used in the industry to produce other vehicles or
generate H,.

The results do not present any uncertainties study since most of
the data sources for the emissions did not have them included [4,
42,47,50,51]. Furthermore, including uncertainties in the design
spaces of this study would only lead to the misunderstanding of
the results.

5. Results and discussion

In this section, the results obtained after applying the methodology
and combining the LCA data with the space design results is shown.
First, the design spaces were shown as a function of the H, mass
in the tank, and the GHG-100 and NOy emissions produced during
the manufacturing cycle for each design (Fig. 6) to provide an idea
about the considered designs and the implication of such designs in the
manufacturing cycle emissions (Section 5.1). Then, GHG-100 emissions
produced in the fuel production cycle and in the cradle-to-grave process
by each design were analyzed for 500, 600, and 700 km of range FCREx
considering SMR with CCS as the H, production pathway. This analysis
was repeated for a 600 km of range FCREx considering different H,
production pathways: electrolysis with electricity from the EU mix,
SMR and SMR with CCS (Section 5.1.1). The same results were also
extracted and discussed for NOy emissions (Section 5.1.2).

As explained in Section 3.1.3, the design spaces were generated as
a function of the battery capacity, the FC maximum power output, and
the H, tank capacity. All the maps representing the design spaces in
this section were shown as a function of the battery capacity (Y axis)
and the FC maximum power output (X axis). The H, tank capacity was
fixed to achieve a target range (500, 600 or 700 km) depending on the
design space that is shown.
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5.1. Design spaces description and energy carriers lifetime consumption

In this section, the design spaces in terms of H, tank capacity,
H, and total energy consumed along the life as a function of the
battery capacity and the FC stack maximum power output are shown
in Fig. 6 for FCREx designs with a range of 600, 500 and 700 km.
These design spaces are explained so that the tendencies of how the H,
tank capacity and consumption change with the design and the target
range. Then, GHG-100 and NOy emissions in the manufacturing cycle
for these design spaces are shown in Fig. 7 and discussed. This section is
intended to provide a detailed explanation of the energy consumption
characteristics of each design and how they change when the sizing of
the main components under study is modified.

Different powertrain component sizing has a significant effect on
both the performance of the vehicle in terms of consumption and range
and on the emissions produced in the cradle-to-grave process. Among
the impacts the powertrain design has on emissions, it is possible to
differentiate two effects. First, there is a direct effect on the emissions
produced during the manufacturing of the vehicle. Second, an indirect
effect due to the fact that a different powertrain design may affect
significantly the H, or electricity consumption of the vehicle, thus
requiring a lower or higher amount of energy during the whole vehicle
life. As such, the second effect only increases the emissions coming from
the fuel production cycle, since using H, or electricity from batteries
to drive a vehicle does not produce any GHG-100 or NOy emissions
during the operation cycle. Nevertheless, in the case of FCREx, there
is a third effect coming from the complexity and versatility of the
powertrain since it is composed of two power sources: a battery and
an FC system. The third effect is also indirect and affects significantly
the fuel production cycle since, in this case, there are two types of
fuels (H, and electricity) and the total percentage of H, or electricity
utilization along the whole life depends on the proportion of energy
in the vehicle stored in the tank or in the battery. Therefore, the fuel
production cycle could also be affected by the relative amount of fuel
produced as H, or as electricity since the emissions generated in the H,
production pathway could be significantly larger than those emitted to
produce electricity.

Fig. 6 shows in the first row (graphs A—C) how the H, tank capacity
was modified according to the battery capacity and the FC maximum
power output to achieve the target range (calculated using the WLTC
3b driving cycle). In the second row (graphs D-F) the amount of H,
consumed along the 120,000 km of life is shown while in the third
row (graphs G-I) shows the total energy consumed along the whole
life, including both H, in the tank and the electricity in the battery. All
these results were calculated from previous studies [7].

FCREx design and performance change significantly depending on
the range (Fig. 6). In the case of the design, it was calculated that the
maximum range for FCREx could be around 700 km, given the signif-
icant weight of this vehicle that includes two combined powertrains.
Nonetheless, with the minimum battery capacity that was considered
(30 kWh) it would be possible for these vehicles to achieve a range
of 500 km with 3.6-4 kg of H, and a range of 600 km with 4.5-
4.9 kg of H,. The range of 700 km would only be achievable with a
battery capacity >50 kWh, an FC maximum power output >30 kW and
approximately 5 kg of H,. As the H, tank increase with the target range,
given a fixed battery capacity and FC maximum power, the overall ve-
hicle weight increases without increasing the efficiency of the systems,
hence both H, and total energy consumption increase with target range
(Fig. 6, D-I). As such, it is important to note that depending on the
application and the target range for which the vehicle is designed, the
energy and H, consumption may be affected. This is critical and must
be taken into account by FCV designers and manufacturers since, unlike
conventional vehicles, changing the tank capacity of an FCREx vehicle
may have a significant impact on consumption.

