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Abstract

At present, the decarbonization of the public transport sector plays a key role in interna-
tional and regional policies. Among the various energy vectors being considered for future
clean bus fleets, green hydrogen and electricity are gaining significant attention thanks to
their minimal carbon footprint. However, a comprehensive Life Cycle Assessment (LCA) is
essential to compare the most viable solutions for public mobility, accounting for variations
in weather conditions, geographic locations, and time horizons. Therefore, the present
work compares the life cycle environmental impact of different powertrain configurations
for urban buses. In particular, a series hybrid architecture featuring two possible hydrogen-
fueled Auxiliary Power Units (APUs) is considered: an H2-Internal Combustion Engine
(ICE) and a Fuel Cell (FC). Furthermore, a Battery Electric Vehicle (BEV) is considered for
the same application. The global warming potential of these powertrains is assessed in
comparison to both conventional and hybrid diesel over a typical urban mission profile and
in a wide range of external ambient conditions. Given that cabin and battery conditioning
significantly influence energy consumption, their impact varies considerably between pow-
ertrain options. A sensitivity analysis of the BEV battery size is conducted, considering the
effect of battery preconditioning strategies as well. Furthermore, to evaluate the potential of
hydrogen and electricity in achieving cleaner public mobility throughout Europe, this study
examines the effect of different grid carbon intensities on overall emissions, based also on
a seasonal variability and future projections. Finally, the present study demonstrates the
strong dependence of the carbon footprint of various technologies on both current and
future scenarios, identifying a range of boundary conditions suitable for each analysed
powertrain option.

Keywords: decarbonization; adverse climate; urban bus; LCA

1. Introduction

In recent years, the transport sector has been responsible for approximately 29% of
total CO, emissions in Europe, with trucks and buses accounting for 27% of this share [1].
Emissions recorded in 2022 were aligned with pre-COVID Greenhouse Gas (GHG) levels
and have continued to rise since 2020 [2]. Buses, as a key component of urban transit fleets,
offer significant potential for large-scale CO, reduction through the adoption of decar-
bonized technologies, particularly when assessed from a life cycle perspective. Among the
various powertrain options, Battery Electric Vehicles (BEVs) and Fuel Cell Electric Vehicles
(FCEVs) are recognized as promising alternatives, together with emerging technologies as
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Hydrogen Internal Combustion Engine Vehicles (H,ICEVs), all offering no tailpipe CO,
emissions [3].

BEVs are widely regarded for their high energy efficiency, often above 85% in well-to-
wheel energy conversion, and their compatibility with renewable electricity grids, which
further amplifies their environmental benefits [4]. They are particularly effective in stop-
and-go urban driving, where regenerative braking significantly improves overall energy
recovery. Technological advances in lithium-ion batteries, coupled with decreasing costs,
are making BEVs increasingly competitive in terms of total cost of ownership and oper-
ational flexibility [5]. However, a critical challenge for BEVs lies in their sensitivity to
external ambient conditions. At low temperatures, battery efficiency declines, and the
energy demand for cabin heating, typically supplied by electric resistive elements or heat
pumps, can rival that of propulsion in winter conditions [6], and Heating, Ventilation, Air
Conditioning (HVAC) systems alone may demand up to 0.25 kWh/km, or 20% of traction
consumption [7]. As a consequence, the bus design often necessitates oversizing batteries,
increasing both cost and weight [8].

FCEVs offer an attractive alternative under operational conditions where BEVs face
thermal or range limitations. By converting hydrogen into electricity via an electrochemical
fuel cell, FCEVs maintain stable performance across a broader temperature range and
provide waste heat that can be used for cabin heating and battery preconditioning [9]. This
capability not only reduces auxiliary loads but also contributes to improved hydrogen
efficiency and vehicle range in cold climates. Integrated thermal management strategies
can save up to 10% in hydrogen consumption and improve energy utilization [10,11].

In this context, HICEVs are also emerging as a viable technology. They can leverage
existing Internal Combustion Engine Vehicle (ICEV) manufacturing chains and potentially
reduce the capital cost of transitioning from traditional diesel powertrains, while still
offering zero tailpipe CO; emissions. Furthermore, hydrogen-fueled buses offer diesel-
comparable refueling times and extended driving range with respect to BEVs, ensuring high
vehicle availability, which is a critical factor in intensive transit operations [12]. Neverthe-
less, hydrogen-powered technologies face substantial deployment barriers. Infrastructure
for hydrogen production, distribution, and refueling remains limited in most regions. More
importantly, the life cycle environmental benefit depends heavily on how hydrogen is
produced. Steam Methane Reforming (SMR)—currently the dominant pathway—has a
high carbon footprint unless combined with Carbon Capture and Storage (CCS), while
hydrogen from electrolysis is environmentally favorable only if powered by low-carbon
electricity [13,14].

To support sustainable transport planning, it is essential to compare so-called “clean”
bus alternatives using a comprehensive and scenario-sensitive methodology [15]. Life
Cycle Assessment (LCA) offers a robust approach to evaluate the environmental impacts
of various powertrain configurations, considering not just tailpipe emissions but also up-
stream fuel production, vehicle manufacturing, operation, and End-of-Life (EoL) treatment.
LCA is particularly relevant for urban buses, which operate intensively over long lifespans
and under widely varying temperature conditions. Yet some works highlighted the impact
of varying the auxiliaries load on consumption. In particular, hybrid series bus powertrains
offer better fuel economy benefits in urban applications, but HVAC loads significantly
diminish these gains during extreme temperature conditions [16]. Furthermore, integrated
energy management strategies can meaningfully reduce energy use across all powertrain
components [17]. Regarding BEVs, Basma et al. [6] developed a detailed energy model,
demonstrating that auxiliary loads could account for up to 40% of total energy consumption
in winter conditions. Meanwhile, Bartlomiejczyk et al. [18] quantified the energy reduction
potential from optimized auxiliary systems, underscoring the need to better model these
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subsystems in fleet-level assessments. O’Boyle et al. [19] showed that route gradient and
thermal demands strongly influence FCEV energy performance, particularly in cold cli-
mates where fuel cell systems are advantaged. In addition, Broatch et al. [10] showed that
FCEVs can use residual fuel cell heat to reduce HVAC energy demand, thereby enhancing
cold-weather efficiency.

