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A B S T R A C T

As the need to reduce Greenhouse Gas (GHG) emissions and dependence on fossil fuels grows, new vehicle 
concepts are emerging as sustainable solutions for urban mobility. Beyond evaluating tailpipe emissions, indirect 
emissions associated with energy and hydrogen production, as vehicle manufacturing must be accounted, of
fering a holistic Lifecycle Assessment (LCA) perspective. This study compares Battery Electric Vehicles (BEVs), 
Fuel Cell Vehicles (FCVs), Hydrogen Internal Combustion Engine Vehicles (H2ICEVs), and hybrid H2ICEVs, 
analyzing energy efficiency and GHG emissions in urban environment across the European Union. Future sce
narios (2030, 2050) are examined as well, with evolving energy mixes and manufacturing impacts. Findings 
show BEVs as the most efficient configuration with the lowest GHG emissions in 2024, while FCVs become the 
best option in future scenarios due to greener hydrogen production and improved manufacturing. This study 
emphasizes the need for tailored strategies to achieve sustainable urban mobility, providing insights for poli
cymakers and stakeholders.

Symbols/abbreviations

EFH2 ,compr Average emission factor of hydrogen compression
EFH2 ,distrib Average emission factor of hydrogen distribution
EFH2

Average emission factor of the hydrogen production mix
EFelectricity,distrib Average emission factor of electricity distribution
EFelectricity Average emission factor of the electricity production mix
Pbatt,FC Power generated by the battery in the Fuel Cell Vehicle 

powertrain
Pbatt,H2ICE Power generated by the battery in the Hybrid Hydrogen 

Internal Combustion Engine Vehicle powertrain
Ptract,FC Power generated by the Fuel Cell in the Fuel Cell Vehicle 

powertrain
Ptract,H2ICE Power generated by the Hybrid Hydrogen Internal Combustion 

Engine in the Hybrid Hydrogen Internal Combustion Engine 
Vehicle powertrain

CO2,eq,H2 ,distrib Equivalent CO2 emissions from hydrogen distribution
CO2,eq,H2 Equivalent CO2 emissions from hydrogen production
CO2,eq,batt Equivalent CO2 emissions from battery production
CO2,eq,distrib Equivalent CO2 emissions from energy distribution

(continued on next column)

(continued )

CO2,eq,electricity,distrib Equivalent CO2 emissions from electricity distribution
CO2,eq,electricity Equivalent CO2 emissions from electricity production
CO2,eq,energy Equivalent CO2 emissions from energy production
CO2,eq,manuf Equivalent CO2 emissions from vehicle manufacturing
CO2,eq,pwt Equivalent CO2 emissions from powertrain manufacturing
CO2,eq Overall equivalent CO2 emissions
Cbatt Rated battery energy capacity
EFEM Specific emission factor of the electric motor
EFFC Specific emission factor of the fuel cell
EFICE Specific emission factor of the internal combustion engine
EFbatt Specific emission factor of the battery
EFglider Specific emission factor of the glider
EFtank Specific emission factor of the fuel tank
LHVH2 Lower Heating Value of hydrogen
MH2 ,stored Nominal mass of hydrogen stored in the tank
Mglider Total mass of the glider
PEM Electric motor power rating
PFC Fuel cell power rating
PICE Internal combustion engine power rating
cH2 Hydrogen-fuelled vehicle specific consumption
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(continued )

cBEV BEV specific consumption
kmlife Vehicle lifetime
nEM Total number of electric motors (including replacements)
nFC Total number of fuel cells (including replacements)
nICE Total number of internal combustion engines (including 

replacements)
nbatt Total number of batteries (including replacements)
ntank Total number of fuel tanks (including replacements)
ηDCDC DC/DC Converter Efficiency
ηFC Fuel Cell Efficiency
η*
FC Fuel Cell Mean Efficiency

ηGEM Generator Electric Motor Efficiency
η*
GEM Generator Electric Motor Mean Efficiency

ηH2ICE Hydrogen Internal Combustion Engine Efficiency
η*
H2ICE Hydrogen Internal Combustion Engine Mean Efficiency

ηInv Inverter Efficiency
ηPS,FC Power-Slit Fuel Cell Efficiency
ηPS,H2ICE Power-Split Hydrogen Internal Combustion Engine Efficiency
ηTEM Tractive Electric Motor Efficiency
ηbatt,FC Battery Fuel Cell Efficiency
ηbatt,H2ICE Battery Hydrogen Internal Combustion Engine Efficiency
η*
charge Mean Battery Charge Efficiency

ηdischarge Battery Discharge Efficiency
ηtract,FC Tractive Fuel Cell Efficiency
ηtract,H2ICE Tractive Hydrogen Internal Combustion Engine Efficiency
ηtrasm Transmission Efficiency
ANN Artificial Neural Network
BEV Battery Electric Vehicle
BMEP Brake Mean Effective Pressure
BoP Balance-of-Plant
BSFC Brake Specific Fuel Consumption
CtG Cradle-to-Grave
DP Dynamic Programming
EGR Exhaust Gas Recirculation
EM Electric Motor
EMS Energy Management System
EU-27 European Union 27 Members
FC Fuel Cell
FCV Fuel Cell Vehicle
FH2R Fukushima Hydrogen Energy Research Field
GEM Generator Electric Motor
GHG Greenhouse Gas Emissions
H2ICE Hydrogen Internal Combustion Engine
H2ICEV Hydrogen Internal Combustion Engine Vehicle
HH2ICE Hybrid Hydrogen Internal Combustion Engine
HH2ICEV Hybrid Hydrogen Internal Combustion Engine Vehicle
HV High Voltage
HVAC Heating, Ventilation, and Air Conditioning
ICE Internal Combustion Engine
INDC Intended Nationally Determined Contribution
LCA Life Cycle Assessment
LUT Look-Up Table
NRRP National Recovery and Resilience Plan
NTP Norwegian Transport Plan
PEM Proton-Exchange Membrane
PEMFC Proton-Exchange Membrane Fuel Cell
PI Proportional-Integral
PMP Pontryagin Minimum Principle
PMSM Permanent Magnet Synchronous Motor
PS Power-Split
RB Rule-Based
SCR Selective Catalytic Reduction
SLB Second Life Battery
SOC State of Charge
SOH State of Health
TCO Total Cost of Ownership
TEM Tractive Electric Motor
TfL Transport for London
TPER Trasporto Passeggeri Emilia Romagna
TTW Tank-to-Wheel
ULEZ Ultra-Low Emission Zone
VGT Variable-Geometry Turbine