As the battery capacity increases in the FCREx architecture, the H,
tank capacity decreases since the fraction of the range that can be
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Fig. 7. Design spaces for 500, 600, and 700 km of range FCREx: GHG-100 emissions in the manufacturing cycle (1st row), and NOy in the manufacturing cycle (2nd row).

Functional unit is 1 vehicle. Life is set to 120,000 km.

covered with the battery alone increases, thus allowing the decrease
in the H, mass for a fixed range (Fig. 6, A-C). As a consequence,
the required amount of H, to cover 120,000 km also decreases with
increasing battery capacity (Fig. 6, D-F). Furthermore, the higher the
share of energy produced from the battery increases the overall system
efficiency, given the higher efficiency of the battery compared to that of
the FC system. Therefore, the overall vehicle efficiency increase despite
the higher vehicle weight, thus decreasing the total energy consumed
to cover 120,000 km as the battery capacity increases (Fig. 6, G-1). It is
important to note here that the decrease in the H, consumed is not due
to an increase in the FC system efficiency. In fact, the higher vehicle
weight implies higher brake power demand along the driving cycle,
meaning that the FC system would operate at higher current densities,
thus decreasing the efficiency. Rather, the decrease in H, comes from
the lowest requirement of H, to cover a certain range, since the distance
that can be covered only with the battery increases.

The main effect of increasing the FC maximum power was to
increase the FC system efficiency since, for the same power demand,
a higher-power FC stack operates with lower current density, thus
decreasing the electrochemical losses associated with the FC stack
operation and the BoP power consumption. This implies that H, con-
sumption decreases with increasing FC maximum power despite the
increase in vehicle weight, hence decreasing the required H, tank
capacity (Fig. 6, A-C), the H, and total energy consumed along the
lifetime (Fig. 6, D-I). Differently from what was explained in the
previous paragraph, the trend of decreasing H, consumption, in this
case, is motivated by an increase in the FC system efficiency along
the driving cycle. When increasing the FC stack maximum power the
range that can be covered using the battery alone is slightly reduced,
given the increase in the vehicle weight. Nonetheless, this seems to be
compensated by the increase in the FC system efficiency.

It is important to note that, while the iso-H,-consumed lines are
parallel between graphs with different target range (Fig. 6, D-F), in
the case of the total energy consumption these lines do not present the
same slope between graphs (G-I). This happens because as the target
range, the amount of required H, increases, thus increasing the fraction
of energy stored as H,. If the fraction of the total energy as H, increases,
the vehicle efficiency and overall consumption would be more sensitive
to increases in efficiency produced over the FC system. This explains
why the iso-lines in graphs G-I in Fig. 6 become more vertical as the
target range increases, implying higher sensitivity to the FC maximum
power output compared to the battery capacity. Therefore, for high-
range FCREX, it would be more beneficial in terms of overall energy
consumption to target high-power FC stack designs.

From these results, the optimum design of FCREx passenger vehicles
in terms of consumption and performance was found to have high bat-
tery capacity and high FC stack maximum power. This result suggests

that, only in terms of performance, the FCREx nor the conventional FCV
architectures are optimum, but a compromise between these two must
be achieved. However, the results of this study also indicate that the
optimum design in terms of performance may not be implementable
into passenger vehicles due to available space and TCO reasons. In
contrast, cradle-to-grave emissions may be optimum with the optimum-
performance design depending on the H, production pathway and the
vehicle manufacturing process emissions.

As commented before, the first effect of FCREx design on emissions
is derived from the increase in emissions coming from the vehicle
manufacturing cycle. This is shown in Fig. 7 in terms of GHG-100 (A-
C) and NOy emissions (D-F). When comparing designs with the same
battery capacity and FC maximum power output but different range,
those with higher range imply higher GHG-100 and NOy emissions
since the H, tank capacity increases, thus producing more emissions
during its manufacturing process. However, the relative increase of
GHG-100 emissions with target range is more significant compared
to NOy because GHG-100 emissions in the manufacturing process of
H, tanks scale more with its capacity than NOy. Both increasing the
battery capacity and the FC maximum power imply higher emissions
since the increase in emissions produced when manufacturing higher-
capacity batteries and higher-power FC stacks outweighs the decrease
in emissions due to the decrease in the required H, tank capacity shown
in Fig. 6, graphs A-C. Note how the emissions shown in Fig. 7 are
significantly high compared to those produced in the manufacturing
cycle of any fossil-fueled conventional ICE vehicle since the emissions
coming from the battery, the FC system, and the H, tanks are large
compared to the emission required to produce an ICE vehicle. This
difference is expected to decrease with time as the H,-based technolo-
gies become more mature and the industry producing them is more
developed, thus reducing the costs and emissions due to economies
of scale. Nevertheless, the manufacturing cycle is just one part of the
cradle-to-grave process, hence the fuel production cycle should also
be accounted for (the emissions during the operation cycle are almost
negligible and are only GHG-100).