However, few LCA studies to date have explicitly incorporated the influence of ex-
ternal climate conditions on auxiliary energy consumption. Zacharof et al. [20] analyzed
the impact of ambient conditions and passenger capacity on CO, emissions of a diesel
bus, revealing significant annual variation due to HVAC use and identifying a correlation
between temperature, solar radiation, passenger load, and emissions. To the best of the au-
thors” knowledge, no previous studies have specifically investigated the impact of auxiliary
systems on the lifecycle CO, emissions of BEVs or hydrogen-powered powertrains.

Against this backdrop, the present study performs a detailed LCA of five powertrain
configurations for a 12-m urban bus: a conventional diesel ICEV, three series hybrid electric
vehicles powered by diesel or hydrogen, featuring either an Internal Combustion Engine
(ICE) or a Fuel Cell (FC) as Auxiliary Power Unit (APU), and a BEV. The analysis explicitly
accounts for the impact of external temperatures on auxiliary energy consumption, par-
ticularly for thermal management of the cabin and powertrain components. Furthermore,
the study evaluates the sensitivity of life cycle results to the carbon intensity of electricity
generation across different European countries and considers three hydrogen production
scenarios: SMR, SMR with CCS, and electrolysis. Indeed, traditional SMR is used as the
baseline for comparison, as it remains the dominant method for hydrogen production. In
2023, SMR accounted for 62% of global hydrogen production, while in Europe, its share
reached 97% [21]. Finally, the effect of battery preconditioning in BEVs under varying
external temperatures was evaluated, along with a sensitivity analysis on battery sizing in
relation to reduced driving range under adverse weather conditions. The goal of this work
is to provide a realistic, data-driven comparison of clean bus technologies under variable
environmental, energy system conditions and time horizons for a decarbonized scenario.
The findings aim to support transport authorities and policymakers in identifying the most
suitable technology for specific regional conditions, balancing energy efficiency, climate
resilience, and life cycle environmental performance.

2. Materials and Methods
2.1. Goal and Scope

The objective of this study is to evaluate the impact of diverse weather conditions on
energy consumption and, consequently, the environmental footprint of different powertrain
alternatives for a 12-m urban bus. The comparison includes five powertrain configurations:

an ICEV fueled by diesel,

a series Hybrid Electric Vehicle (HEV), featuring a diesel ICE as APU,

a series hybrid FCEV,

a series Hydrogen Hybrid Electric Vehicle (H,HEV) featuring an ICE fueled by hydro-
gen as APU,

e aBEV

For each powertrain configuration, the load of the auxiliaries is varied, assessing the
impact of different external ambient temperatures on cabin/battery conditioning, based on
the approach carried out in [6]. In addition, the analysis incorporates real-world data on the
Carbon Intensity (CI) of electricity generation in different European countries, considering
also seasonal variability. Furthermore, two hydrogen production processes are considered:
SMR and electrolysis, adding also the possibility to capture 60/70% of the CO, produced in
the SMR process. Finally, the current European situation is compared with a future scenario
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with a decreased CI of the grid for each country, and a widespread adoption of emerging
technologies (i.e., hydrogen-related components and high-capacity batteries).

2.2. Case Study: Reference Vehicle and Powertrain Characteristics

The main specifications of the 12 m urban bus used in this work are listed in Table 1.

Table 1. Vehicle specifications.

Length [m] 12
Curb weight [ton] 12
Fully loaded weight [ton] 18
Passenger capacity [-] 90
Road Load @50 km/h [kW] 16
Lifespan [km] 700.000

In this analysis, the powertrains mentioned above are considered, starting with the
standard diesel configuration of an ICEV, which is currently the most common option in the
bus market [22] and exploring “clean” alternatives based on the same case study analyzed
by the authors in [23]. To emphasize the advantages of hybridization in bus design, a HEV
with a series architecture is also examined, featuring a downsized diesel engine as an APU,
as defined at first in [24]. To assess hydrogen’s potential as a decarbonizing energy source,
two additional configurations are considered, both with the same series architecture as the
HEYV, replacing the APU and obtaining either an FCEV or H,HEYV, as already introduced
in [25]. The final powertrain option selected for a “zero tailpipe emissions” is a BEV,
reflecting the growing adoption of this technology in urban markets. Notably, in 2022, 43.8%
of newly registered buses in Europe were “diesel-free” vehicles, with BEVs constituting
21.8% of this figure [22]. Table 2 summarizes the specifications of the key components. The
ICEV features a conventional 6.5 L diesel ICE with a rated power of 250 kW. The HEV
configuration adopts a downsized version of this engine, rated at 100 kW, and pairs it with
a 200 kW Electric Motor (EM) to ensure the same overall performance as the ICEV [26].
Following the same rationale, all series hybrid architectures are equipped with a 100 kW
APU and a 200 kW EM [27]. Specifically, the HyHEV adopts a 3.0 L H2 ICE as an APU,
retrofitted from the ICEV configuration [26,28], while the FCEV employs a PEM-FC system,
including the full Balance of Plant (BoP), rescaled to match the hybrid power level [29].
For H,HEV, FCEV, and BEV, energy storage is sized to support a ~200 km daily mission.
The hydrogen configurations (HyHEV and FCEV) use 700 bar type IV tanks with a 28 kg
capacity, enabling operation without mid-day refueling [30,31]. Regarding the batteries, a
20 kWh LFP battery was chosen to power the hybrid configurations, selected for its balanced
energy density and cycle life in small packs [32]. On the contrary, for the BEV, a large battery
pack is needed, aligning with the current standard [33,34]. In particular, a 336 kWh NMC
battery has been hypothesized to cover the daily range under moderate external ambient
conditions, with depot-only overnight charging [35]. In addition, a sensitivity analysis on
the BEV’s battery size has been conducted to account for the reduction in driving range due
to increased electricity consumption under adverse weather conditions (i.e., extremely cold
or hot external temperatures). All configurations are designed to meet the power demands
of the driving scenarios analyzed in this study, and further details on component selection
are discussed in [15,23].
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Table 2. Technical specifications of the main powertrains’ components.