1. Introduction

In recent years, several strategies have been introduced by the 

governments to reduce emissions related to the transport sector. 
Greenhouse Gas (GHG) emissions from this sector currently represent 24 
% of total emissions, with 74.5 % coming from road transportation [1]. 
The level of pollutants becomes particularly critical in urban contexts, 
where a large number of vehicles operate. Therefore, the synergistic 
introduction of new low-impact powertrain concepts and fuels, together 
with the enhancement of collective mobility, represents the optimal 
solution for more sustainable transportation. Recently, various solutions 
have been proposed as viable alternatives to traditional fuels, including 
low carbon fuels, synthetic fuels, ammonia, and hydrogen [2–4]. These 
fuels become particularly interesting when produced from renewable 
energy sources, allowing for a reduction in the equivalent associated 
Carbon Dioxide (CO2) emissions. Among these, hydrogen stands out as 
an optimal solution due to its carbon-free composition leading to 
CO2-free emissions when used in Hydrogen Internal Combustion En
gines (H2ICEs) or Fuel Cells (FCs). Combustion in H2ICEs has been 
widely studied in the literature. Thanks to its chemical properties 
hydrogen can burn in a wide air-to-hydrogen range, allowing to develop 
several combustion concepts [4–6]. Despite being prone to Nitrogen 
Oxides (NOX) production, when properly controlled and coupled with 
dedicated Selective Catalytic Reduction (SCR) systems, H2ICEs can 
achieve almost negligible levels of NOX emissions [7–9]. FCs exhibit 
higher conversion efficiencies with respect to H2ICEs since energy is 
directly converted from chemical to electrical. For automotive applica
tions, Proton-Exchange Membrane (PEM) FCs are typically adopted due 
to their reduced start-up times and limited working temperatures 
[10–15]. However, high manufacturing cost and hydrogen purity 
requirement still pose significant limitations for the widespread adop
tion of Fuel Cell Vehicles (FCVs). Moreover, in FCVs, the FC is usually 
coupled with a battery pack to manage transient conditions [12,14,16,
17], further increasing costs and production-related emissions. An 
example is represented by the Toyota SORA hydrogen FC bus in Tokyo 
demonstrating the viability of FCVs in dense urban settings, particularly 
when combined with renewable hydrogen production initiatives, like 
Japan’s Fukushima Hydrogen Energy Research Field (FH2R) [18,19]. 
Several studies have been already performed on hydrogen-based vehi
cles for urban mobility [20–22]. In fact, since the hydrogen distribution 
network is still limited, the pre-determined operative path of urban 
buses and the possibility of refilling at the same location, represent two 
of the main strength points for introducing hydrogen in the transport 
sector and enhancing the hydrogen economy. Arsie et al. [20] investi
gated the feasibility of an innovative series hybrid bus fuelled with 
hydrogen and coupled with a waste heat recovery system. Kivekas et al. 
[23] analysed the performance of different powertrain concepts for bus 
application, demonstrating the advantages of Battery Electric Vehicles 
(BEVs) in terms of efficiency and consumption dispersion. BEVs are a 
suitable solution for reducing pollutant levels in cities [24,25] due to the 
absence of tailpipe emissions. Moreover, the direct supply of electric 
energy from the batteries to the electric motor maximizes conversion 
efficiency. These two aspects could make BEVs a game changer in the 
urban mobility scenario. However, some drawbacks have to be consid
ered, such as the increased energy demand from the grid as well as the 
limited expected life of battery packs [26]. To assess and compare the 
performance and environmental impact of these sustainable powertrain 
systems, four different vehicles have been studied in the present work: 
an H2ICE Vehicle (H2ICEV) with a traditional powertrain layout, 
coupled with a dedicated SCR; a series Hybrid H2ICEV (HH2ICEV), 
where the power generated by the H2ICE is converted into electrical 
power via a Generator Electric Motor (GEM) and the traction is fully 
electric (the main advantage of a hybrid series architecture is the pos
sibility to disengage wheel speed and thermal engine speed, allowing to 
deliver mechanical power always on the optimal iso-power curve point 
[27,28]); a Proton-Exchange Membrane Fuel Cell (PEMFC)-based 
layout, consisting of a FC, a DC/DC converter, an inverter and a Tractive 
Electric Motor (TEM) and finally, a BEV. Excluding the first architecture, 
the drive is always purely electric allowing for energy recovery during 
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braking [29,30]. However, regenerative braking entity could be limited 
by battery size. Energy recovery is particularly significant in an urban 
context, where the typical mission profile involves several stops, espe
cially considering heavy traffic conditions [23]. The efficiency in 
recovering energy from braking is influenced by several factors, such as 
braking power, State of Charge (SOC) of the battery and maximum 
battery pack recharge power. The operating point of the powertrain 
components is directly calculated from the wheel speed (and radius) for 
both the H2ICEV (considering also the gearbox reduction) and the BEV. 
Conversely, for the FCV and HH2ICEV the operating point of the FC and 
the H2ICE can be selected independently from the vehicle speed. Several 
studies have focused on optimizing the Energy Management Strategy 
(EMS) of hybrid vehicles as well as FCVs [31,32]. Dynamic Program
ming (DP) proved to be an excellent energy management optimizer, 
although it requires a-priori knowledge of the operative path [33,34]. 
Even though the mission profile of urban buses could be known in 
advance, traffic conditions remain an unknown variable. Therefore, 
several alternative techniques have been developed over the years to 
optimize the EMS [35–37]. Among these, Pontryagin Minimum Princi
ple (PMP) allows for the optimization of a given performance criterion 
within given constrains without needing to know the mission profile 
a-priori [20,38]. Another possible alternative is the Rule-Based (RB) 
approach, where pre-defined logic rules are implemented [39]: the EMS 
must optimize the power production relying on (at least) two energy 
sources, depending on several factors (i.e., SOC, requested power, fuel 
availability). The EMS of FCVs and HH2ICEVs must be designed prop
erly, since FC and H2ICE powertrains show different efficiency trends as 
a function of delivered power, with FCs reaching peak efficiency at low 
load while H2ICEs at high load [40]. H2ICEVs, when coupled with SCR 
and dedicated control strategies [41] can achieve NOX emissions as low 
as 0.05 g/kWh [20], while FCVs and BEVs produce zero tailpipe emis
sions (except water vapour for the FCs). However, the emissions asso
ciated to hydrogen/electricity production, as well as components 
manufacturing, must be carefully considered to analyse the equivalent 
impact from a Cradle-to-Grave (CtG) perspective. A standard procedure 
called “Life Cycle Analysis” (LCA) has been introduced (ISO 
14040:2006) to account for all the equivalent CO2 emissions related to 
the production and operation of a product [42–46]. Battery 
manufacturing (including material extraction) represents one of the 
main sources of CO2 production. Arshad et al. [47] and Temporelli et al. 
[48] both agreed that the CO2 emissions associated to battery produc
tion can reach up to a maximum of around 312 kgCO2/kWh. In this 
analysis, an average value of 130 kgCO2/kWh has been considered [49]. 
This value takes into account the recovery of CO2 emissions related to 
battery recycle, quantified as 11.4 kgCO2/kWh. This value is in accor
dance with the results obtained by Mohr et al. [50], where pyrometal
lurgy and hydrometallurgy processes are assessed [51], considering the 
net global warming reduction (i.e., keeping into account even the 
emissions related to the process itself). Usai et al. [52] demonstrated that 
the impact of FCs production is slightly higher than 60 kgCO2/kW where 
more than 20 kgCO2/kW are related to the tank. Moreover, in a future 
scenario, a target value of 30 kgCO2/kW is expected [52]. Furthermore, 
resources depletion needs to be carefully evaluated when comparing the 
potential of new powertrains for large scale production. Several rare 
earths (Nd, Dy, Pr, Sm, Tb) and metals (Li, Ni, Cu, Cd, Co) are required 
for PM motors magnets and batteries manufacturing. These materials 
have supply chain vulnerabilities, high environmental costs during 
mining, and geographical concentration in a few countries, leading to 
potential resource scarcity and price volatility [53]. As regards FCs, 
Platinum represents the main limited resource, being the most signifi
cant cost driver [53]. The mining and refinement also have environ
mental and geopolitical implications, although the quantities needed per 
vehicle are generally smaller than those for BEVs [53–59]. However, 
enhancing recycle of batteries and FCs can help reduce materials 
depletion [60] and address environmental and resource sustainability 
challenges [61]. The European Union has implemented stringent 

regulations, including mandates to recycle at least 65 % of battery 
weight by 2025 and 70 % by 2030 [61]. Innovative approaches, like 
repurposing batteries for secondary applications (e.g., stationary energy 
storage for off-grid budlings [62]) before recycling, have shown promise 
in extending battery life and reducing waste [63–67]. Ioakimidis et al. 
[66] as Philippot et al. [67] concluded that reuse and repurpose could 
represent a suitable solution to decrease the environmental impact of 
batteries. According to Doose et al. [68], almost 100 % of batteries 
should be collected and recycled to guarantee a complete circular 
economy and detailed information on battery composition should be 
provided to properly recycle them. However, as pointed out by Olivetti 
et al. [69], the recycle takes place after the reaching of end-of-life of 
batteries, therefore implying a certain delay before the re-availability of 
the materials (10–20 years). Even for hydrogen tanks, recycle/reuse 
should be considered [70]: as some tanks can be adopted in less 
demanding applications (i.e., with lower storage pressure). However, 
contrarily to batteries, the recycle of hydrogen tanks is less attractive in 
terms of material value and retainment of material properties [71,72]. In 
this context, battery and FC degradation have to be considered since 
both undergo several cycles, affecting the total number of batteries/FCs 
over the vehicle’s lifetime [26,73–76]. Internal Combustion Engines 
(ICEs) and Electric Motors (EMs) production must also be considered. 
Poppe [77] estimated 12 kgCO2/kW for ICEs production and 6 for per
manent magnet EMs. Additionally, vehicle manufacturing emissions are 
also important to assess. Currently, 6.6 tonCO2/ton can be considered, 
with a potential reduction to 5 tonCO2/ton by 2030 [78]. Finally, elec
trical energy and hydrogen production/distribution, must be added on 
top. As regards electricity generation, a CtG approach has been selected, 
and for the main energy sources/production processes the associated 
carbon emissions are reported: fossil fuels present the highest values 
(coal 820 gCO2/kWh, oil 600 gCO2/kWh and natural gas 490 gCO2/kWh), 
while renewable energy sources present lower values (solar 48 
gCO2/kWh, hydropower 24 gCO2/kWh and wind 11 gCO2/kWh), and the 
lowest is nuclear, being only about 12 gCO2/kWh [73,79]. The energy 
mix serves as a benchmark for evaluating the impact of the energy 
production [80]. Generally speaking, a decreasing trend in emission 
factors related to European countries has been observed since 1990 [81]. 
Despite some countries heavily relying on fossil fuels reaching up to 700 
gCO2/kWh, countries with low impact energy grids (i.e., with nuclear 
power plants and/or massive renewables, like France and Sweden) 
minimize emission factors below 100 gCO2/kWh (with a minimum of 19 
gCO2/kWh in Sweden) [82]. Globally, the average emission factor of the 
European Union 27 Members (EU-27) is around 250 gCO2/kWh [82]. 
Several methodologies have been developed and are currently under 
study [83–85] for hydrogen production: the most widespread solutions 
use hydrocarbons (i.e., coal, methane …) or water electrolysis (fed with 
different energy sources). Black hydrogen (from coal gasification) and 
grey hydrogen (from steam methane reforming) dominate the global 
hydrogen demand [84–86] due to lower production costs, but have the 
highest environmental impact (i.e., CO2 emissions). Blue hydrogen, 
which involves carbon capture [87], reduces CO2 emissions but still 
produces a non-negligible amount due to thermal heating of hydrocar
bons [87]. Water electrolysis, though not yet cost-competitive, has much 
lower equivalent CO2 emissions [88–90], especially when powered with 
renewables (green hydrogen) or nuclear (pink hydrogen) energy sources 
[91]. Due to its low density, hydrogen has to be compressed (up to 700 
bar) for on-board applications in a limited volume. Recently, even 
liquified hydrogen has gained interest despite unresolved technical is
sues [92]. Therefore, the energy cost and associated equivalent CO2 
emissions have to be considered in the overall evaluation. Similarly, for 
BEVs, CO2 emissions associated with electric energy consumption over 
the entire lifecycle must be included in the evaluation. Additionally, 
equivalent CO2 emissions related to the manufacturing of the entire 
vehicle, including the frame, battery, engines (EM, H2ICE and FC), 
power electronics and tanks must be evaluated [44,93–95]. The Euro
pean Union has developed several policies and deals, such as the 
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“Fit-for-55”, to set reduction targets regarding overall emissions and 
emission factors. It is clear that reaching these goals strongly depends on 
policy enforcement and stakeholder collaboration. As stated by Islam 
et al. [96] the transition is not only related to technology itself, but it is a 
multi-dimensional socio-technical change going beyond technological 
substitution. For this reason, it requires greater emphasis on societal 
experimentation and a more proactive role for anticipatory deliberation 
processes from the stakeholders. From this perspective, governments 
and authorities should introduce several measures to promote this 
transition, both technologically and socially [97]. These actions are 
usually divided into two categories: direct promotion of greener solu
tions on one side (i.e., subsides, tax and fees exemption, fundings, pilot 
programs …) and discouraging of non eco-friendly alternatives on the 
other (i.e., carbon taxes, extraordinary limitations for older vehicles …) 
[91,92,98–106]. Sometimes these measures could also lead to unfore
seen adverse effects [100–102]. The development of an adequate 
hydrogen infrastructure is crucial for hydrogen mobility [100–102]. 
Kountouris et al. [107] demonstrated that a suitable solution for the 
EU’s hydrogen network is the production of hydrogen from solar and 
wind energy in peripheral regions of Europe, with repurposed infra
structure to Central/Western Europe. Blue hydrogen is expected to play 
a key role alongside hydrogen imports to ease the transition. To fully 
develop an independent green hydrogen network, 507 GW of water 
electrolysis systems is the minimum required to meet demand. 
Regarding import scenarios, the Italian corridor would be the main 
contact point between the EU and North Africa, an optimal candidate for 
solar green hydrogen production. Regarding costs, developing a fully 
green hydrogen network (with imports) results in a 2.77 % higher cost 
compared to the same setup using blue hydrogen (and imports), 
equivalent to 14 billion €/year. A 100 % self-sufficient green hydrogen 
scenario leads to a 3.36 % cost increase (17 billion €/year). While still 
under study, some hydrogen distribution networks already exist, such as 
in California [108]. Kurtz et al. [108] reviewed the California hydrogen 
network, a real case study with over 30 hydrogen stations and a road
map for 1000 stations. The main challenge is the capital costs, with the 
average refuelling station costing around 2.2 million dollars in the US. 
Compressed H2 networks can lower costs (below 1 million), while 
high-capacity or on-site production stations (100 kg/day) can reach up 
to 3 million dollars. Several hydrogen urban mobility projects are 
already completed in Europe and Asia [109–111]. For example, in 
Hamburg (Germany), 20 hydrogen-fuelled buses operate, serving over 
1.8 million people. In Occitanie (France), 15 intercity buses have been 
proven sustainable, benefiting more than 5.9 million people. Barcelona 
(Spain) has adopted an 8-bus hydrogen fleet for urban and interurban 
connections. In Asia, hydrogen buses are also being introduced, such as 
in Tokyo (with government support) and Seoul (South Korea), where a 
target of 1300 hydrogen buses is set for 2026. Finally, Weidner et al. 
[111] highlighted that scaling up, combined with a high share of 
renewable energy, is key to fully developing the H2 economy. Further
more, in the European Union several hydrogen valleys projects have 
been proposed [112], generally considering more than a single country 
as the NAHV (between North Italy, Slovenia and Croatia) or the Bal
ticSeaH2 (South Finland and Estonia). Northwest European countries 
are raising their low-emissions hydrogen targets as in Ref. [113]. By 
2030, EU is expected to present more than 30 GW of electrolysis ca
pacity. According to Ref. [114], different scenarios can be evaluated, 
ranging from electrolysis capacity between 7 and 30 GW in 2030, to an 
expected range between 341 GW and 511 GW in 2050 (with peak im
provements in Spain, Netherlands and Germany) [115]. According to 
Refs. [116,117], hydrogen is expected to cover 24 % of the EU’s energy 
demand by 2050, with wind providing 300–450 GW. The European 
Commission [118] estimates that over 1 % of the transport sector will be 
powered by hydrogen or other renewable non-biological fuels. National 
capacity targets for green hydrogen in 2030 show France leading with 
6.5 GW, followed by Germany with 5 GW [119]. Kakoulaki et al. [120] 
confirmed that most EU countries already have hydrogen production 