5.1.1. Global warming emissions

In this section, the design spaces were expressed as a function of
GHG-100 emissions for the fuel production cycle and the cradle-to-
grave process. First, the design spaces for the FCREx vehicles with a
target range of 600 km were plotted considering different H, produc-
tion pathways (Fig. 8): electrolysis with the current EU electricity mix,
and SMR with and without CCS. With these data, how the emissions
vary for a fixed design space when changing the H, production pathway
is discussed. Then, the design spaces for FCREx with a range of 500,
600 and 700 km for the fuel cycle and the cradle-to-grave associated
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Fig. 8. Design spaces for 600 km of range FCREx: GHG-100 emissions produced in the fuel production cycle and in the cradle-to-grave cycle considering different H, production

pathways. Functional unit is 120,000 km.

emissions were shown in Fig. 9 considering blue H, (H, produced
through SMR with CCS) since most of the H, produced currently is
based on SMR technology which can be improved in the short-term
with CCS, thus being a more realistic option to reduce emissions in the
short-term than green H, (produced solely from renewable sources).

The greatest variation of GHG-100 emissions in the graphs of Fig. 8
is produced when changing the H, production pathway. This variation
in emissions is significantly higher than that produced by varying the
design in terms of battery capacity or FC maximum power output,
hence the change in emissions produced during the fuel production
cycle per kg of Hy or per kWh of electricity when changing the H,
production pathway is far more relevant than the decrease in H, or
electricity consumption as a consequence of changing the powerplant
design. Overall, GHG-100 emissions produced in the fuel production
cycle increase by ~184 % and ~111 % compared to the production
pathway of SMR with CCS for electrolysis with the EU electricity
mix and SMR respectively. Analogously, the overall increase in GHG-
100 emissions in the cradle-to-grave process with the H, production
pathway is ~60 % and ~36 % compared to SMR with CCS for elec-
trolysis and SMR respectively. The large relative increase in emissions
in the fuel production pathway and the significant increase in the
cradle-to-grave process confirm how the fuel production pathway has a
great influence on the total emissions. Comparing the overall GHG-100
emissions in the fuel production cycle against the total emissions they
could imply around ~33 % in the case of SMR with CCS, ~51 % in the
case of SMR, and ~58 % in the case of electrolysis. According to this
data, it is possible to conclude that the emissions produced during the
manufacturing cycle are always a significant part of those produced in
the FCREx cradle-to-grave process and could be more than 50% of the
total GHG-100 emissions if low-emissions production pathways such
as SMR with CCS are considered. Therefore, the vehicle design would
have a higher influence on total emissions if H, production pathways
imply high emissions (SMR and electrolysis with the EU mix) since
the emissions in the fuel production cycle are sensitive to the vehicle
efficiency through fuel and electricity consumption (Fig. 6). This means
that in a scenario with blue or green H, the focus to minimize cradle-
to-grave emissions for FCV and FCREx should mostly shift towards the
vehicle manufacturing cycle.

The slope of the iso-lines in Fig. 8 represent the sensitivity of the
GHG-100 emissions produced in the fuel cycle or in the cradle-to-
grave process to the FCREx design. The slope changes significantly with
the H, production pathway since there are two energy carriers in the
vehicle (electricity in the battery and H, in the tank) with different
emissions per kWh of energy. As such, how GHG-100 emissions change
with the FCREx design would depend on which energy carrier implies

10

more emissions per useful,'! kWh of energy carrier produced. In the
case of H, produced through electrolysis or SMR (Fig. 8: A,B,D & E),
the production of 1 kWhy.n, of H, generates more emissions than 1
kWheery of electricity due to both the higher efficiency of batteries
and the lower emissions per actual kWh. Therefore, in this case, as the
battery capacity increases, GHG-100 emissions in the fuel production
cycle decrease (A-B). In Fig. 8 the slope of graph A’s iso-lines is similar
to the slope of the iso-lines in the graph showing the total H, con-
sumption along the life (Fig. 6, graph E) since the emissions produced
when generating H, through electrolysis with the EU electricity mix
dominate the overall emissions in the fuel cycle. In contrast, the iso-
lines of Fig. 8 graph B are similar to those in Fig. 6 graph H which
represents the total energy consumption since producing 1 kWhyeq, of
H, generates similar but higher emissions than producing 1 kWh,gq,
of electricity for the battery. The trends of GHG-100 emissions when
comparing graphs A and D (electrolysis, Fig. 8) are similar, hence the
fuel production cycle dominates most of the cradle-to-grave process.
In the case of SMR (graphs B and E) the trends change: increasing
the battery capacity increases global emissions despite decreasing both
the H, and the electricity consumed along the life. This means that if
SMR is considered, GHG-100 decrease in such a way that the vehicle
manufacturing cycle dominates the cradle-to-grave emissions when the
battery capacity increases. Nevertheless, with both electrolysis and
SMR as production pathways, cradle-to-grave emissions still decrease
with FC maximum power since the efficiency of the FC system increases
and most of the energy is stored as H,. Therefore, the fuel production
cycle dominates the global GHG-100 when the FC maximum power
changes.