Configurations ICEV HEV H,HEV

ICE Fuel [-] diesel diesel hydrogen
Displacement [L] 6.5 3.0 3.0
Max. Power [kW] 250 100 100
Configurations FCEV

PEM FC Fuel [-] hydrogen
Net Power [kW] 100

. . HEV/H,HEV HEV/H,HEV/FCEV/BEV
Configurations .
E-Generator E-traction

EMs Technology [-] PMSM PMSM
Max Power [kW] 90 200
Max Torque [Nm] 440 1500
Configurations HEV/H,HEV/FCEV BEV

HYV Battery Technology [-] LiFePOy NMC
Capacity [kWh] 20 336
Configurations H,HEV/FCEV
Technology [-] Carbon fiber tank

Hydrogen Tank Capacity [kg] 28
Pressure [bar] 700

In order to evaluate the performance of the proposed solutions, the Braunschweig driv-
ing cycle, which is commonly employed in certification programs and research projects [12],
is adopted to represent urban bus operations. In fact, this cycle is characterized by a high
share of stop phases (i.e., 23%), reflecting the frequent start-and-stop driving pattern typical
of public transport (see Figure 1).

60

50
<
£ 40+
—é 30 1 26% u Stop Phases
& ° . = Constant Speed
20 1 16% Acceleration
= o .
S 33/:/' Deceleration

10

0 500 1000 1500

Time s
Figure 1. Mission profile of the Braunschweig driving cycle.

2.3. System Boundaries

A comprehensive Cradle-to-Grave methodology is employed, covering all stages of
the vehicle lifecycle, from production to EoL, with the system boundaries sketched in
Figure 2.

During the production phase, the analysis primarily focuses on the powertrain compo-
nents and fuel/energy storage systems, excluding emissions associated with glider manu-
facturing. In the use phase, a Well-to-Wheel (WtW) approach is adopted, incorporating the
fuel production process. Specifically, two hydrogen production pathways—electrolysis and
SMR—are modeled, and the effect of different electricity production mixes is evaluated.
Emissions related to vehicle disposal are considered in the EoL phase. Regarding the
temporal context of this analysis, it reflects the current state, assuming limited market
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penetration of emerging technologies (e.g., fuel cell systems, carbon fiber tanks, lithium-ion
batteries). Alternative scenarios for future technologies adoption have been extensively
discussed in [15,23] for the same case study. In the present work, a conservative scenario of
emerging technologies adoption has also been evaluated. Specifically, a 2030 time horizon
is considered, assuming a reduced CF for hydrogen-related technologies and batteries. All
relevant details and assumptions are provided in Appendix A. Finally, an average bus
capacity has been supposed to be equal for all the powertrains (i.e., 54 passengers, 60% of
maximum capacity), based on the comparability of their full passenger capacities and the
expectation of similar occupancy under typical operating conditions. Although a reduction
in maximum capacity might be expected for BEVs due to battery space requirements,
modern BEVs are generally designed to offer a full passenger capacity comparable to that
of conventional diesel buses [22,34]. The Functional Unit (FU) used to assess the carbon
footprint (CF) of the various powertrains is the CO, emissions per kilometer traveled by
each vehicle.

- —————
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Figure 2. Considered system’s boundaries for the LCA.

Sensitivity analyses are incorporated in this study, including a variation of the CI of
the electricity mix, using current average values from [36-38] of all European countries to
assess the impact of regional differences, as well as seasonal variations based on the avail-
ability of renewable energies for electricity production. Additionally, the average external
temperatures for these countries are considered, as they affect auxiliary loads, including
cabin and battery thermal management. Furthermore, the average external temperatures
in summer and winter are also included. Figure 3 summarizes the values considered
for ClIs for electricity production in European countries, and Figure 4 shows the external
temperatures [39], for the current time. It is worth mentioning that CI generally decreases
across all European countries in summer thanks to greater availability of renewable energy
(see Figure 3b), while the opposite occurs in winter. Regarding the 2030 time horizon, a
linear decrease in the CI of all European countries is projected in the IEA’s Announced
Pledges Scenario (APS) report [40] and is adopted as an assumption in this study.



Energies 2025, 18, 4522 7 of 24

(a) Annual average
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Figure 3. Input values of grid carbon intensity for electricity production in Europe, at present:

(a) annual mean, (b) mean in summer, (c) mean in winter.

(a) Annual average

Text [OC]
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o £

Figure 4. Input values of external temperatures in Europe: (a) annual mean, (b) mean in winter,

(c) mean in summer.

2.4. Data Acquisitions and Assumptions

All life cycle inventory data related to the production, maintenance, replacements,
and EoL phases of the various powertrain configurations have been thoroughly examined
in the authors’ previous work [15] and are adopted in the present study. For the sake of
clarity, Appendix A includes a summary of the data and sources considered for vehicle
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manufacturing, maintenance, and replacement, together with detailed information about
the EoL phase of the main components. In particular, a sensitivity analysis of the BEV’s
battery size has been conducted to account for the reduction in driving range resulting
from increased electricity consumption under adverse weather conditions. Indeed, aligning
the battery capacity with the actual daily operational needs of the BEV, combined with the
implementation of an effective charging strategy, is crucial for reducing the load on the
electrical grid and optimizing both bus and infrastructure costs [8].

Furthermore, some modifications with respect to previous research by the Authors
are included in the use phase. Starting from the Well-to-Tank (WtT) for diesel fuel, the
CF associated with its production is estimated at 18.9 gCO,/M], based on data from [41].
This value is assumed constant across different energy mixes due to the low electricity
input required in diesel production. Additional emissions arise from the combustion of
diesel during vehicle operation. A more complex approach is applied to compressed hy-
drogen, for which three production pathways are modeled on OpenLCA [42]: traditional
SMR, electrolysis via a PEM electrolyzer, and SMR with CCS. Traditional SMR, which uses
methane as a feedstock and consumes relatively little electricity (1.11 kWh and 165 M] of
methane per kilogram of hydrogen), represents the current industrial benchmark. In con-
trast, electrolysis is a highly electricity-intensive process, requiring approximately 54.6 kWh
per kilogram of hydrogen [13]. The CCS-enhanced SMR process is assumed to capture
60-70% of CO, emissions. For all scenarios, hydrogen production is considered “domestic”,
meaning it occurs in the same country where it is consumed. Then, transportation-related
emissions are considered to be of secondary importance compared to those associated with
hydrogen production processes [43]. However, a correction factor has been applied to the
total CF of hydrogen production to account for transport, distribution, and associated losses.
Furthermore, based on market projections for this process, the CF associated with hydrogen
compression to 700 bar for onboard storage is included. Figure 5 illustrates the resulting
CF of hydrogen production and compression under the three pathways, as a function of
the CI of the electricity mix. Notably, current European electricity carbon intensities range
from approximately 30 gCO,/kWh in Iceland to 662 gCO,/kWh in Poland.