hubs, and the current annual EU hydrogen production could easily 
transition to electrolysis due to the potential for green electricity pro
duction. Hydrogen cost could be influenced by transmission methods. 
The potential for switching existing pipelines to blends of natural gas 
with hydrogen and syngas would make hydrogen cost decrease (as a 
function of the amount of hydrogen blend allowed) [121]. As a matter of 
fact, according to Kountouris et al. [107], only a unified infrastructure 
development and planning could allow to support a rapid scale-up of 
hydrogen production, with Italy, France and Germany being the prin
cipal strategic centres. Hydrogen cost and availability would be a direct 
consequence of network development for potential import/export, 
coupled with production capability and renewable energy excess [107]. 
On the topic of other possible measures, Liu et al. [106] analysed the 
effects of policies in terms of emissions reduction in Hong Kong, 
Singapore and Japan, underlining the different approaches taken by 
each country. Japan proved to have the most effective policies among 
the three areas of the study, being able to bring RESs share from 20.4 % 
in 2020 to 22.4 % in 2021. This milestone was achieved by several co
ordinated actions, such as tax incentives to de-risk and encourage 
companies in investing in greener solutions and funding for early stages 
of new green technologies. Palm [105] examined the co-development of 
RES penetration and the adjustment of institutions, infrastructures, 
adopters, and suppliers in Sweden’s solar and wind energy sectors, 
highlighting various measures, infrastructure alignments, market 
adoption, and value chain modules. The author identified common as
pects between the two technologies, such as enabling new technologies, 
limiting harmful use, increasing reliability and user confidence, and 
incentivizing adoption through subsidies or benefits. A crucial step is 
creating technical standards and updating legislation to reduce confu
sion and encourage adoption. Additionally, infrastructure improve
ments are needed to maximize the potential of these technologies. While 
innovative and ecological aspects attract early users, late adopters are 
often motivated by economic gains, which policymakers should also 
consider. Strupeit and Palm [104] analysed the very different strategies 
pursued by the three main PV adopter countries in the world: Japan, 
Germany and United States, remarking the importance of taking into 
account the specific characteristics of each country when developing 
policies, emphasizing how similar results in terms of adoption level of a 
new technology can be achieved in different regions of the world, by 
pursuing different strategies. Policy makers must take into account the 
different contextual conditions when developing policies and measures, 
and not only focus on financial incentives, but on removing other 
possible sources of socio-political hindrances as well. Höhne et al. [103] 
evaluated the actual coherence between the targets set by the 2015 Paris 
Agreement and the Intended Nationally Determined Contributions 
(INDCs) that each country committed to. The initial INDCs were 
considered too conservative, making it difficult to meet targets. This 
cautious approach was influenced by uncertainties over legal obliga
tions, equity concerns, and lack of experience. To ensure alignment with 
targets, policies must be continuously corrected through periodic re
ports and third-party checks. Additionally, non-country players (e.g., 
cities, regions, companies) can significantly impact emission reductions 
if their actions are aligned with national policies and monitored. Com
panies committing to emissions reduction often encourage others to 
follow suit, so policymakers should involve these players, enhance 
transparency, and include them in reporting and monitoring processes 
[102]. Sebos et al. [122] provided a quantitative evaluation of the 
impact of several policy measures on projected emissions reductions. 
Their study focused on Greece, calculating ex-post and ex-ante emissions 
reduction based on currently agreed upon policies and measures. In 
particular, they analysed the impact of different kinds of measures 
regarding energy production: increasing renewable energy sources 
(RESs) share, reduce the environmental impact of conventional fossil 
fuel-powered plants, evaluating the possibility of converting part of 
them from fossil fuels to natural gas and/or biofuels, and improving the 
efficiency of current plants. On the other hand, Greenblatt [123] studied 
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the possible effects of different policy scenarios for reducing emissions in 
California, concerning different sectors (transportation, residential, 
electricity/fuels production …), providing several numerical estima
tions of how much GHG emissions would increase in each of the refer
ence years if each policy measure were not pursued. Aasness and Odeck 
[101] analysed the adoption of BEVs in Norway, driven by strong pol
icies offering economic exemptions and benefits, such as access to public 
transport lanes. While these policies significantly reduced emissions, 
they also caused negative side effects, including decreased toll and 
parking revenue and increased traffic on public transport lanes, leading 
to delays. This highlights the need for improvements to Norway’s model, 
although it remains a valuable case study. Babatunde et al. [100] 
examined Malaysia’s emission reduction policies, noting that subsidies 
for natural gas, while reducing fossil fuel use, also hindered renewable 
energy integration. This led to higher emissions, exceeding Paris 
Agreement targets. This example underscores the importance of 
considering unintended consequences when designing policies. Stake
holder engagement plays a crucial role in the success of emission 
reduction plans. Hamdan et al. [124] identified key drivers for suc
cessful collaboration in sustainable neighbourhood projects, such as 
open dialogue, knowledge exchange, alignment of interests, and pro
moting diversity. Similarly, Rivas et al. [125] found that involving local 
municipalities and private stakeholders in the Covenant of Mayors 
initiative helped reduce emissions in cities like Turku (Finland) and 
Växjö (Sweden). Nonet et al. [126] emphasized the need for clarity, 
transparency, and knowledge sharing in sustainable development goals 
to achieve Agenda 2030 targets. Salvioni and Almici [127] found that 
Eni’s sustainability policies, focused on stakeholder engagement, 
enabled significant emissions reductions. The Bipartisan Policy Center 
[128] also highlighted the importance of information sharing, equity, 
flexibility, and periodic audits in successful projects like carbon capture 
in Illinois. Finally, Brunbauer et al. [129] explored offshore wind energy 
development in New York, emphasizing the benefits of involving diverse 
local stakeholders. These practices build trust, integrate local knowl
edge, and ensure that projects are pursued efficiently and inclusively. 
Overall, effective stakeholder collaboration is essential for achieving 
sustainability goals. The Energy Efficiency Watch project [130] 
emphasized the role of collaboration between education, research, and 
businesses in driving energy efficiency and industrial modernization 
across Europe. The Green Deal for Public Transport in the Netherlands 
[131] demonstrated successful collaboration between municipalities, 
transport operators, and government agencies, leading to the deploy
ment of zero-emission buses. In Ferrara, Italy, a joint effort between the 
Ministry of Transport, local administration, and TPER developed a 
strategic decarbonization plan for public transport, including FCVs and 
BEVs buses. Additionally, Norway’s National Transport Plan [132] 
mandates zero-emission buses by 2025, helping the country achieve the 
highest EV penetration. London’s ULEZ policy evaluates the lifecycle 
emissions of mixed fleets, optimizing transitions based on energy 
availability and service needs [133]. These cases highlight the impor
tance of policy alignment and collaboration for decarbonizing transport. 
Total Cost of Ownership (TCO) evaluations are crucial for providing 
fleet owners and stakeholders insights into investments in innovative 
vehicles. Di Vece et al. [134] analysed the TCO of powertrains for 
small/medium urban buses, noting that diesel buses’ TCO is expected to 
rise due to carbon taxes. Currently, FC buses are the most expensive 
option (1.46 €/km), while BEVs are slightly cheaper (1.16 €/km). 
However, by 2030, the TCO for BEVs and FCVs is expected to converge 
(1.05–1.09 €/km for BEVs and 1.28–1.30 €/km for FCVs). Rout et al. 
[135] found the break-even point for conventional powertrains and 
BEVs at six years (1.5 £/km), while FCVs take longer to break even. 
Muñoz et al. [136] examined the impact of vehicle autonomy on BEV 
TCO, finding that increased autonomy raises TCO by 5 % for 200 km and 
7 % for 300 km. For FCVs, the hydrogen cost can increase TCO by 13 %, 
depending on the hydrogen price. Wang et al. [137] highlighted that, for 
FCVs, insurance costs (11 k£/year) outweigh fuel costs, while BEVs have 