Interestingly, if high-emissions production pathways for H, are
considered, the optimum FCREx design in terms of cradle-to-grave
emissions is found to be the same as that minimizing the H, and
energy consumption (high battery capacity and high FC stack maximum
power) since in this case, the fuel production cycle dominates the over-
all emissions (Fig. 8, graphs A & D). Hence, minimizing H, consumption
also means minimizing cradle-to-grave emissions. This trend is also
found for NOy emissions in the following section (Fig. 10, graphs A
& D).

The trends found for SMR with CCS in the fuel production cycle are
significantly different from those of the other production pathways. In
the fuel production cycle (Fig. 8, graph C), the GHG-100 generated per
kWhyeerq of Hy are much lower than those per kWh,.q, of electricity,
thus increasing the fuel cycle emissions as the battery capacity increases
(amount of energy stored as electricity in the vehicle). With all the

1 Useful kWh means the energy stored as electricity or H, multiplied by the
mean efficiency of the corresponding system (battery or FC system).
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CCS as H, production pathway. Functional unit is 120,000 km.

production pathways considered, since most of the energy stored is
in form of H,, increasing the FC maximum power clearly decreases
the emissions in the fuel production cycle, being SMR with CCS no
exception (Fig. 8 graph F). Again, the increase of battery capacity imply
higher cradle-to-grave emissions. In the case of considering SMR with
CCS, the overall GHG-100 emissions are far more sensitive to battery
capacity than SMR without CCS. This is due to the fact that both in the
fuel cycle and the cradle-to-grave process GHG-100 emissions increase
with battery capacity (both dominate the trend). This is indicative of
the consequences of using low-emission fuels such as blue or green
H, to power FCV. First, the aim to reduce emissions shifts towards
the vehicle manufacturing cycle since it dominates the cradle-to-grave
emissions. Second, using electricity from batteries if the renewable
share in the electricity mix does not improve may only increase the
cradle-to-grave emissions.

Fig. 9 shows the fuel production cycle and the cradle-to-grave
emissions for different target range FCREx with H, produced through
SMR with CCS. Note again how the GHG-100 emissions of blue H,
are lower than those of electricity. The graphs A-C are analogous to
graph C in Fig. 8, showing how GHG-100 emissions increase with the
battery capacity and decrease with the FC maximum power due to
the low emissions produced in the SMR with CCS process. In these
graphs, it is possible to see how the GHG-100 emissions in the fuel
production cycle decrease with the target range for a fixed design.
Interestingly this happens because, for a given battery capacity, as
the target range increases, the amount of H, stored increases, thus
increasing the percentage of the whole life (distance) that is covered
using only H,. If GHG-100 emissions per kWh g, of H, were higher
than those produced per kWh,.¢, of electricity (SMR or electrolysis)
in the fuel production cycle, then the overall GHG-100 in the fuel cycle
would increase with the target range.

In the case of cradle-to-grave GHG-100 emissions, increasing the
range for a fixed combination of battery capacity and FC stack max-
imum output power increases GHG-100 emissions (Fig. 9 graphs D-F).
This happens because the decrease in emissions in the fuel cycle (Fig. 9
graphs A-C) is lower than the increase in the manufacturing cycle
emissions due to the need for bigger H, tanks (Fig. 7 graphs A-C) when
increasing the target range. When the target range is kept constant at
500 or 600 km, graphs D-E show how GHG-100 emissions increase with
battery capacity and decrease with FC maximum power, as explained
for Fig. 8, graph F. In contrast, for the design space with a target range
of 700 km the emissions trend with respect to the FC maximum power
changes, implying an increase in GHG-100 with this sizing parameter.
The change in trend is motivated by the high weight of the FCREx
with such target range, which limits the decrease in H, consumption
(Fig. 6, graph F) with the FC maximum power, making the increase in
emissions in the manufacturing cycle outweigh the decrease in the fuel
cycle.
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From the data in Fig. 9 cradle-to-grave GHG-100 emissions may
vary up to 10% depending on the components sizing and the target
range FCREx are designed for. This value may seem small, but actually
it is significant if it is considered that the comparison is performed
between vehicles that use the same power sources (H, and electricity)
with constant production pathway and similar architecture, albeit the
sizing of the components may vary.

