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Abstract

Road freight transport is an important driver of global greenhouse gas (GHG) emissions.
Decarbonizing this sector demands a comprehensive assessment of emerging powertrain
technologies, which are currently lacking in the literature. To fill this knowledge gap, we
performed a life cycle assessment (LCA) on 10 impact categories to evaluate road freight
transport in the Netherlands of four truck alternatives, assuming similar performance: fuel-
cell electric (FCEV), hydrogen internal combustion engine (HICEV), battery electric (BEV),
and diesel internal combustion engine (DICEV). We compared locally produced green
hydrogen, according to EU regulations, with electricity and diesel as alternative fuel chains,
while also considering the environmental impact of road infrastructure. We found that
FCEV and HICEV trucks achieve the lowest global warming impact when green hydrogen
is used. We identified discrepancies between the transport alternatives, highlighting key
factors influencing NOy and particulate matter emissions. Our research also showed that
water consumption (WC) for green hydrogen is strongly influenced by upstream processes,
with solar-powered electricity emerging as a crucial contributor. Our results highlight the
need for more exploration on the environmental impact of green hydrogen and can be
used by researchers and practitioners to further understand the complexity of reducing
emissions in road freight transport.

Keywords: green hydrogen; proton-exchange membrane water electrolyzer (PEMWE); life
cycle assessment (LCA); road freight transport

1. Introduction

In 2022, the transport sector was responsible for 23% of global greenhouse gas (GHG)
emissions [1]. Road freight transport contributes approximately 6% of global GHG emis-
sions [2], highlighting its large environmental impact compared to other modes of transport.
The transition of road freight transport from fossil-based fuels to renewable energy requires
the implementation of advanced powertrains capable of high-capacity energy storage and
rapid recharge or refueling, alongside infrastructure designed to efficiently supply novel
energy carriers [3,4]. According to projections by the International Transport Forum [5],
global freight transport emissions could increase by up to 60% by 2050 if no additional
measures are implemented to decarbonize this sector. This trajectory directly conflicts with
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the goals of the Paris Agreement [6], which emphasizes the urgent need to reduce GHG
emissions across all sectors.

Hydrogen is an energy carrier that can be used for the decarbonization of freight
transport and heavy-duty mobile operations [7-9]. To accelerate the decarbonization of
the freight transport sector, the EU introduced the Renewable Energy Directive III (RED
III), establishing binding targets for solely renewable energy deployment across Member
States [10,11]. By 2030, at least 5.5% of the energy used in transport must come from
advanced biofuels and Renewable Fuels of Non-Biological Origin (RENBO) [10]. In the
Dutch context, this corresponds to an RFENBO sub-target of 7.5 petajoules (PJ]) by 2030,
representing around 1% of the total energy demand across the transport sector [12,13].
Green hydrogen qualifies as an RFNBO RED III compliant fuel when it is produced using
verifiably newly installed renewable electricity that matches in both time and location to
the hydrogen production.

For road freight transport, two types of technologies are considered to utilize hy-
drogen. Hydrogen internal combustion engine vehicle (HICEV) trucks rely on modified
internal combustion engines adapted from conventional diesel systems [14]. Fuel-cell elec-
tric vehicle (FCEV) trucks utilize hydrogen-based electrochemical conversion technology,
offering higher energy conversion efficiency than HICEV and no tailpipe emissions ex-
cept water. Since pressurized hydrogen achieves a higher energy density in volume and
weight compared to batteries and allows rapid refueling, it is well-suited for applications
that require long range and minimal downtime [15]. Compared to battery-electric trucks,
hydrogen-powered vehicles can achieve longer distances without the weight penalty of
large battery systems [16]. Compared with fully electrified pathways that depend on the
electricity grid for distribution, hydrogen offers higher long-distance transport capacity,
especially when transported as hydrogen gas through pipelines or in liquefied form by
ship, train, or truck [17,18]. This study focuses on gaseous hydrogen, as it is the primary
form used in vehicle applications.

The lack of robust and cost-efficient green hydrogen production and distribution
infrastructure remains a crucial barrier to large-scale adoption, as both are essential for
widespread vehicle deployment [19]. However, development is limited by the insufficient
size of the current hydrogen market [20]. This mutual dependency between vehicle avail-
ability and infrastructure investment creates a challenge: without sufficient infrastructure
and a suitable service network for hydrogen vehicles, fleet operators are reluctant to adopt
hydrogen trucks, while infrastructure providers are hesitant to invest without assurances
of hydrogen demand.