40
—Electrolysis ----SMR w/o CCS

------------ SMR w/ CCS

W
S

CF [kg CO, / kg H,]
= S

| France | Europe | Germany | Poland
0 100 200 300 400 500 600
CI [gCO, / kWh]

Figure 5. WtT analysis for three different hydrogen production pathways as a function of the grid CI.

At present, hydrogen produced via electrolysis can only be considered environmen-
tally favorable when the electricity used originates from grids with a high share of renew-
able energy sources—commonly referred to as “green hydrogen.” In contrast, hydrogen
generated through SMR, termed “grey hydrogen”, exhibits a relatively constant CF, largely
unaffected by the CI of the electricity grid due to its minimal electricity requirements.
As a result, grey hydrogen typically has a lower CF compared to grid-based electrolytic
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hydrogen, particularly when the electricity is derived from carbon-intensive sources. This
advantage becomes even more pronounced when SMR is combined with CCS technologies,
yielding a CF that is favorable in the majority of European countries.

The Tank-to-Wheel (TtW) analysis is based on powertrain energy consumption data
obtained from the study conducted by the authors in [23]. In that research, the performance
of the same bus powertrains was evaluated under specific driving cycles using detailed
numerical simulations. This involved designing an effective energy management strategy
for the FC systems to both reduce fuel consumption and limit system degradation. It is
important to consider the energy used by auxiliary components, as they have a notable
impact on total consumption, especially in the Heavy Duty Vehicle (HDV) sector, and the
following paragraph will focus on this aspect in greater detail.

2.5. Power Absorption of the Bus Auxiliaries

The impact of external ambient conditions on auxiliary power consumption, particu-
larly for cabin conditioning and thermal management of components, requires dedicated
analysis due to its significant influence on overall energy demand. This is especially critical
for BEVs, where these loads can substantially affect energy efficiency, as demonstrated by
Basma et al. [6]. To enable a fair, technology-neutral comparison, the starting point of the
analysis is a reference ambient temperature of 15-20 °C, a range in which auxiliary power
consumption is minimal. This baseline avoids penalizing BEVs, which are more sensitive
to thermal loads outside this range.

Then, a variation of external ambient conditions is assumed from Tey; = —10 °C to
Text = 40 °C, and Figure 6 illustrates the HVAC, battery and FC thermal conditioning
demands as a function of external temperatures. Figure 6a shows the cabin HVAC power
demand, while Figure 6b presents the Battery Thermal Management (BTM) and FC Thermal
Management (FCTM) requirements. Regarding the HVAC power demand, it has been
derived for the BEV based on [6], which considers a similar case study and the same driving
cycle. A comprehensive thermal model of the vehicle cabin, adapted from [44] is used in the
cited research. This model accounts for heat flux through the cabin walls, heat generated by
passengers, and the effects of door openings, all as functions of ambient temperature, cabin
temperature, and the duration of door openings. In the 15-20 °C range, HVAC usage is
minimal across all architectures, limited to about 1 kW, primarily for ventilation. However,
under cold conditions (e.g., —10 °C), HVAC demand in BEVs (yellow bars) increases
sharply due to the decrease in HVAC system COP at extreme conditions, approaching
propulsion-level energy consumption [18]. For ICEV, HEV, and HyHEV architectures (black
bars), waste heat recovery from the engine is assumed sufficient for cabin heating [20].
During cooling, however, HVAC systems in these vehicles exhibit higher power demands
than BEVs, since the HVAC compressor is driven by the engine, which has overall lower
values of efficiency than the electric motor of the BEV [45]. In FCEVs, cooling behavior is
assumed to be similar to the BEV, while in heating mode, the heat rejected by the FC stack
is generally sufficient to meet cabin thermal needs in the —10 °C to 10 °C range [19]. All
values for the HVAC demand refer to steady-state vehicle conditions, excluding cold starts.

Figure 6b highlights the thermal management loads for batteries and the FC stack. The
BTM requirements are modeled based on the daily mission profile of the bus, incorporating
an initial phase of battery preconditioning in heating mode characterized by high auxiliary
power demand (i.e., BEV preconditioning bars), with values sourced from [6]. This is
followed by a steady-state BTM power demand (i.e., BEV steady bars) of approximately
0.8-1 kW to maintain the battery temperature within optimal limits [46]. In cooling mode,
a constant cooling load is considered during the daily mission to account for the heat
generated by the battery during operation and maintain the battery temperature within
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a safe range. As a consequence, under extreme ambient conditions, the BTM system
exhibits the highest average power demand due to the need for thermal management,
which requires active cooling in high temperatures and heating in low temperatures. The
FC stack contributes to cabin heating under cold conditions by rejecting heat without the
need for component conditioning; however, at ambient temperatures above 25 °C, active
cooling becomes necessary [19].

30 6
(a) mICEV - HEV - H2HEV _ (b) FCTM BTMS precond.
E 25 FCEV - BEV E 5 BTMS steady
~ =
‘:‘ (]
g 24
3 =
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= 2
T 10 s 2
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External Temperature [°C] External Temperature [°C]

Figure 6. (a) HVAC unit average electric power consumption and (b) BTM (w/preconditioning
and in steady state) ans FCTM as a function of the external temperatures, for the considered
powertrain architectures.

Figure 7 summarizes the total auxiliary power demand, including both cabin and
component conditioning. A fixed auxiliary load of 1.35 kW is applied across all powertrains,
based on [6,20]. This accounts for systems such as the air compressor and steering pump,
which are the primary energy consumers, followed by the suspension system, and finally
the doors and parking brakes. The contribution of the last categories corresponds to
approximately 6% of the default auxiliary load. For FCEVs, an additional 1 kW is included
for hydrogen purging, independent of ambient temperature. It is worth mentioning that
the power demand exhibited from auxiliaries in cooling mode is consistent among all the
powertrains, while in heating mode, the BEV is the most disadvantaged.

35

mICEV mHEV mH2-HEV FCEV BEV precond. BEV steady
30
25

20

Aux. Power demands [kW]

[$)]

il il il el el e s III ‘"
5 15 20 25 30 40

-10 -5 0 10
External Temperature [°C]

Figure 7. Auxiliaries’ power demand as a function of the external temperatures, for the considered
powertrain architectures.