In conclusion, the use of FCREx provides significant variability
in GHG-100 emissions with the design, the target range and the H,
production pathway. Therefore, these emissions must be taken into
account in the vehicle development process. With low-emission H, pro-
duction strategies, decreasing the FCREx target range and decreasing
the battery size could reduce emissions since the vehicle manufacturing
cycle becomes the dominant phase in the cradle-to-grave process. As
such, depending on how the H, production infrastructure evolves in the
following decades, the optimum FCREXx in terms of GHG-100 emissions
may evolve towards moderate-to-high FC stack power and moderate-to-
low battery capacities. This optimum design may imply lower-than-BEV
manufacturing costs and low but not minimum H, and total energy
consumption (Fig. 6) [7]. This optimum might be in line with the
optimum design in terms of TCO.

5.1.2. NOx emissions

NOy emissions are also analyzed in this study since they are a major
concern for society due to the harmful effects of these gases on human
health and ozone generation/depletion. This section follows the same
structure as Section 5.1.1 but focused on NOy emissions. Note that,
differently from GHG-100, the SMR production pathway produces the
least NOy emissions (Fig. 10) since SMR with CCS requires additional
resources and energy to capture the CO, and the EU electricity mix is
not renewable-enough to produce low-NOy H, from electrolysis. As a
consequence, compared to the H, production pathway SMR with CCS,
overall NOy emissions change in the fuel cycle by ~95% and ~ —16%
considering electrolysis and SMR without CCS, respectively. Analo-
gously, in the cradle-to-grave process overall NOy emissions change
by ~38% and ~ —6%. From the overall change in emissions with
the production pathway, it is possible to identify that their influence
is significant by much lower than for GHG-100 emissions. Given the
relatively small variation in NOy emissions and the large difference
in GHG-100 emissions between SMR with and without CCS, it could
be favorable to consider SMR with CCS as the optimum production
pathways to reduce overall emissions (among those considered in this
study).

Producing H, from electrolysis implies much higher NOy emissions
since a significant part of the electricity mix is produced from fossil
fuels. In the SMR process, the NOy are produced in the combustion of
the fuel used to heat the reactor. In this case, low-NOyx burners and
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selective catalyst reduction (SCR) exhaust gas after treatments are a
feasible option to minimize NOx in SMR plants, although their use is
not widely extended [52].

When H, is produced from electrolysis (Fig. 10, graphs A & D), NOx
emissions decrease when increasing the FC maximum power output
and the battery capacity, both in the fuel cycle (graph A) and in the
cradle-to-grave process (graph D). As explained before, the evolution
of NOy emissions in the fuel cycle is justified by the decrease in energy
and H, consumption. The emissions produced in the H, production
cycle seem to be high than that produced to generate the electricity for
the battery. As a consequence, the decrease in emissions when raising
the FC maximum power is more significant than when increasing the
battery capacity. The trends of the fuel cycle and the cradle-to-grave
process opposed to that found in the manufacturing cycle (Fig. 7, graph
E), where NOy emissions increase with the FC power and the battery
capacity. This means that the evolution of cradle-to-grave emissions
is dominated by the fuel cycle. In this case, the fuel cycle also pro-
duces more emissions than the manufacturing cycle (16.4-19.7 kg NOy
against 14.1-15.1 kg NOy), implying that the fuel production strategy
dominates the global emissions both in trend and amount.

NOy emissions evolution and the amount produced are very similar
in the cases of producing the H, from SMR with or without CCS
(Fig. 10, graphs B, C, E & D). In the fuel cycle (graphs B & C), NOy
emissions decrease with the FC stack maximum power due to the lower
H, consumption. In contrast, they increase with the battery capacity
since producing electricity produces more emissions than producing H,.
In this sense, the fraction of energy stored as H, decreases, thus in-
creasing the electricity usage to achieve a certain range. Regarding the
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cradle-to-grave emissions, they show the same evolution with respect
to design parameters as the fuel cycle, hence they are dominated by
the fuel cycle emissions. Nonetheless, the emissions in the fuel cycle
are significantly lower than those in the manufacturing cycle, which
means that although the manufacturing cycle is responsible for most of
NOy emissions, the sensitivity of the fuel cycle to the FCREx design is
higher, thus dominating the trends but not the total emissions.