Life Cycle Assessment of Road Freight Transport

Life cycle assessment (LCA) is widely used to evaluate and compare the environmental
performance of alternative transport pathways over their full life cycles [17,21]. Previous
studies have applied comparative LCAs to passenger and freight vehicles powered by
diesel, electricity, and hydrogen [22-28]. Within this perspective, powertrains such as
battery-electric vehicles (BEVs), FCEVs and HICEV are considered as sustainable transition
pathways [27], each characterized by distinct infrastructural and system integration re-
quirements. These studies have provided important insights into trade-offs between energy
efficiency, GHG emissions, and upstream environmental impacts. However, most LCAs
focus on fuel pathways and drivetrain efficiency while abstracting from freight-specific
system characteristics.

Recent research on road freight transport highlights the importance of logistical charac-
teristics, such as payload capacity and vehicle mass, in determining operational variability
in practice [29]. Differences in vehicle weight between BEVs, FCEVs, and diesel trucks
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directly affect usable payload and transport efficiency, yet these effects are rarely adopted
in LCA system boundaries [30]. From a transition perspective, this constitutes a conceptual
limitation, as decarbonization outcomes are defined by system-level interactions.

Operational non-exhaust emissions, particularly from tire and brake wear, are in-
creasingly recognized as environmental burdens, especially from heavier vehicles and
high-torque powertrains [31]. Furthermore, LCAs exclude road infrastructure impacts,
such as road construction and degradation, although differences in gross vehicle weight
(GVW) between different powertrains do affect the load on the infrastructure [31].

With respect to the hydrogen fuel chain, existing LCAs of hydrogen-powered freight
transport predominantly focus on centralized production and long-distance distribution
via tube trailers or hydrogen trucking [32]. These studies do not fully capture emerging
configurations involving locally produced green hydrogen that is RENBO RED III compli-
ant. The production of green hydrogen combined with on-site storage has been proposed
to reduce transport requirements, enhance system flexibility, and improve environmental
performance [33]. However, these configurations remain underrepresented in comparative
LCA studies of road freight transport. Importantly, regulatory conditions governing green
hydrogen production and use have no direct equivalent for BEVs [34]. This asymmetry
highlights the importance of a more context-specific analytical approach.

The literature indicates that there is a research gap regarding the further development
of LCA approaches for freight transport that explicitly consider the interaction between
powertrain technologies, logistical efficiency and infrastructure systems. This study com-
prises an LCA of road freight transport, approached as a systems-oriented transition
analysis. Therefore, it provides insights into energy sources and powertrains, vehicle mass,
the effects of payload, infrastructure use and local fuel supply.

2. Materials and Methods

2.1. Methodological Framework
2.1.1. Methodology

For the LCA, we followed the ISO 14040 and ISO 14044 guidelines [35,36]. These stan-
dards ensure that the LCA process is systematic, transparent, and reproducible, following
four phases: (i) goal and scope definition, (ii) life cycle inventory (LCI) analysis, (iii) life
cycle impact assessment (LCIA), and (iv) interpretation.

In the goal and scope definition, the overall objective of the study, the intended
application, and the target audience were defined. This phase also included defining the
functional unit, setting the system boundaries, outlining assumptions and limitations,
and clarifying data quality requirements (see Table S1). The subsequent LCI analysis
involved the gathering and quantification of all relevant energy and material inputs and
environmental emissions. Foreground data collected within the LNH project reflects actual
operating conditions and background data was selected from Ecoinvent. All modeling
procedures were performed using SimaPro 9.6.0.01 software.