similar opex patterns. Millo et al. [138] evaluated the TCO of various 
powertrain configurations for urban buses, finding BEVs to be the least 
expensive, followed by hybrid H2ICEs and FCVs. FCVs could become 
more competitive with lower hydrogen costs and technological devel
opment. Hybrid H2ICEs have lower capex but are less efficient than 
FCVs, making them more viable if hydrogen prices drop below 5 €/kg. 
FCVs could outperform BEVs if hydrogen costs fall below 3 €/kg, 
underscoring the importance of cost reductions and incentives. How
ever, other aspects must be kept into account in the design of a 
low-emission fleet. According to Peng et al. [99], sustainable urban 
buses like BEVs and hydrogen buses should be used in mixed fleets, 
especially when depot space is limited, as in Hong Kong. BEVs have 
lower operational costs but require more space for parking and refuel
ling, which takes longer. Hydrogen buses, with their longer range and 
quicker refuelling time, can help address space concerns. Correa et al. 
[98] found that hydrogen buses are more cost-effective for long routes. 
Wagner and Walther [139] agreed, suggesting that FCVs could become 
more competitive with lower costs or hydrogen below 4.33 €/kg. In the 
US, varying electricity generation across states may increase BEVs’ 
operational costs, while FCVs are less affected by long distances.

In summary, each powertrain has strengths and weaknesses 
regarding energy and components production, and layout complexity. 
Thus, a comprehensive analysis of consumption and associated overall 
emissions is crucial to identify the optimal solution in the short-to- 
medium term.

This paper focuses on the analysis of different powertrain concepts 
for the urban context in terms of consumption and equivalent CO2 
emissions in the current and future energetic scenarios, including both 
electric energy and hydrogen production mixes. Different powertrain 
layouts have been investigated, using properly designed Simulink 
models. With respect to other previous studies, in addition to FCVs and 
BEVs, H2ICEVs and HH2ICEVs have been included, being hydrogen- 
fuelled vehicles one of the most promising solutions for such sector. A 
typical homologation cycle has been set as a reference, also addressing 
several crucial aspects of collective transport vehicles such as variable 
load and extensive use of Heat, Ventilation and Air Conditioning 
(HVAC) systems. Afterward, an LCA analysis has been carried out to 
estimate the overall CO2 emissions of these solutions, for 2024, 2030 and 
2050 scenarios, based on the current energetic panorama of the EU-27, 
and on achievable and forecasts trends regarding the future de
velopments and emissions reductions.

2. Materials and methods

2.1. Introduction

As previously stated, the LCA analysis requires evaluating the energy 
required by the sustainable powertrain layouts considered over a spe
cific representative cycle.

The main focus of the analysis presented in this paper revolves 
around the evaluation of the overall CO2 emissions over the entire 
lifecycle of the class of vehicles considered. To allow for a correct esti
mation of these emissions, vehicle consumptions are necessary. Given 
this focus, a forward approach, which follows physical causality (the 
input of the model is the tractive power requested to achieve a certain 
target vehicle speed, and the final output is the vehicle’s actual speed), 
was deemed more suitable, as it takes into consideration the differences 
between target and actual behaviour of the system, taking into account 
dynamics and limitations of actuators’ or powertrain’s saturation (e.g., 
if the cycle requires more power than the powertrain can provide), while 
still allowing for the evaluation of fuel consumption [140].

From an energy flow perspective, it is crucial to consider that each 
component and connection device introduces a loss (i.e., frictions, en
ergy conversions losses). These inefficiencies may be modelled with 
varying levels of physical accuracy. In this study, each component has 
been modelled through a Look-Up Table (LUT)-based approach. This 
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methodology employs static maps, built experimentally under steady- 
state operating conditions [140]. Outputs are evaluated by interpo
lating points from these maps. While this methodology leads to simpler 
models with good accuracy, it may not be as precise during transients 
and is suitable only for slow-dynamic phenomena, such as vehicle’s 
speed and battery’s SOC.

The models have been calibrated on another previously presented 
virtual test rig (HYBUS, [141]) developed in GT Suite, following a 
quasi-static approach. The experimental data to validate the models 
have been acquired through a dedicated campaign in Genova, Italy 
(specifically, Route 18-forward dataset has been used for validation) 
[141]. A hybrid powertrain has been assessed, guaranteeing a maximum 
error of <2 % on the final SOC and a 3 % on fuel consumption [141]. The 
characteristics of the electric machines rely on experimental steady-state 
maps [141]. The battery has been modelled following a Thevenin 
equivalent circuit approach, allowing to properly reproduce the SOC 
behaviour (error <2 %) [141,142]. As regards the H2ICE, the model has 
been derived from a previously conducted study [143] starting from a 
state-of-the art 3.0 L low-compression ratio diesel engine by means of 3D 
CFD. Starting from the 3D environment, the model has been simplified 
to a 1D, without appreciable accuracy losses (i.e., CA 50 error always 
between ± 3 ◦CA, Pmax between ± 5 bar and angle of Pmax between ± 3 
◦CA). This approach allowed the authors to derive the operational en
gine maps (as brake engine efficiency and brake specific emissions) on 
the whole operating range (i.e., engine load and speed). The Fuel Cell 
has been modelled through a 1D CFD model focusing on the polarization 
curve, which has been compared with the experimental trace in 
Ref. [138], demonstrating high accuracy.

2.2. Vehicle and drivetrain model

Each powertrain layout studied has been applied to the same class of 
vehicle: a common passenger bus for urban transportation. As far as the 
longitudinal dynamics of the vehicle is concerned, the apporach pro
posed by Rajamani et al. [144], has been followed, as the balance of 
several forces, such as the tractive force, the aerodynamic resistance, the 
rolling resistance and the resistance contribution due to road’s inclina
tion. As regards the vehicle aerodynamic parameters, the same as in 
Ref. [145] have been adopted. Furtheremore, to evaluate a broader 
variety of conditions, the curb weight, the number of passengers and the 
external temperature were changed during simulations, achieving 
different combinations of total weight and power requested by the 
HVAC system. By changing these parameters (considering an average 
weight of 80 kg per person [146]), it was possible to analyse several 
scenarios of occupancy level and seasonality, achieving different overall 
fuel consumptions. Moreover, these changes impacted on the required 
HVAC power estimation, which is based on a 2-D LUT [147]. While the 
effect of the external ambient temperature on the HVAC power request is 
trivial, the passengers’ impact is related to the heat emitted by each 
person [147]. This heat increases cooling power when the external 
temperature is high and reduces heating power when the external 
temperature is low. Additionally, HVAC power management can be 
optimized in winter by recovering part of the waste heat dissipated by 
the H2ICE or the FC [148–150]. Conversely, for BEVs, the power 
required increases, due to the need to maintain the battery at a constant 
temperature across different external temperatures [147]. This aspect 
has been kept into account through an additional 1-D LUT [81], as a 
function of the external temperature, which increases the overall power 
requested from the battery. In addition to the aforementioned HVAC 
power evaluation, the overall drivetrain model includes several com
monalities across different architectures, appropriately modified to fulfil 
the specific requirements. First of all, depending on the overall vehicle 
mass (calculated as the sum of the curb weight, passengers’ mass, 
powertrain mass and the mass of tanks, fuel and/or batteries) and the 
target vehicle speed, the required force, and thus the required torque at 
the wheels is calculated via an open-loop approach as a function of the 

desired speed profile. A Proportional-Integral (PI) controller then pro
vides a closed-loop correction based on the error between vehicle’s 
target and actual speeds. Afterward, this torque is saturated depending 
on the limitations of the specific architecture which may be related to 
TEM or H2ICE maximum/minimum torque, which depends on current 
speed and inserted gear. Finally, the demanded wheel-torque is con
verted to engine torque via the transmission ratio and the possible 
gearbox contribution. The saturated torque signal is then distributed to 
three subsystems: the brake manager, the actual speed calculator and 
the powertrain system simulator. The brake manager evaluates whether 
to brake or not, depending on the sign of the requested engine torque 
and the difference between target and actual speeds. Excluding the pure 
H2ICE architecture, this block also includes the opportunity to account 
for regenerative braking to recharge the battery. The actual speed, 
calculated from the longitudinal dynamic model, allows to estimate the 
actual rotational speed of the engine or motor. Finally, the powertrain 
subsystem, which is specific to each architecture, estimates energy 
consumption. In addition to this, for the electrified architectures a bat
tery model is implemented, accounting for different sizing, according to 
the specific layout. When modelling batteries, electrical cell models are 
the most common ones as they reproduce the battery’s behaviour during 
operation and maintain a physical correspondence to real-life counter
parts. For the scope of this analysis, a dual polarization model (i.e., two 
R–C pairs) was deemed the best compromise between accuracy, even in 
transient conditions, model complexity and computational effort. Thus, 
a second-order Thevenin LUT-based model [142] was chosen to model a 
single cell. Then, assuming all the cells in the battery pack behave the 
same, the battery model was sized by determining the number of cells in 
series and in parallel to achieve the target battery voltage and capacity.