Complementary to Figs. 10, 11 shows the NOy emissions in the fuel
cycle and the cradle-to-grave process for designs with 500, 600 and
700 km of range considering blue H, (SMR with CCS). The evolution
of NOy emissions in the graphs A-C is analogous to that in Fig. 10 graph
C and it is explained in the previous paragraph. For a given design, in
terms of battery capacity and FC maximum power, increasing the range
implies lower NOy emissions in the fuel cycle since more H, is required
to increase the range and the emissions of blue H, are lower than those
produced to generate electricity with the EU mix. This trend in the fuel
cycle is the same found for GHG-100 emissions in Fig. 9. In the design
space of 700 km, NOy emissions are less sensitive to the variation of
the FC maximum power because the gain in efficiency when increasing
the FC power is less significant due to the high vehicle weight. This
can also be appreciated in the total H, consumption calculated for this
design space (Fig. 6, graph F).

Graphs D-F of Fig. 11 show how cradle-to-grave NOy emissions,
for a given combination of battery capacity and FC maximum power,
increase with target range due to the additional emissions coming
from requiring higher-capacity H, tanks. Furthermore, the change in
NOy trend when comparing graphs D-E with graph F results from the
decrease of the sensitivity of the emissions produced in the fuel cycle
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with the FC maximum power, thus allowing the vehicle manufacturing
cycle dominates the tendency. As such, in the design space of 700 km,
NOy emissions increase with the FC maximum power.

The variation between worst and best designs in terms of cradle-
to-grave NOy emissions can be up to 10% within the generated design
spaces. This variation is similar to that found for GHG-100 emissions,
which is a consequence of the same trend they follow when changing
the sizing of the components.

To conclude, differently from GHG-100 emissions, NOy emissions
for FCREx seem to be mostly dominated by the fuel production process,
except for the designs with a high target range (700 km) where the
weight becomes an obstacle to decrease significantly H, consumption
by increasing the FC maximum power. As such, the designs offering the
lowest NOyx emissions in the cradle to grave process are those with a
battery of 30 kWh and high Fc maximum power, except for the design
space of 700 km. The production pathway that offered the lowest NOy
was SMR without CCS since CCS process requires an extra amount of
energy to enable CO, capture. Nevertheless, the difference between
SMR with and without CCS in NOy is substantially smaller than that
found for GHG-100. Therefore, looking at overall emissions, SMR with
CCS may still be the optimum H, production pathway among those
considered in this study.

5.2. Potential of cradle-to-grave emissions decrease with FCREx architec-
ture

From the results shown along this section, it was concluded that
with low-emissions H, production pathways (blue H,), the design
trend to minimize cradle-to-grave emissions of FCREx vehicles should
focus on decreasing the battery capacity to the minimum possible to
ensure enough range in BEV mode so that the emissions produced
during the manufacturing of the batteries are minimum and high FC
stack maximum power to decrease H, consumption. In other words,
this trend suggests that the FCREx architecture could produce higher
cradle-to-grave GHG-100 and NOy emissions than conventional FCV
architectures.

In contrast, with high-emissions H, production pathways (electrol-
ysis from the current EU electricity mix), the FCREx architecture could
decrease significantly the GHG-100 and NOy emissions with higher
battery capacities (Figs. 8 and 10, graph D). This suggests that the in-
terest in FCREx architecture, only regarding cradle-to-grave emissions,
would depend on the balance between the emissions produced when
generating electricity and those released when producing H,. However,
there is another factor that would affect significantly the cradle-to-
grave emission of FCREx architecture: the emissions produced in the
battery manufacturing process. Therefore, it is possible to deduce that,
in the short term, if H, is produced from the EU electricity mix, FCREx
would have significant advantages over FCV in terms of emissions.
In the medium and long-term it is uncertain whether FCREx or con-
ventional FC architectures will produce lower emissions since it will
depend on the rate at which the EU electricity mix, the H, production
pathways, and the battery production process are decarbonized and
become cleaner. The results derived from this study will serve the
FCV manufacturers to understand the performance and cradle-to-grave
emissions of FCREx vehicles and their variation with the design choice
regarding changes in FC stack maximum power, battery capacity and
H, tank capacity. This could also serve as a starting point for the design
process of FCV vehicles with FCREx architecture to down-select a set
of design choices to be further refined as the vehicle development
advances. The relevance of producing such results not only lies in
the benefits for FCV manufacturers but rather for society in general
since the existence of these design spaces both in terms of performance
and emissions could shorten significantly the FCREx vehicle process,
thus accelerating the path towards the H, economy and decreasing the
environmental impact of the transport sector.
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Finally, from this analysis, a set of recommendations to decrease the
cradle-to-grave emissions of FCREx vehicles could be extracted. First,
it is imperative to invest in decarbonizing and decreasing the over-
all emissions of the vehicle manufacturing process, especially battery
manufacturing, since it is responsible for a significant part of the cradle-
to-grave emissions. Second, the renewable share on the EU electricity
mix should increase since it will have a direct impact on both electricity
and H, production. Third, in other to drastically decrease the cradle-
to-grave emissions of FCV in general, it is necessary to implement CCS
technology in SMR plants, since this process would allow increasing the
renewable share of the EU electricity mix at a faster rate in parallel to
decarbonizing the H, production pathway which will imply a higher
rate of decrease of global emissions rather than dedicating all the
renewable energy infrastructure into producing green H,. Fourth, due
to the uncertainty on the cradle-to-grave emissions of FCREx caused by
its use of different energy sources and powerplants, this kind of LCA
analysis should be revised over time to adapt these recommendations
since important changes are expected in the emissions produced in the
battery manufacturing process, the EU electricity mix [53], and the H,
production pathways.