3. Results

This section presents the results of the sensitivity analyses. First, the impact of external
ambient temperature on energy consumption is analyzed, comparing the performance of
different powertrain configurations. Subsequently, the environmental impacts over the
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entire bus lifetime are evaluated, accounting for variations in both ambient temperature
and the CI of electricity generation. Two hydrogen production pathways are considered:
traditional SMR and electrolysis, both of which are currently technologically mature. Finally,
using real-world data on CI and average temperatures across Europe, the most suitable
powertrain for each country is identified, in the current market situation, and also including
future projections in terms of penetration of emerging technologies and decrease of the
grid ClI for electricity generation. This assessment also incorporates alternative hydrogen
production methods that include CCS technologies.

3.1. TtW Analysis

This section presents a benchmarking analysis of various powertrain configurations
under different external ambient temperatures, focusing on the influence of auxiliary
power demands. Figure 8 illustrates the primary energy consumption across a temperature
range of —10 °C to 40 °C, obtained through detailed numerical simulations employing the
platform developed by the Authors in [23]. The reported values reflect the total energy use
at the fuel and battery levels, incorporating efficiency losses within the powertrain systems,
based on the driving cycle reported in Figure 1. For hybrid powertrains, both the HEV
and H,HEV employ a standard Equivalent Consumption Minimization Strategy (ECMS),
while the FCEV utilizes an ECMS that accounts for FC degradation, as described in [23]. To
capture the impact of degradation on overall FC fuel consumption, the analysis considers
the FC’s average energy consumption over its operational lifetime.

500

W ICEV m HEV m H2-HEV m FCEV = BEV II
40

15-20
Externa] Temperature [°C]

N @ -
(=3 (=3 (=3
o (=] o

Energy Demand [kWh/100km]
8

Figure 8. Comparison of the energy consumption of the different powertrain configurations across a
variation of external temperatures.

As shown in Figure 8, increasing the electrification level of the powertrain (from ICEVs
to hybrid configurations, HEV, HHEV, and FCEV, and ultimately to BEVs) results in a
notable improvement in energy demand across a broad range of ambient temperatures.
From ICEV to HEV, energy consumption decreases by approximately 22% in the ambient
temperature range from —10 °C to 25 °C. This reduction is attributed to different factors:
the HEV’s downsized internal combustion engine, which operates more frequently in
higher-efficiency regions, the contribution of regenerative braking, which is particularly
advantageous in HDV applications such as urban buses, and the ICE switching off in
idle conditions.

Hydrogen-fueled configurations show further reductions in energy consumption
compared to the ICEV. The HyHEV demonstrates an average decrease of 30%, while
the FCEV achieves up to 42% savings, even accounting for degradation effects on FC
efficiency within the —10 °C to 25 °C range. At 40 °C, the energy consumption of ICEV,
HEV, and HyHEV converges, as increased auxiliary loads (particularly for battery thermal
management in hybrid architectures) counteract the efficiency gains. For instance, the
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energy demand of the ICEV increases by 30% between 20 °C and 40 °C, while that of the
H,HEV rises by 66%. In contrast, the FCEV maintains an efficiency advantage even at high
ambient temperatures. Despite increased cooling demand for the FC stack (as illustrated in
Figure 6), the FCEYV still exhibits a 25% reduction in energy consumption compared to the
ICEV at 40 °C.

Finally, the BEV configuration shows the most pronounced energy savings, with an
average reduction of 67% relative to the ICEV in the temperature range of 10 °C to 35 °C.
Nevertheless, its performance declines under extreme conditions. At high temperatures,
increased thermal management demands due to large battery capacity diminish its advan-
tage, with an increase in BEV energy demand of 60% at 40 °C with respect to the one at an
external temperature of 15/20 °C. On the contrary, at low ambient temperatures (<10 °C),
the elevated energy requirements of the HVAC significantly impact overall efficiency, due
to the lack of exhausted heat to be recovered for cabin heating in the BEV. At —10 °C, the
BEV’s energy consumption advantage drops to 38% relative to the ICEV and becomes less
efficient than the FCEV.

3.2. Powertrains Life Cycle at Different External Temperatures

A thorough evaluation of the environmental impacts associated with different power-
trains over the full vehicle lifecycle requires the integration of data from various phases, as
depicted in Figure 2. These include the production, maintenance and the EoL phases (all
details available in [15] and a dedicated analysis in Appendix A), the WtT emissions for
different fuels (analyzed in Section 2), and the energy consumption for the chosen mission
profile (from the previous paragraph).

Figure 9 shows the total CF as a function of the average CI of electricity generation
across different ambient temperatures. Hydrogen production pathways considered include
electrolysis and traditional SMR. The analysis uses a FU of CO;-equivalent emissions per
kilometer traveled, assuming a total vehicle lifespan of 700.000 km. Diesel powertrains
serve as a baseline reference in this comparison for all the considered external temperatures,
as their CF is largely unaffected by the CI of electricity due to most emissions stemming
from fuel combustion. A notable trend is the reduction in total CF when switching to
a hybrid configuration, and so, moving from ICEV (black lines) to HEV (green lines).
This decrease is primarily due to the improved fuel efficiency of HEVs (as highlighted in
Figure 8), which lowers CF during the use phase and has a significant impact over the
long operational lifespan of urban buses. Hydrogen-powered vehicles (orange and blue
lines) reveal a strong dependency on the hydrogen production method. When hydrogen
is generated via SMR, CF remains relatively constant across varying grid CIs due to the
minimal electricity involved. In contrast, when produced through electrolysis, the CF
of hydrogen is highly sensitive to the electricity grid CI, as well as the BEVs. Among
hydrogen powertrains, FCEVs consistently show lower CF than HyHEVs, primarily due to
their superior energy efficiency (as shown in Figure 8). Regarding ambient temperature
effects, the analysis across Figure 9a-d shows that as the temperature increases from cold
to hot conditions, the range of grid CIs where BEVs have the lowest CF expands. Notably:

e Atextreme cold conditions (Figure 9a), FCEVs exhibit the lowest CF across most of
the CI values, regardless of hydrogen production method, owing to their reduced
power demand from the auxiliaries and, consequently, lower energy demand in cold
conditions (see Figure 8). Finally, for CI values above 500 gCO, /kWHh, the HEV shows
slightly lower CF than FCEV.

e Atintermediate external conditions (Figure 9b,c), the range of CIs where the BEV has the
lowest CF begins to expand. However, for low-carbon grids (CI < 90-100 gCO, /kWh),
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the FCEV remains the most sustainable option, while for grids with high fossil fuel
dependence (CI > 400-500 gCO, /kWh), the HEV continues to exhibit the lowest CE.

e  Athot conditions (Figure 9d), BEVs outperform other powertrains in CF for grid CI
values ranging from approximately 60 gCO,/kWh to 600 gCO,/kWh.