In the following sections, each specific powertrain layout will be 
analysed in detail.

2.3. H2 internal combustion engine (H2ICE) powertrain model

The first vehicle model that has been developed is a traditional 
powertrain concept (i.e., ICE and gearbox), fuelled with hydrogen. The 
engine is a 3.0L V6, equipped with twin port fuel injection, central 
mounted spark, an exhaust gas recirculation (EGR) circuit and a single 
stare Variable-Geometry Turbine (VGT) turbine [20,41,145]. Further
more, a previously designed gearbox was modelled as a 7-speed auto
matic transmission [145]. Regarding the gear selection, speed upshift 
and downshift maps were properly calibrated based on current gear and 
pedal position (defined for simplicity as the ratio between the requested 
torque and the maximum available at actual engine speed) [145]. The 
torque transmission via gearbox introduces losses as widely docu
mented, depending on engine speed, transmitted torque, oil temperature 
and gearbox wear [151,152]. For the sake of simplicity, a constant 
transmission efficiency (ηtrasm) was considered in this work. As previ
ously discussed, the whole vehicle weight was estimated as the sum of 
curb weight, hydrogen tank, passengers load, engine and transmission.

2.4. Hybrid H2 internal combustion engine powertrain model (HH2ICE)

The second powertrain concept developed is a series hybrid electric 
powertrain fuelled with hydrogen. To quantify the efficiency gain 
related to the electrification of the H2ICE, the same H2ICE previously 
discussed was employed: the series architecture consists of a GEM 
associated with its rectifier, coupled directly with the engine (with a 1:1 
transmission), an inverter linked to the GEM and the High Voltage (HV) 
battery and a TEM. The series layout allows for de-coupling the H2ICE 
speed from the wheel speed, thus maximizing H2ICE efficiency. For 
instance, a requested power of 50 kW can be delivered by the H2ICE 
with several different combinations of Brake Mean Effective Pressure 
(BMEP) and engine speed. In fact, once the target power requested to the 
H2ICE has been computed from a torque split algorithm, such power can 
be generated in the most efficient way, considering the optimal 
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combination between H2ICE efficiency and the other efficiency terms in 
the power chain (i.e., GEM efficiency ηGEM, TEM efficiency ηTEM and 
inverter efficiency ηInv). A Rule-Based-Energy Management System (RB- 
EMS) was then developed, determining the optimal power split as 
described in the following. Firstly, for each required wheel power level, 
the tractive efficiency (ηtract,H2ICE, defined in Eq. (1)) was calculated, 
with the hypothesis of “direct generation”: the H2ICE delivers all and 
only the needed power. In this case, H2ICE efficiency (ηH2ICE) and GEM 
efficiency were considered for the determination of the tractive 
efficiency. 

ηtract,H2ICE = ηH2ICE⋅ηGEM⋅ηInv⋅ηTEM⋅ηtrasm (1) 

The same calculation was done for a direct power generation from 
the battery. However, since the considered powertrain layout is not a 
plug-in, the energy content in the battery was derived from hydrogen 
combustion, which must be accounted for when evaluating the battery 
efficiency (ηbatt,H2ICE, Eq. (2)). Therefore, not only battery discharge ef
ficiency (ηdischarge), and the efficiencies of TEM and inverter must be 
considered, but also an estimation of the average efficiencies of H2ICE 
(η*

H2ICE), GEM (η*
GEM) and battery charging (η*

charge, changing with of SOC). 

ηbatt,H2ICE = η*
H2ICE⋅η*

GEM⋅η*
charge⋅ηdischarge⋅ηInv⋅ηTEM⋅ηtrasm (2) 

Finally, the power split efficiency (ηPS,H2ICE), defined in Eq. (3), was 
calculated. Given the power requested from the wheels, a higher value of 
power was selected from the H2ICE (the extra power would be used to 
recharge the battery). The battery efficiency was evaluated as previously 
explained, but in this case the charge efficiency (ηcharge) and H2ICE ef
ficiency (ηH2ICE) were known. Finally, the power split efficiency was 
evaluated as follows, where Ptract,H2ICE and Pbatt,H2ICE represent the powers 
generated by the H2ICE and the HH2ICEV’s battery, respectively: 

ηPS,H2ICE =
ηtract,H2ICE⋅Ptract,H2ICE + ηbatt,H2ICE⋅Pbatt,H2ICE

Pbatt,H2ICE + Ptract,H2ICE
(3) 

This process was repeated with H2ICE power steps of 5 kW. All 

possible combinations of requested tractive power, TEM speed and SOC 
were tested: the direct power production from the battery were actually 
evaluated only for SOC lower than the minimum allowable. For each 
case, the optimal operating condition was selected, based on the 
maximum efficiency.

Fig. 1 presents an example of the RB strategy for the working point 
selection.

In the top subplot, the iso-tractive efficiency curves are plotted 
against the total power produced by the H2ICE. For each black line, the 
leftmost point represents the condition where the engine delivers solely 
the entirety of the power required for traction. For each iso-tractive 
power curve, the red markers identify the optimal power level of the 
H2ICE. In the second subplot, ηtract,H2ICE, ηbatt,H2ICE and ηPS,H2ICE are 
compared for given tractive power requests. As it can be clearly seen, the 
proposed strategy allows obtaining a flatter efficiency curve by choosing 
the point with the highest efficiency for each tractive power. The Power- 
Split (PS) allows increasing efficiency, especially at low requested 
powers (Brake Specific Fuel Consumption, BSFC, is almost constant for 
power higher than 30 kW). Finally, in the bottom part of Fig. 1, the total 
power provided by the engine in the optimal condition is plotted against 
the tractive requested one.

In order to employ the proposed RB-EMS in the vehicle model, a fully 
connected feedforward Artificial Neural Network (ANN) was trained on 
the produced offline data. The ANN was trained with a Levenberg- 
Marquardt algorithm with MATLAB’s Machine Learning Toolbox. An 
optimization process was adopted for the identification of the optimal 
ANN hyperparameters, as already discussed in the literature [41]. 
Focusing on the inputs, the ANN was fed with the TEM speed, the 
requested tractive power and the SOC to predict the H2ICE requested 
optimal power, achieving a total R-squared of 0.99 on the validation 
process. Once the optimal total power is calculated, optimal target en
gine speed and load are determined through properly calibrated LUTs, 
considering both ηH2ICE and ηGEM to identify the optimal point for each 
iso-power curve. Finally, a constraint was imposed on the RB-EMS to 
avoid the SOC dropping below 25 %, as it would reduce the battery’s 

Fig. 1. RB strategy for the working point selection in the HH2ICEV layout: a) efficiency curves for different tractive requested power as a function of total requested 
power; b) efficiency of battery, H2ICE and power split; c) identification of optimal total power as a function of tractive power.
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State of Health (SOH) and thus its expected life [24,153,154].

2.5. Fuel cell powertrain model

The third powertrain concept considered in the work is a fuel cell- 
based powertrain fuelled with hydrogen. For this architecture, a 
Proton-Exchange Membrane Fuel Cell (PEMFC) was chosen, due to its 
common application in the automotive mobility. These devices consist 
of a stack of single cells, connected in series and parallel, in a similar 
fashion to battery packs, to reach the desired output power and voltage 
ratings. These FCs are fuelled with hydrogen, usually requiring high 
quality (grade 3.5 or higher [155,156], corresponding to a hydrogen 
purity of at least 99.95 %), which is more stringent than for H2ICEs. 
Despite this drawback, FCs have the advantage of delivering only water 
as by-product, thus heavily reducing vehicle emissions. Considering the 
map-based approach followed, Fig. 2a reports the polarization curve and 
net output power trend, while Fig. 2b shows the FC engine efficiency of 
the modelled fuel cell.

The architecture is composed of a FC stack connected to its DC/DC 
converter, required to regulate the output voltage, and an inverter 
linked to a HV battery and a TEM, as for the previous layout. The fuel 
cell was sized in order to guarantee 100 kW of net output power. While 
the additional Balance-of-Plant (BoP) components required for a fuel 
cell powertrain (i.e., air compressor, thermal management system, etc.) 
were not directly modelled, their contributions to the power request 
were accounted for, thanks to the use of a fuel cell engine efficiency 
curve [157], adapted for this specific application. As far as the EMS is 
concerned, the approach pursued was the same as in the case of the 
H2ICE hybrid architecture: a dedicated RB-EMS was developed. The 
optimal PS was determined by calculating the tractive efficiency 
(ηtract,FC, defined in Eq. (4)) for each required wheel power level, with a 
direct power generation from the FC. This calculation takes into account 
all the efficiency terms in the powertrain chain: FC system efficiency 
(ηFC) and DC/DC converter efficiency (ηDCDC, assumed constant [158]). 