6. Conclusions

In this study, the design spaces, H,, energy lifetime consumption,
GHG-100 and NOy emissions were analyzed by combining sizing with
life cycle assessment (LCA) methodologies. The only impact category
considered was greenhouse gases (GHG-100) since they are the emis-
sions of the utmost scientific and social concern, although NOy were
also estimated. The design spaces, calculated in previous studies, were
expressed as a function of the battery capacity, the FC stack maximum
power output at the limiting current density and the H, tank capacity.
These three design parameters were related through 1D simulations of
the fuel cell range-extender (FCREx) complete architecture in WLTC
3b driving cycle for the selected ranges of 500, 600 and 700 km.
Furthermore, for the design space with 600 km of range, electrolysis
with electricity from the current EU mix, steam methane reforming
(SMR) with and without carbon capture and storage (CCS) were consid-
ered as the H, production pathways to understand the cradle-to-grave
emissions of these vehicles on different feasible-in-the-short-term H,
production scenarios. Green H, from only renewable sources was not
considered since it is not a feasible solution in the short-term and
considering it would only lead to misinterpreting the actual emissions
of these vehicles for the following 5-15 years.

The design spaces, the H,, and energy consumption along the life-
time were calculated, from which it was concluded that both increasing
the battery capacity and the FC stack maximum power decreased the
H, and energy consumption, hence decreasing the emissions in the fuel
cycle and increasing those in the vehicle manufacturing cycle. This
happened since increasing the battery capacity leads to a decrease in
the H, capacity, thus implying that a greater part of the lifetime should
be covered with the battery alone, which is more efficient than the
FCREx mode despite the higher weight. Furthermore, it was found that
increasing the FC maximum stack power decreased the H, consumption
since the FC stack operated at lower current densities, thus increasing
the FC system efficiency despite the vehicle weight increase. These
results were directly used as inputs in the LCA analysis to estimate the
vehicle manufacturing and fuel production cycle associated emissions.

In the cradle-to-grave process, GHG-100 emissions increase by
~60% and ~36% with electrolysis and SMR without CCS compared
to SMR with CCS or blue H,. Analogously, NOy emissions change by
~38% and ~ —6%. The decrease in NOy emissions with SMR without
CCS was justified with the extra energy and resources required to
enable CCS. These data showed how sensitive the overall GHG-100 and
NOy emissions are with the H, production pathway. For both GHG-100
and NOy emissions, the vehicle manufacturing cycle produced most of
the cradle-to-grave process, although not always this cycle dominated
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how the overall emissions change with the design. With the SMR with
CCS as the production pathway, the manufacturing cycle dominated
together with the fuel cycle the sensitivity of the cradle-to-grave process
when the battery capacity increased but the trend in emissions when
the FC maximum power increase was clearly dominated by the fuel
cycle, except for NOy emissions in the FCREx designs with 700 km
of range. Both cradle-to-grave GHG-100 and NOy emissions may vary
up to 10% when comparing the worst and best design among those
considered.