When comparing ICE-based configurations, the H,HEV only presents a lower CF than
the HEV if powered by hydrogen produced via electrolysis with a CI below 180 gCO, /kWh,
regardless of external temperatures.
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Figure 9. LCA analysis as a function of the average grid CI, for the considered powertrains, for
different external temperatures.

3.3. European Countries” Analysis of Clean Bus Alternatives

In this paragraph, the powertrain alternative with the lowest CF on the entire life-
cycle has been identified for each European country, based on current grid CI, typical
ambient temperatures, and their seasonal variations. Therefore, Figure 10 combines data on
ambient temperatures and national grid Cls (see also Figures 3 and 4) to identify the most
suitable clean bus powertrain alternatives for replacing conventional fossil-fuel fleets under
three scenarios: (a) annual average, (b) summer, and (c) winter. Firstly, only hydrogen
produced via electrolysis or conventional SMR is considered the main option in today’s
European hydrogen market. In Figure 10a, BEVs emerge as the most favorable option in
southern European countries, where the climate is temperate and grid CIs are generally
below 400 gCO, /kWh. This is confirmed, as an example, for Spain, where BEV results in
the option with lower CF for bus fleets in [47]. In contrast, in part of the Balkan region,
Poland and the Czech Republic, where grid Cls exceed 500 gCO, /kWh, the HEV offers the
lowest CF. In northern Europe (e.g., Iceland and Scandinavia), the electricity mix is heavily
renewable, resulting in grid Cls below 150 gCO,/kWh. This makes FCEVs fueled by
“green” hydrogen the most advantageous option, although the average annual temperature
is close to 0 °C. It has already been pointed out in [48], where a comprehensive LCA on
FCEV buses was performed, and a pathway utilizing green hydrogen holds significant
potential to support a more sustainable system. Conversely, when hydrogen is excluded
as a viable fuel option within the Northern European energy mix, BEVs demonstrate
the lowest carbon footprint for urban public transport [49]. Central Europe shows more
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varied patterns. For example, France combines a temperate climate with a very low grid
CI—thanks to its high share of nuclear energy—making FCEVs fueled by “green” hydrogen
the best solution.

(a) Annual average

Legend:
B HEV

[ FCEV - Electrolysis

/]  FCEV - SMR w/o CCS

BEV

(c) Winter

Figure 10. European map of the powertrain with lower CF depending on the grid CI and the
considered average external temperature of each country: (a) mean annual, (b) mean summer,
(c) mean winter.

Under summer conditions (Figure 10b), the overall picture remains similar to the
annual average. However, in countries with intermediate grid CIs (e.g., the Czech Repub-
lic), BEVs perform better than HEVs, largely due to improved efficiency during cooling-
dominated operation. In winter conditions (Figure 10c), BEVs start to become less preferable
in colder regions. As an example, Germany and Belarus combine intermediate grid Cls
and cold climate in winter, making FCEVs powered by SMR hydrogen more favorable.
Similar conclusions were drawn in [50] where FCEV city buses powered by grey hydrogen
exhibited a lower carbon footprint than BEVs, provided the grid carbon intensity exceeds
500/600 gCO,/kWh. Conversely, the Balkan region exhibits the highest grid CIs (i.e.,
CI > 400 gCO, /kWh) and average winter temperatures lower than —4 °C, making HEVs
the option with lower CF.

An additional hypothesis is presented in Figure 11, which follows the same layout as
Figure 10, but with SMR combined with CCS technologies (with an overall process effi-
ciency exceeding 60%) as a possible hydrogen production pathway. Notably, the integration
of innovative CO, capture technologies within the SMR process positions FCEVs as the
most favorable option in terms of CF across Europe, while the BEV remains environmen-
tally viable only in selected European countries. Specifically, FCEVs powered by “green”
hydrogen retain the lowest CF only in countries where the CI is below 100 gCO,/kWh.
In all other regions, FCEVs fueled by hydrogen from SMR with CCS represent the most
advantageous choice, except for the Iberian Peninsula and Albania. In these countries, a
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temperate average annual climate and a grid CI around 100/150 gCO, /kWh make the BEV
the option with lower CE. The pattern across European countries remains similar in summer
(Figure 11b) and winter (Figure 11c), except in the previously mentioned countries, where
BEV performance worsens due to more extreme external conditions. Further investigation
is warranted to assess the impact of this technology on hydrogen fuel costs and its current
level of technological maturity.

(a) Annual average

Legend:

B FCEV- Electrolysis
[ | FCEV-SMRw/CCS

BEV

Figure 11. European map of the powertrain with lower CF depending on the grid CI and the
considered external temperature of each country: (a) mean annual, (b) mean summer, (c) mean winter.
SMR with CCS is also considered for H2 production.

Finally, Figure 12 presents a focused comparison between ICE-based powertrains,
following the same layout as Figure 10 but limited to HEVs and HyHEVs, with hydrogen
sourced either from electrolysis or conventional SMR. This analysis aims to evaluate pow-
ertrain alternatives with comparable production costs, which are currently more favorable
than those associated with FCEVs and BEVs [15]. The results indicate that, among the ICE-
based configurations, HyHEVs powered by hydrogen produced via electrolysis represent
the most advantageous option in most countries with a grid CI below 200 gCO,/kWh,
regardless of external ambient conditions. This outcome is primarily due to the similar
auxiliary power demands exhibited by HEVs and H,HEVs across varying temperatures. In
contrast, in countries with medium to high CI levels, conventional HEVs remain the most
environmentally favorable choice among the ICE-based configurations.
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(a) Annual average

Legend:
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(c) Winter

Figure 12. European map of the powertrain with lower CF depending on the grid CI and the
considered external temperature of each country: (a) mean annual, (b) mean summer, (c) mean winter.
ICE-based powertrains under consideration.