ηtract,FC = ηFC⋅ηDCDC⋅ηInv⋅ηTEM⋅ηtrasm (4) 

The same was done also for a direct power generation from the 
battery. Once again, since the vehicle is not a plug-in, the energy content 
in the battery is derived from the FC through hydrogen, therefore, this 
aspect must be taken into account when evaluating the battery efficiency 
(ηbatt,FC): to do this, not only battery discharge efficiency (ηdischarge), TEM 
and inverter efficiencies need to be considered, but also estimations of 
the average FC engine efficiency (η*

FC) and average battery charging ef
ficiency (η*

charge) during the past charges of the battery. Regarding the 
DC/DC converter, as previously stated, its efficiency could be considered 

constant [158]. 

ηbatt,FC = η*
FC⋅ηDCDC⋅η*

charge⋅ηdischarge⋅ηInv⋅ηTEM⋅ηtrasm (5) 

Finally, the PS efficiency (ηPS,FC), defined in Eq. (6), was calculated as 
follows. Given the power requested for traction, a higher power demand 
was set for the FC (the extra power would be used to recharge the bat
tery). The battery efficiency was evaluated as previously explained: 
however, in this case, charge efficiency (ηcharge) and FC system efficiency 
(ηFC) are known. Finally, the power split efficiency was evaluated as 
follows, where Ptract,FC and Pbatt,FC represent the powers generated by the 
FC and the FCV’s battery, respectively: 

ηPS,FC =
ηtract,FC⋅Ptract,FC + ηbatt,FC⋅Pbatt,FC

Pbatt,FC + Ptract,FC
(6) 

This process was repeated in 5 kW steps. All possible combinations of 
requested tractive power, TEM speed, and SOC (evaluating direct power 
production from the battery only for SOC lower than the minimum 
allowable) were tested. For each case, the optimal operating condition 
was selected, based on maximum efficiency. Fig. 3 presents an example 
of the RB strategy for the working point selection.

As already remarked commenting Fig. 1, the top subplot shows the 
iso-tractive efficiency curves against the total power produced by the FC. 
Apparently, operating the FC at a higher power level than the one 
requested is never the best choice because the efficiency drops signifi
cantly. However, some constraints were applied to the RB-EMS, to 
override default demands: first of all, a constraint related to the battery’s 
SOC was set, to avoid it dropping below 25 %, as this would reduce the 
SOH and thus the battery’s expected life [24,153,154]. Then, an addi
tional constraint was set, related to the slope of the power requested 
from the FC. Since these devices are characterized by slow transient 
dynamics, when the load changes rapidly, the battery must fulfil the 
request until the FC has completed the transient. Being a map-based 
model, it does not take into account FC’s transient response directly: 
however, this constraint on the rate of change of the requested power 
allows considering this aspect as well. Finally, in the bottom part of 
Fig. 3 the total power provided by the FC in the optimal condition is 
plotted against the tractive requested one. As for the case of HH2ICE, to 
employ the proposed RB-EMS in the vehicle model, a fully connected 
feedforward Artificial Neural Network (ANN has been trained, based on 
the produced data.

2.6. Full-battery electric powertrain model

The last vehicle model developed is a fully-electric vehicle where the 
battery is the one and only energy reservoir. As previously stated, the 

Fig. 2. a) Polarization curve and gross output power; b) FC engine efficiency [157].
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battery is modelled trough a dual polarization model (i.e., two R–C 
pairs), being the best compromise between accuracy, even in transient 
conditions, model complexity and computational effort. Thus, a second- 
order Thevenin LUT-based model [142] was chosen to model a single 
cell. Then, assuming all the cells in the battery pack behave the same, the 
battery model was sized by determining the number of cells in series and 
in parallel to achieve the target battery voltage and capacity. The battery 
has been sized to 550 kWh to enable the vehicle to complete a full 
average daily mission profile, with only overnight recharging at the bus 
depot. However, this comes with a drawback: considering an energy 
density of 7 kg/kWh [159], the battery weight is 3850 kg, representing a 
very large share of the overall weight of the vehicle.

3. Results

3.1. Consumption assessment

The previously proposed models were tested on the Braunschweig 
homologation cycle. The sizing of the main components is summarized 
in Table 1 as a function of the vehicle type: H2ICEV, HH2ICEV, FCV and 
BEV. In particular, regarding the H2ICE, Brancaleoni et al. [145] ana
lysed the performance of an H2ICE for bus application in an urban 
environment, evaluating different operating conditions, addressing 
performance and emissions. Moreover, Arsie et al. [20] studied the use 
of a series hybrid battery-H2ICE powertrain for a 12 m bus application, 
comparing different injection options and defining control strategies 
aimed to minimize emissions. In their case, the electric motor was 

chosen based on a literature review, as a 140 kW permanent magnet 
synchronous motor (PMSM). In this analysis, being the bus smaller, 
considering also the various sources reported in Ref. [160], it has been 
decided to downscale the EM to 100 kW. As far as the FC is concerned, 
based on the data from the Argonne National Laboratory experimental 
campaign performed on a Toyota Mirai [157], Carignano et Costa 
Castellò [158] provided additional insights on the typical system effi
ciency of FCVs, providing an efficiency map, taking into account the 
power loss due to the auxiliaries, mainly represented by the power 
required to drive the compressor. Regarding H2 storage, the mass of fuel 
to be available on board has been estimated from the maximum con
sumptions obtained, considering an average range of around 300 km. 
Then, focusing on the tanks, a weight density of 7.5 % (in terms of 
amount of H2 stored with respect to the tank weight) [161] has been 
considered for gaseous hydrogen storage at 700 bar.

The performance of the buses was assessed under varying conditions 
of passenger load (ranging from 0 to 30 passengers) and external tem
perature (between − 5 ◦C and +30 ◦C). Initially, the Tank-to-Wheel 
(TTW) energy consumption of the different vehicles was estimated 
under all the different operating conditions without HVAC at a fixed 
external temperature of 20 ◦C (with initial SOC equal to the final one for 
hybrid powertrains). Fig. 4 shows the results for two different curb 
weights (9 and 12 ton) for the five powertrains with 0, 10, 20 and 30 
passengers.

As it is possible to see, energy consumption increases linearly with 
vehicle weight across all tests. As expected, BEVs consistently show the 
lowest consumption. Moreover, they present the highest weights due 
their large battery packs, but their consumption is less sensitive to 
weight, with a maximum variation of about 28 %. Conversely, FC and 
H2ICE powertrains show the highest variations, above 35 %.

Fig. 5 presents energy consumption for the different powertrains 
with the HVAC system on. BEV continues to show the lowest con
sumption. For low temperatures (e.g., − 5 ◦C) consumption decreases 
with increasing weights when keeping the curb weight constant, as more 
passengers reduce the power demand of the HVAC. Conversely, at high 
temperatures (i.e., +30 ◦C), consumption increases with the number of 

Fig. 3. RB strategy for the working point selection in the FC layout: a) efficiency curves for different tractive requested power as a function of total requested power; 
b) efficiency of battery, fuel cell and power split; c) identification of optimal total power as a function of tractive power.

Table 1 
Powertrain characteristic of each vehicle.

H2ICEV HH2ICE FCV BEV

H2ICE Power [kW] 100 100 – –
Battery Capacity [kWh] – 15 15 550
FC Power [kW] – – 100 –
Max Recharge Power [kW] – 50 50 50
H2 Tank Capacity (9 ton, 12 ton) [kg] [36,42] [33,39] [27,32] –
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passengers, due to higher HVAC power requirements. The analysis 
highlights the energy consumption advantage of BEVs, with the lowest 
consumption and variation. Regarding the consumption for the BEV, 
even though this powertrain is heavier compared to other vehicles with 
the same configuration and load, its maximum consumption (achieved 
at +30 ◦C, with a curb of 12 ton and 30 passengers) remains lower than 
that achieved by any other configuration of remaining powertrain 
concepts.

To check the validity of the results obtained, a literature review on 
real vehicle consumptions has been conducted, focusing on the power
trains analysed [160,162–167]. The data from literature are 

characterized by a relatively wide variability range, due to the differ
ences in powertrain sizes, vehicle dimensions, weights and drive cycles 
considered. For this reason, the comparison has been performed only on 
real data coming from vehicle configurations as close as possible to the 
ones considered in the study. In particular, Stempien and Chan [160] 
reported typical ranges of 2.6–4.3 kWh/km for FCVs, 1.5–1.6 kWh/km 
for BEVs and around 3.8 kWh/km for H2ICEVs. Takahashi [164] ana
lysed H2ICEVs and obtained an energy consumption around 4.5 
kWh/km. In addition, Arthur H2 Zero FCV bus is able to reach 2 
kWh/km [167].

Fig. 4. Energy consumption against vehicle weight for the different vehicles and curb weights without HVAC.