With blue H,, increasing the battery capacity increased NOy as well
as GHG-100 emissions in both the fuel production and vehicle man-
ufacturing cycles, despite decreasing the energy consumption, since
the emissions produced in this pathway are smaller compared to those
produced to generate electricity. This means that, in order to minimize
overall emissions, FCREx should be designed with moderate-to-low
battery capacities. Interestingly, it was found that for most of the design
spaces, increasing the FC maximum power decreased overall cradle-to-
grave GHG-100 and NOy emissions, as well as overall H, consumed
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along the lifetime. Therefore, in terms of overall emissions and with
low but not minimum H,/energy consumption, the optimum FCREx
design should have a moderate-to-small battery enough to cover a
certain range of operation in battery mode only and moderate-to-high
FC stack maximum power in contrast to the optimum design in terms of
consumption, which was found to have high battery capacity and high
FC stack maximum power. Nonetheless, the fact that the performance-
wise and the emissions-wise optimum designs coincide or not, depends
mainly on the H, production pathway and the vehicle manufactur-
ing process. In the case of considering high-emissions H, production
pathways (electrolysis from EU mix), these optimum designs overlap
because minimizing H, consumption means minimizing cradle-to-grave
emissions. Although small-to-moderate battery size is recommended,
there still exists a trade-off in terms of the total cost of ownership
(TCO), emissions and consumption that makes FCREx a promising FCV
architecture in the short-to-medium term, given the flexible operation
it can offer, the high H, prices, the lower energy consumption and the
low availability of H, refueling stations.
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Finally, a set of recommendations were suggested to decrease the
cradle-to-grave emissions of FCREx vehicles. They were: decarbonizing
the battery manufacturing process, decarbonizing the EU electricity
mix, prioritizing blue H, over green H, to maximize the rate of decrease
of cradle-to-grave emissions, and refreshing the data of this analysis
over time so that the recommendation can be adapted to the scenario
in that moment, given the uncertainty on how the manufacturing and
fuel production processes will evolve with time.
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Appendix. Blue and green H, comparison

As a complementary section to this study, in this part the GHG-100
and NOy emissions of the FCREx architecture design spaces considering
blue and green H, are compared. The pathway defining green H,
production was exactly the same as that for black H, presented in
Fig. 5 but changing the source of the electricity used for the electrol-
ysis process with electricity produced from solar energy. As such, the
fuel production cycle emissions of green H, are significantly smaller
compared to those of any other production pathway (0.056 kg CO,
eq./kWh H, and 6.8-10"> kg NOy/kWh H,). Nevertheless, the results in
Figs. A.12 and A.13 must be analyzed carefully to identify the scenario
they represent. For green H,, the source of energy is renewable, while
for the electricity in the battery, the source is the electricity mix.
Therefore, these results represent and scenario that may lead to a
certain bias towards FCV rather than towards BEV since it could be
argued that renewable energy could be part of the electricity mix
thus decreasing the emissions coming from using the battery. This is
the reason why these results were included in the appendix only for
completeness and must be analyzed taking into account the particular
scenario just described.

It is important to note that green H, emissions are not completely
zero since some of the processes in the production pathway require
the use of non-renewable energy for H, treatment and distribution.
Nonetheless, the global emissions of the process are still significantly
lower than with other H, production pathways.

In Fig. A.12 the GHG-100 emissions produced during the fuel cycle
and cradle-to-grave process are shown for both blue (left column) and
green (right column) H, for a 600 km of range FCREx vehicle. This
same information is presented for NOy in Fig. A.13. In these two figures
the trends of increasing or decreasing the emissions are the same,
hence a common explanation can be given to explain them. For both
blue and green H, increasing the battery capacity implies an increase
in emissions since the GHG-100 and NOx emissions released when
producing 1 kWh of H, are significantly lower than those for produc-
ing 1 kWh of electricity with the current electricity mix. Therefore,
emissions decrease with increasing battery capacity since increasing the
battery capacity implies a higher usage of electricity and a lower H,
tank capacity (Fig. 6). The emissions variation with the FC maximum
power is that explained along the study: increasing the FC maximum
power implies a more efficient use of H,, thus requiring less fuel to
cover a given distance and thus decreasing emissions.
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As explained in Section 5, changing the H, production pathway does
not only imply a variation on the cradle-to-grave process emissions but
also on the relative weight of the fuel production cycle. In the case of
blue H, the fuel production cycle supposes ~33% of the total emissions
while for green H, it is ~26%. This is, again, a proof of the fact that as
the industry moves towards low emissions propulsion systems and/or
fuels, the vehicle manufacturing cycle will become more relevant in the
cradle-to-grave emissions.

When comparing how the emissions change in the cradle-to-grave
process with blue and green H, in both Figs. A.12 and A.13, it is
possible to identify how increasing the FC maximum power if green
H, is considered yields higher emissions. This is justified by the low
emissions produced by green H, in the fuel production process, whose
variation when sizing the components of the FCREx architecture is
even smaller than the change in emissions in the vehicle manufacturing
cycle. As a consequence, the cradle-to-grave emissions of green H,
present a similar trend to the emissions in the vehicle manufacturing
cycle (Fig. 7, graphs B & E).

Finally, it is important to understand that for green H, the GHG-
100 and NOy emissions in the cradle-to-grave process may change up
to 11.8% and 12.5% depending on the sizing choice respectively, in
contrast with blue H, whose GHG-100 and NOyx may vary up to 9.1%
and 8.8% respectively. This is motivated by the lower absolute value of
total emissions for green H,, which makes the vehicle manufacturing
cycle dominate the cradle-to-grave emissions.
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