3.4. European Context for Clean Bus Alternatives in the Future Scenario

Finally, the results obtained for various European countries were extrapolated to a
future scenario that assumes reduced CFs for battery manufacturing and hydrogen-related
technologies, along with a projected decrease in the CI of electricity generation, as outlined
in Section 2. Figure 13 presents a comparison between the current European context (taken
from Figure 10a) and the anticipated situation in 2030 under these assumptions. The
reduction in grid CI enhances the viability of BEVs in countries with moderately carbon-
intensive grids and temperate climates, such as Germany, the Czech Republic, and those
in the Balkan region. A similar case study was conducted in [51]. The results of the cited
research indicate a lower CF for BEVs across most of Europe under the current scenario,
with the exception of Poland, Estonia, the Czech Republic, and Bulgaria.

This outcome is likely attributable to the use of a uniform emission factor for hydrogen
production throughout Europe. When this value is reduced to 6 kgCO, /kgH, in a projected
2030 scenario, FCEVs powered by green hydrogen become a more favorable option in a
greater number of European countries.

Then, taking into account the seasonal variations in both grid CI and ambient tem-
peratures, Figure 14 compares the current scenario with the projected future one. A clear
trend emerges for the future scenario: during summer, BEVs achieve the lowest CF also
in countries with very high grid CIs, as Poland. In winter, although the BEV consistently
exhibits high energy consumption due to the impact of auxiliary systems, a future expected
decrease in grid CI expands the regions in Europe where it becomes more sustainable than
the FCEV powered by hydrogen produced via SMR (e.g., Germany, the Balkan region, and
Belarus). The HEV remains the best option for grid Cls that exceed 500 gCO,/kWh and
cold winter climates, as in Poland.
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(a) Annual average - current (b) Annual average - 2030

FCEV - Electrolysis
7] FCEV - SMR w/o CCS

BEV L

Figure 13. European map of the powertrain with lower CF depending on the grid CI and the
considered annual average external temperature of each country: (a) current, (b) future horizon 2030.

(a) Summer - current (b) Winter - current

Legend:
B HEV

[ FCEV - Electrolysis

(c) Summer - 2030 7 FCEV-SMRw/o CCS (d) Winter - 2030

BEV

Figure 14. European map of the powertrain with lower CF depending on the grid CI and the
considered external temperature of each country, for different seasons and time horizon.

4. Conclusions

This study presents a comprehensive Life Cycle Assessment (LCA) of five urban bus
powertrain configurations, evaluating their energy consumption and Carbon Footprint (CF)
under a wide range of external ambient conditions and electricity grid Carbon Intensities
(CIs) across Europe. The comparison included a conventional diesel Internal Combustion
Engine Vehicle (ICEV), a diesel Hybrid Electric Vehicle (HEV), a Hydrogen Hybrid Electric
Vehicle (H,HEV) with an H2-ICE as auxiliary power unit, a Fuel Cell Electric Vehicle
(FCEV), and a Battery Electric Vehicle (BEV). The results confirm that increasing levels of
electrification lead to improved energy efficiency across different temperature conditions,
with BEVs demonstrating the highest average energy savings with an external temperature
higher than 0 °C. However, BEV performance deteriorates under extreme cold conditions
due to increased auxiliary energy demands, particularly for cabin and battery thermal
management. From an LCA perspective, in the current scenario, BEVs achieve the lowest
CF only in countries with low/medium grid CI (below ~400 gCO,/kWh), particularly
under warm climate conditions. In addition, HEVs still remain a viable option for countries
with fossil fuel-based grids. In colder climates and intermediate grid CIs, FCEVs emerge
as the superior alternative if hydrogen is produced via Steam Methane Reforming (SMR).
A hydrogen production pathway that combines SMR and Carbon Capture and Storage
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(CCS) allows FCEVs to surpass even BEVs in CF performance under most European
conditions, offering a robust solution independent of ambient temperature variability.
Among ICE-based configurations, the HHEV only outperforms the HEV in terms of CF
when powered by green hydrogen (electrolysis with CI < 180 gCO,/kWh). HEV offers
moderate improvements over ICEV, but not as much as hydrogen and electric alternatives
in most evaluated scenarios. In a future projected scenario, the anticipated reduction in
grid Cl improves the viability of BEVs and FCEVs powered by green hydrogen, making
HEVs the most suitable option only under extreme conditions (i.e., grid Cls exceeding
500 gCO,/kWh and harsh winter climates).

Overall, the most convenient powertrain for replacing conventional diesel buses in
urban fleets depends on regional climatic conditions and the electricity grid CI. In temperate
regions with electricity grids based on a high share of renewables, BEVs remain the optimal
solution. However, FCEVs, particularly when supplied with low-CF hydrogen from SMR +
CCS or renewable electrolysis, offer a more universally applicable and resilient alternative,
capable of delivering substantial emissions reductions regardless of ambient temperature.
Future developments should address the economic and infrastructural implications of
widespread FCEV deployment, including hydrogen distribution and storage systems, and
the maturity of CCS technologies.
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Abbreviations

The following abbreviations are used in this manuscript:

APU Auxiliary Power Unit

BEV Battery Electric Vehicle

BoP Balance of Plant

BTM Battery Thermal Management

CF Carbon Footprint

CI Carbon Intensity

ECMS Equivalent Consumption Minimization Strategy
EoL End of Life

FC Fuel Cell

FCEV Fuel Cell Electric Vehicle

FCTM Fuel Cell Thermal Management
FU Functional Unit

HyHEV  Hydrogen Hybrid Electric Vehicle
HDV Heavy Duty Vehicle

HEV Hybrid Electric Vehicle

HV High Voltage
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HVAC
ICE
ICEV
LCA
LFP
NMC
PM
SMR
TtW
WitT
WtW

Heating, Ventilation, and Air Conditioning
Internal Combustion Engine
Internal Combustion Engine Vehicle
Life Cycle Assessment

Lithium iron phosphate

Nickel Manganese Cobalt
Permanent Magnet

Steam Methane Reforming
Tank-to-Wheel

Well-to-Tank

Well-to-Wheel

Appendix A. Production, Maintenance, and EoL Data

In the absence of primary data, environmental impacts related to the production,

maintenance, and EoL phases of the assessed powertrains were estimated by scaling values

from literature to fit the case study, as detailed in Table A1.