Fig. 5. Energy consumption variation among the different powertrains, varying external temperature, passenger load and curb weight: a) 9 ton, − 5 ◦C; b) 9 ton, 
10 ◦C; c) 9 ton, 20 ◦C; d) 9 ton, 30 ◦C; e) 12 ton, − 5 ◦C; f) 12 ton, 10 ◦C; g) 12 ton, 20 ◦C; h) 12 ton, 30 ◦C.
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3.2. Equivalent CO2 emissions: current scenario

LCA is an effective approach to evaluate vehicle emissions 
throughout its lifetime [42]. Given the object of this assessment an 
urban bus, a lifespan of one million kilometres was considered [168,
169]. Emissions for electricity production have been factored in for each 
EU-27 country [170], along with each country’s hydrogen production 
mix [171]. Looking at the emissions related to electricity production, 
Sweden (8 gCO2/kWh), Finland (40 gCO2/kWh), France (50 gCO2/kWh), 
and Latvia (67 gCO2/kWh) have the lowest carbon intensities, whereas 
Estonia (690 gCO2/kWh), Poland (614 gCO2/kWh) and Cyprus (585 
gCO2/kWh) have the highest. These differences are clearly related to the 
different electric energy mixes of these countries [172–174]: Sweden, 
Finland and Latvia electric energy mixes boast a very large share coming 
from renewable sources (at least 54 %), combined with extremely low 
shares related to production from fossil fuels. As for France, despite the 
not so relatively large share of electricity coming from renewable 
sources (around 25 %), the share belonging to fossil fuels is kept low by 
heavily relying on production from nuclear power (around 65 %). On 
the other hand, Estonia, Poland and Cyprus electricity production is 
strongly centred around the use of fossil fuels (from 50 to 80 %), even 
though their production shares from renewable energy are relatively 
high, compared to the average of the EU-27 (between 20 and 40 %). 
Being the electricity production processes from fossil fuels the ones 
characterized by the highest emission factors, it is clear how these dif
ferences in the electricity mixes affect each country’s electricity-related 
emission factor. Shifting the focus to hydrogen production, the main 
hydrogen producers in the EU-27 are Germany, the Netherlands and 
Poland. Regardless of production volume, grey hydrogen accounts for 
the largest share of hydrogen production methods in nearly all EU-27 
countries, while blue and green hydrogen production remain low. An 
exception is represented by Estonia: despite having the lowest annual 
hydrogen production among the EU-27, it exclusively produces green 
hydrogen [175]. Based on these data, vehicle emissions in each Euro
pean country were calculated, assuming average countries’ tempera
tures and 66 % passenger load [176]. As previously discussed, the 
number of passengers affects overall consumption, both due to the 
variation in weight and in the power consumption from the HVAC. The 
specific passenger loading has been selected based on literature review. 
Amato et al. [177] used real-world data from Italian bus lines to allow 
prediction for passenger load estimation. It was found that, on average, 
over a full ride, a typical bus is loaded at around 60 % of its maximum 
passenger capacity. Similar results were obtained by Pengfei et al. [178], 
whose analysis focused on bus lines in Suzhou, China. Emissions were 
divided into five categories: vehicle manufacturing (CO2,eq,manuf ), pow
ertrain production (CO2,eq,pwt i.e., EM, ICE), battery production 
(CO2,eq,batt), energy consumption (CO2,eq,energy, which becomes 
CO2,eq,electricity for electric energy or CO2,eq,H2 for hydrogen) and distri
bution (CO2,eq,distrib, which becomes CO2,eq,electricity,distrib for electricity or 
CO2,eq,H2 ,distrib for hydrogen, including its compression). Eq. (7) reports 
the procedure for the total evaluation of the equivalent emissions of CO2 
(CO2,eq). 

CO2,eq =CO2,eq,manuf + CO2,eq,pwt + CO2,eq,energy + CO2,eq,batt + CO2,eq,distrib

(7) 

Following the example of [179,180], each group has been defined 
through specific equations. Eq. (8) reports the generic calculation for the 
equivalent emissions for the powertrain and vehicle manufacturing, 
even considering hydrogen tanks. 

CO2,eq,pwt +CO2,eq,manuf = EFEM⋅PEM⋅nEM + EFICE⋅PICE⋅nICE + EFFC⋅PFC⋅nFC

+ EFglider⋅Mglider + EFtank⋅MH2 ,stored⋅ntanks

(8) 

Where EFEM represents the specific emission coefficient for the EM (in 
kgCO2/kW), PEM the power of the EM in kW), nEM the total number of 
EMs (i.e., considering the number of EM replacements), EFICE the spe
cific emission coefficient for the ICE (in kgCO2/kW), PICE the power of the 
ICE (in kW), nICE the total number of ICEs, EFFC the specific emission 
coefficient for the FC (in kgCO2/kW), PFC the power of the FC (in kW), nFC 
the total number of FCs, EFglider the specific emissions of the glider (in 
kgCO2/kgglider), Mglider the total mass of the glider (in kg), EFtank the 
specific emission coefficient of the tank (in kgCO2/kgH2,stored), MH2 ,stored 

the nominal stored hydrogen mass (in kgH2) and ntanks the total number 
of tanks considered.

For the impact of the energy reservoirs, CO2,eq,batt, Eq. (9) is provided, 
where EFbatt represents the specific emission coefficient of the battery (in 
kgCO2/kWh), Cbatt the nominal energy capacity of the battery (in kWh) 
and nbatt the total number of batteries considered. 

CO2,eq,batt = EFbatt⋅Cbatt⋅nbatt (9) 

As regards emissions associated to electricity and hydrogen pro
duction (CO2,eq,electricity and CO2eq,H2 respectively), Eq. (10) and Eq. (11)
provide the basis for the calculation, where EFelectricity and EFH2 represent 
the average emission factors of the grid and of the hydrogen mix 
considered (in kgCO2/kWh), respectively, cBEV the specific energy con
sumption of the BEV (in kWh/km), cH2 the specific hydrogen con
sumption (in kgH2/km) of the considered hydrogen-based powertrain, 
kmlife the assumed lifetime (in km) and LHVH2 the lower heating value of 
hydrogen (in kWh/kgH2). 

CO2,eq,electricity = cBEV⋅kmlife⋅EFelectricity (10) 

CO2,eq,H2 = cH2 ⋅ kmlife⋅LHVH2 ⋅EFH2 (11) 

For the distribution, Eq. (12) explains the methodology for electricity 
distribution emissions (CO2,eq,electricity,distrib) and Eq. (13) for hydrogen 
(CO2,eq,H2 ,distrib), even considering compression, where EFelectricity,distrib rep
resents the average specific emission factor for electricity distribution 
(in kgCO2/kWh), EFH2 ,distrib the average emission factor for gaseous 
hydrogen distribution (in kgCO2/kWhH2), EFH2 ,compr the average emission 
factor for gaseous hydrogen compression (in kgCO2/kWh) and 
EH2 ,compr,cons represents the specific energy consumption for hydrogen 
compression (in kWh/kWhH2). 

CO2,eq,electricity,distrib = cBEV ⋅ kmlife⋅EFelectricity,distrib (12) 

CO2,eq,H2 ,distrib = cH2 ⋅ kmlife⋅LHVH2 ⋅
(
EH2 ,compr,cons ⋅ EFH2 ,compr +EFH2 ,distrib

)

(13) 

For the present analysis, the replacement of battery, engines and fuel 
cell has been accounted for. In particular, a single replacement has been 
considered for each vehicle at half lifetime. Considering a reference 
expected life of 2000 cycles for the batteries and 20′000 h for both ICEs 
and FCs (given an average daily duty cycle of 250–300 km, with the 
mean speed of the homologation cycle of 22.5 km/h and considering 
320 working days), the results underscore that FCs, ICEs and batteries 
would last between 450′000 and 600′000 km [181,182].

Fig. 6 presents the results for six countries: Germany, Estonia, 
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France, Italy, Poland and Sweden for both curb weights scenarios. These 
countries have been selected due to their diverse energy mixes, which 
directly affects the country’s emission factor. Starting from the 9 ton 
curb weight (Fig. 6a–f), France and Sweden display similar results, due 
to low carbon intensity from nuclear (France) and renewable (Sweden) 
energy. Estonia and Poland have high carbon intensity, but Estonia’s 
green hydrogen production lowers hydrogen powertrains impact, mak
ing BEVs the highest emitters there. Finally, in Italy and Germany, FCVs 
and BEVs show similar emissions. Generally, hydrogen production 
dominates emissions except for the BEV, where battery production has a 
significant impact, especially in low-carbon countries (e.g., Sweden, 
France). Increasing curb weight to 12 ton does not significantly change 
the results (Fig. 6g–l), except in Italy, where the difference in emissions 
between FCVs and BEVs slightly increases. Clearly, higher weight in
creases overall emissions, with hydrogen production remaining the 
major contributor for hydrogen-based powertrains.

The powertrain concepts minimizing the overall CO2 emissions in 
each EU-27 country have been identified and reported in Fig. 7. As it is 
possible to see, in the case of 9 ton curb weight (Fig. 7a), FCVs and BEVs 

are the two providing minimum CO2 emissions: BEVs can achieve as low 
as 0.3 kgCO2/km in countries with very low carbon energy production, 
while FCVs are more competitive where carbon intensity is higher, 
reaching slightly higher values of CO2 emission per km.

The situation slightly changes when a 12 ton of curb weight is 
considered (Fig. 7b). As previously discussed, higher weight leads to 
higher energy consumption, with hydrogen-based powertrains showing 
a higher sensitivity with respect to BEVs: as a consequence, BEVs pow
ertrains become more competitive in more countries.

3.3. Equivalent CO2 emissions: 2030 and 2050

Future scenarios for 2030 and 2050 have been studied, considering 
foreseeable emissions reduction in hydrogen and electrical energy pro
duction [86,171]. Regarding emissions related to electricity production, 
the “Fit for 55” deal sets a reference target, with respect to 1990 values, 
of a 55 % reduction of emissions by 2030, while a 95 % reduction is 
considered by 2050 [183]. In the 2030 scenario the carbon intensity 
would be reduced below 400 gCO2/kWh in each EU-27 except for Poland, 

Fig. 6. Equivalent CO2 emissions per km in the 2024 scenario, including HVAC, for 66 % passenger load, different curb weights and different EU-27 countries: a) 
Germany, 9 ton; b) Estonia, 9 ton; c) France, 9 ton; d) Italy, 9 ton; e) Poland, 9 ton; f) Sweden, 9 ton; g) Germany, 12 ton; h) Estonia, 12 ton; i) France, 12 ton; j) Italy, 
12 ton; k) Poland, 12 ton; l) Sweden, 12 ton.

Fig. 7. CO2 minimization powertrains in the 2024 scenario for different curb weights: a) 9 ton; b) 12 ton.
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Greece and Estonia. Furthermore, in the 2050 scenario, all the EU-27 
would present emissions below 80 gCO2/kWh. As far as forecasts on 
the reduction of emission factors related to electricity production are 
concerned, it has been evaluated that the objectives set by the European 
Union are achievable, but some criticalities must be assessed [184–186]: 
first of all, interdependencies between countries must be taken into 
account. For example, if the main energy producers and exporters are 
able, as forecasted, to push towards greener solutions, without 
increasing eventual nuclear power contribution, it will have a positive 
impact on importers as well [185], moreover, the infrastructure 
improvement could also help reducing the emissions, by limiting losses, 
at all typical voltage levels [185,186]. Regarding hydrogen production 
impact, a reference of 6 kgCO2/kgH2 for 2030 and 1 kgCO2/kgH2 for 2050 
[187] is forecasted. These reductions in the hydrogen related emissions 
are directly dependent on the forecasted changes in the hydrogen pro
duction mixes [96,187]. Even though the progression status of projects 
aimed at a greener hydrogen production in the EU-27 is relatively 
behind the one referring to greener electricity plans [187], several ac
tivities have been started to reach the goals set by new policies. In 

particular, maturity level of several blue and green hydrogen production 
methodologies are reaching higher levels [96]. Moreover, a reduction in 
the battery manufacturing impact has been considered, with emissions 
expected to be 75 % of current levels by 2030 and 50 % by 2050 [188,
189]. As it was stated in the introduction, it is self-evident that, in order 
to meet these targets, it is necessary that governments, stakeholders and 
policy makers take a proactive role in promoting the transition towards 
green technologies, from both technological and social points of view. In 
this context, the equivalent CO2 emissions of the different powertrains 
have been calculated for each EU-27 country for both 9 and 12 ton of 
curb weights. Once again, the results are presented for the six previously 
mentioned countries. In the 9 ton scenario (Fig. 8a–f), FCVs become 
more competitive, except in France and Sweden, where BEVs remain the 
best solution. The same results are obtained for a 12 ton curb weight 
(Fig. 8g–l), except in Italy and Germany, where BEVs and FCVs present 
similar values.

The results change when the 2050 scenario is considered (Fig. 9). In 
this case, the further reduction of emission impact for hydrogen and 
energy production makes the emissions associated to battery production 

Fig. 8. Equivalent CO2 emissions per km in the 2030 scenario, including HVAC, for 66 % passenger load, different curb weights and different EU-27 countries: a) 
Germany, 9 ton; b) Estonia, 9 ton; c) France, 9 ton; d) Italy, 9 ton; e) Poland, 9 ton; f) Sweden, 9 ton; g) Germany, 12 ton; h) Estonia, 12 ton; i) France, 12 ton; j) Italy, 
12 ton; k) Poland, 12 ton; l) Sweden, 12 ton.

Fig. 9. Equivalent CO2 emissions per km in the 2050 scenario, including HVAC, for 66 % passenger load, different curb weights and different EU-27 countries: a) 
Germany, 9 ton; b) Estonia, 9 ton; c) France, 9 ton; d) Italy, 9 ton; e) Poland, 9 ton; f) Sweden, 9 ton; g) Germany, 12 ton; h) Estonia, 12 ton; i) France, 12 ton; j) Italy, 
12 ton; k) Poland, 12 ton; l) Sweden, 12 ton.

P.P. Brancaleoni et al.                                                                                                                                                                                                                         International Journal of Hydrogen Energy 123 (2025) 335–353 

347 



the main contributor for BEVs. It is worth noting that in this scenario (for 
both the 9 and 12 ton curb weights) the emissions related solely to 
battery production reach almost the same value as the total emissions of 
the other vehicles.

Finally, Fig. 10 shows the situation under the previously discussed 
hypotheses in the 2030 (Fig. 10a and b) and 2050 (Fig. 10c and d) 
scenarios for both curb weights considered and for all the EU-27 coun
tries. As it can be seen, a global reduction in emissions is achieved in 
each case with respect to 2024. Starting from the 2030 scenario, FCVs 
become the optimal solution in more EU-27 countries with respect to 
2024, since the expected reduction in emissions from hydrogen pro
duction has a greater impact than the reduction on the emissions factor 
associated with electrical energy production, especially referring to the 
9 ton curb weight bus. On the other hand, while in the 2024 and 2030 
scenarios the best solutions were always between BEVs and FCVs, in the 
2050 scenario, HH2ICEVs and FCVs generally emerge as the two best 
solutions. In particular, in the 2050 scenario, FCVs appear to be the 
optimal choice under the hypotheses formulated here.

An interesting comparison can be made with respect to the 2024 

scenario. In 2050, the expected minimum emissions are 0.08 kgCO2/km 
(9 ton) and 0.1 kgCO2/km (12 ton) while in 2024 the average values are 
almost five times higher.

As it is possible to see from Fig. 10c and d, further reductions in 
emissions are achieved, making FCVs the most suitable solution. Fig. 11
summarizes the comparison of minimal CO2 emissions per kilometre for 
each EU-27 country across the three scenarios. As it is possible to notice, 
significant reductions are observed between 2024 and 2030 in most of 
the countries, with a further substantial decrease in 2050. Although the 
results indicate that FCVs are the optimal solution, followed by HH2I
CEVs and BEVs, the absolute differences between these layouts become 
minimal. In the 2024 scenario the absolute differences were significant: 
in Sweden, the difference between the best and second-to-best solutions 
was 0.42 kgCO2/km for the 9 ton curb and 0.59 kgCO2/km for the 12 ton 
case. By 2050, these differences are almost negligible. Consequently, 
other factors such as non-exhaust emissions and raw material avail
ability may need to be considered when determining the optimal 
powertrain.

Fig. 10. CO2 minimization powertrains in the future scenarios for different curb weights: a) 2030, 9ton; b) 2030, 12 ton; c) 2050, 9 ton; d) 2050, 12 ton.
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4. Conclusions and future development

In this study, a comprehensive comparative analysis of four distinct 
powertrain concepts for urban buses was conducted, focusing on Cradle- 
to-Grave (CtG) CO2 emissions across present and future scenarios in the 
European Union 27 members (EU-27).

A forward map-based modelling approach was employed to estimate 
energy consumption, with vehicle performance evaluated under the 
Braunschweig homologation cycle. The analysis incorporated a wide 
range of operating conditions, including Heat Ventilation and Air Con
ditioning (HVAC) impact, passenger load and curb weight, ensuring 
robust performance assessment. Battery Electric Vehicles (BEVs) 
demonstrated the lowest energy consumption across all scenarios, 
highlighting their minimal sensitivity to variations in vehicle weight. 
This robustness reinforces BEVs as a benchmark for energy efficiency. 
FCVs showed intermediate performance. H2ICEVs were identified as the 
most energy-intensive, primarily due to lower efficiencies inherent in 
the combustion-based hydrogen utilization process. A sensitivity anal
ysis has been conducted on the effect of passengers’ load, external 
temperature and curb weight. The results underscore that. 

• With respect to the lowest emissions per powertrain type, BEVs are 
the least affected by the operating conditions, with a maximum 
variability of 65 % for the 9 ton and of 50 % for the 12 ton. H2ICE- 
equipped vehicles present intermediate values (H2ICEVs maximum 
variability is 82 % for the 9 ton and 64 % for the 12 ton and HH2I
CEVs is 97 % for the 9 ton and 73 % for the 12 ton), while FCVs 
present the largest variations (104 % for the 9 ton and 75 % for the 12 
ton).

• FCVs are the most sensitive to weight (with a maximum variation of 
22 %), while BEVs the least (4 %). H2ICE-equipped vehicles vari
ability due to weight reaches 17 % for HH2ICEVs and 15 % for 
H2ICEVs.

The findings on energy consumption have been adopted for per
forming Lifecycle Analysis (LCA) on carbon emissions of each power
train concept. 

• 2024: BEVs are the most favourable option across the majority of the 
EU-27 countries, provided the electricity grid’s carbon intensity is 
moderate to low. In regions with high carbon-intensity electricity 
production, such as Poland and Estonia, FCVs emerged as the more 
sustainable choice.

• 2030: Projections suggest that advancements in low-carbon 
hydrogen production will enhance the competitiveness of FCVs, 
overtaking BEVs in an increasing number of EU countries.

• 2050: Under decarbonized energy scenarios, all powertrain concepts 
lead to minimal emissions, with FCVs becoming the lowest every
where in the EUs.

These results provide valuable information for policy makers and 
stakeholders for the proper design of bus fleet oriented to minimize 
carbon emissions, underlining the dependency of optimal solutions on 
regional energy contexts. While BEVs currently lead in energy effi
ciency, the long-term trajectory suggests a pivotal role for FCVs, 
particularly in a hydrogen-powered future. Furthermore, by 2050, CO2 
emissions for all powertrain concepts are projected to be extremely low, 
implying that other factors (such as raw material availability, infra
structure development, associated pollutant emissions and Total Cost of 
Ownership, TCO) will increasingly influence decision-making. This 
transition emphasizes the need for a multi-criteria framework to eval
uate clean propulsion technologies holistically. Therefore, future 
research will deepen the analysis in this direction, evaluating TCO to 
assess economic viability and the impact of Opex and maintenance; non- 
exhaust emissions, such as particulate matter from tire and brake wear, 
will be quantified for all powertrains together with pollutant emissions 
related to energy/hydrogen production and components’ 

Fig. 11. Comparison of equivalent CO2 emission per km for all the EU-27 in the three scenarios considered for different curb weights: a) 9 ton; b) 12 ton.
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manufacturing, the goal being to provide data and documentation to 
support informed decision-making.
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