Table A1l. Summary of the considered data and sources for the LCA analysis, with relative references

in brackets.

Item ICEV HEV H,HEV FCEV BEV
Glider CF Not considered

ICE CF [kgCO, /kW] 13 [52] - -

FC CF [kgCO, /kW] - 28 [53] -
E-motor CF [kgCO, /kW] - 3.6 [54]
Inverter CF [kgCO, /kW] - 2.4 [55]
H2-tank CF [kgCO, /kgH,] - - 280 [53] -
Battery CF [kgCO, /kWh] - 80 [56] 135 [57]

The vehicle glider, common to all configurations, was excluded from the comparative

LCA. Variations in vehicle weight were attributed solely to differences in powertrain com-

ponents such as batteries or hydrogen storage systems. The CF associated with diesel and

hydrogen ICEs was considered equivalent, following the findings in [58], at 13 kgCO, /kW,

based on a scalable LCA for heavy-duty vehicles [52]. The exhaust aftertreatment system

was assumed to have a similar impact for both ICE types, with a CF of 7 kgCO, /kW. For
FCEVs, the CF of the FC stack and associated BoP was set at 28 kgCO, /kW, reflecting
current production volumes of about 200 units produced by OEM [53]. All powertrains,

except conventional ICEs, included an EM and an inverter, whose CFs were sourced from

specific inventories, for a PM traction motor [54] and the automotive power electronic

inverter unit [55]. Hydrogen storage was based on five 700-bar Type IV carbon fiber tanks,

totaling 28 kg capacity, aiming to cover at least an urban bus daily range and aligning with

current strategies of packaging [59]. Battery systems also represented a major contributor

to the production phase, with distinct CF values used for low-capacity LFP (for hybrids)
and high-capacity NMC batteries (for BEVs). Given the high energy intensity of battery
manufacturing, the production location—assumed to be China—was recognized as a key

determinant of environmental impact due to the local electricity grid’s carbon intensity.

An additional sensitivity analysis was conducted by varying the battery size based on

the requirement to achieve the daily range with a BEV. The assumed battery capacity of

336 kWh is sufficient when energy consumption remains below 1.3 kWh/km, assuming

a conservative daily range of 200 km. However, when the BEV’s energy consumption
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exceeds this threshold (e.g., at ambient temperatures above 30 °C or below 10 °C, as shown
in Figure 8), a larger battery is needed to enable overnight charging as the only viable
strategy. In such cases, the battery capacity must be increased up to 550 kWh at an external
temperature of —10 °C. This leads to significant variability in the embodied emissions
associated with battery production and replacement, as summarized in Table A2.

Table A2. CF data related to the sensitivity analysis on battery sizing.

Energy Demand Battery Size Battery CF
[kWh/km] [kWh] [tCO,/Battery]
<1.3 336 454
1.3-1.6 ~400 54.0
1.6-2.0 ~500 67.5
>2.4 ~600 81.0

The final CF values, including component-level details across powertrain configura-
tions, are presented in Figure A1, with uncertainty for the BEV stemming from its sensitivity
to battery size. A clear correlation is observed between the degree of electrification and the
associated CF: vehicles with higher electrification levels exhibit increased CF, with the BEV
showing the highest impact among the configurations analyzed. Hydrogen-based power-
trains (H,HEV and FCEV) display CF values approximately twice those of conventional
diesel vehicles (ICEV and HEV), largely due to the high-impact carbon fiber used in 700-bar
hydrogen storage systems (i.e., 8.3 tCO, per vehicle). In addition, the CF of the battery
contributes a value of 45.4 tCO; for the BEV (with a baseline battery of 336 kWh), which
is 95% of the total embodied emissions from BEV manufacturing. In addition, assuming
higher energy consumption (as presented in Table A2) and a resulting larger battery size,
the BEV could reach a CF of over 80 tCO, for vehicle production.
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Figure A1. Component-level breakdown for the embodied carbon emissions of the different powertrains.

Furthermore, a sensitivity analysis has been conducted to assess the impact of emerg-
ing technologies on the market, as done by the same Authors in [15]. Specifically, Table A3
summarizes the current CO, emission values associated with hydrogen-related technolo-
gies and high-capacity batteries, alongside projected values for a future scenario that
assumes greater market penetration of these technologies. A 2030 time horizon has been
considered, based on varying production volumes, following a similar approach to that
adopted in [53].
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Table A3. CF data related to the production of emerging technologies in the current and future
scenario (2030).

Time Horizon Units Sold per Year CF
EC 2024 200 28
[kgCO2/kW] 2030 1000 13.7
H2-tank 2024 200 280
[kgCO2/kgH2] 2030 1000 234
Battery 2024 200 135
[kgCO,/kWh] 2030 1000 90

Furthermore, component replacement plays a significant role, particularly for battery
and fuel cell systems. For the BEV, two battery pack replacements are considered over
the vehicle’s lifetime, reflecting typical assumptions for high-capacity batteries in this
application [49,60]. In contrast, for the H;HEV and FCEV, only one battery replacement
is required due to their smaller battery capacities and a consequent higher durability [61].
For FCEVs, the EoL criterion for the fuel cell stack is based on a threshold where efficiency
drops to 40% of the initial value [62], resulting in two replacements, thanks to a tailored
energy management strategy [23]. The CF of routine maintenance is assumed uniform
across powertrain types, at 32 gCO, /km, based on [49].

For the EoL phase, this study adopts the avoided burden approach, as opposed to the
cut-off method, to enable a fair comparison of powertrain components with significant
production-phase impacts, such as the BEV battery and FC. The avoided burden approach
accounts for environmental credits associated with the substitution of virgin materials by
recycled ones. In the case of NMC batteries, the EoL process includes material recycling,
credit allocation for recovered materials, and disposal of non-recyclable residues. While
recycling increases energy use and emissions at the cell level, the EoL phase results in an
overall GWP reduction at the battery-pack level. Based on findings by Accardo et al. [57],
this translates into a 3-4% net GWP improvement, with an EoL impact for the battery of
—6.19 kgCO, /kWh applied in this study. A similar credit mechanism is considered for
PEMEFCs, particularly for the recovery of Platinum Group Metals (PGMs), with recycling
shown to reduce the GWP of PGM production by up to 16.1% [63].
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