The LCIA phase converted the quantified material and energy exchanges of the
system into potential environmental (midpoint) impacts using the ReCiPe 2016 (Hierar-
chist) method [37]. This is a scientifically supported approach to assess the environmental
impact [24,27]. Ten of the eighteen available midpoint impact categories were included
to ensure an evaluation of different transport alternatives with relevant environmental
indicators. All selected impact categories are provided in Table S2. The interpretation
phase assessed the robustness of the results, evaluated uncertainties and sensitivities, and
formulated conclusions consistent with the defined goal and scope.
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2.1.2. Case Study Description

This research examined the environmental impact of a local green hydrogen fuel chain
for transport in Nieuwegein, the Netherlands, which was built and became operational
in 2024 as part of the LIFE NEW HYTS (LNH) project [38]. The local scale allows the
LNH consortium to innovate and be flexible, exploring different products and markets
as early adopters, for example, hydrogen drivetrain technologies, electricity markets and
grid-balancing services. The local scale also makes it possible to respond more effectively
to policy developments and to identify where regulations are hindering the transition
to sustainable transport and what changes are needed to accelerate this process. More-
over, local hydrogen applications have benefits in terms of exchange of energy and other
commodities with local third parties, such as direct usage of locally produced renewable
electricity, or valorizing byproducts such as residual heat or oxygen. Lastly, the character
of the demonstration project makes it easier to involve local third parties and to replicate in
the broader European context.

The system under study produces green hydrogen using a 2.5 MW proton-exchange
membrane water electrolyzer (PEMWE) using electricity from wind power and solar
power. Because only renewable electricity is used, the green hydrogen may be classified
as RED III compliant RENBO. The hydrogen is fuel-cell-grade, meaning it meets the high-
purity requirements necessary for PEM fuel-cell operation [39]. The produced hydrogen is
transported at 30 Bar via a 1.3 km pipeline to a nearby hydrogen refueling station (HRS),
where it is stored at high pressure up to 900 Bar. Hydrogen can be used by all types
of hydrogen-powered vehicles and mobile machinery. This study focuses primarily on
applications in heavy-duty freight transport. All foreground data are provided through
the LNH project and represent the system as installed. To ensure a fair and consistent
comparison between the transport alternatives, the average load factor is set at 20 mt, based
on a truck with a maximum GVW of 40 mt [40].

2.1.3. Goal and Scope, System Boundaries and Functional Unit

The goal of this study was to assess the environmental impact of freight transport with
locally produced green hydrogen in comparison with battery-electric and diesel-fueled
trucks. The assessment also aims to identify opportunities to reduce the overall environ-
mental footprint and address key contributing factors of the green hydrogen fuel chain.

The analysis followed a ‘cradle-to-grave” approach and covers both emissions and
uptake from the environment, from the extraction of raw materials through to end-of-life
processing, including disposal and recycling of selected materials. For the geographical
scope, the Dutch context was applied wherever inventory data was available. Alterna-
tively, European-level data was used, and where this is also unavailable, global data
was considered.

The system boundaries illustrated in Figure 1 show that the system is divided into
three domains: truck cycle, fuel chain, and road infrastructure. The truck cycle includes
(environmental emissions and extractions of) manufacturing, maintenance, wear, and
end-of-life processes for four freight trucks, each with a distinct powertrain configuration.
Two hydrogen-based options were considered: the FCEV truck and HICEV truck. The
diesel internal combustion engine vehicle (DICEV) truck represents the baseline transport
technology, which is currently dominant in freight transport. For this option, the production
and use of AdBlue (a solution of 32.5% urea and 67.5% demineralized water) were included
to meet EURO 6 emission standards. The final alternative is a BEV truck, reflecting a fully
electrified powertrain approach. Refueling and recharging times were excluded from the
analysis, as the system boundaries are confined to regional operations rather than long-haul
freight transport. The fuel chain covers the (environmental emissions and extractions of)
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fuel production, distribution (fuel transport), supply (refueling station), and consumption
of energy carriers, also known as well-to-wheel (WTW). Emissions associated with end-
of-life processes for the fuel chain infrastructure were also included. Three fuel chains
were considered for the transport alternatives: green hydrogen, electricity and diesel. The
road infrastructure module includes construction, maintenance, and road wear. Emissions
related to road infrastructure were quantified based on background life cycle inventory
data for road construction, maintenance, and wear, with emission factors adjusted for GVW,
following the methodology of Spielmann and Scholz (2005) [41]. As for the truck cycle,
emissions of end-of-life processes from equipment and materials were included.
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Figure 1. System boundaries for the four transport alternatives—FCEV, HICEV, BEV, and DICEV
trucks—based on a functional unit (FU) of 1 tkm. The system includes the truck cycle (blue), fuel
chain (green), and road infrastructure (orange).

The functional unit (FU) is defined as one ton-kilometer (1 tkm), representing the
transport of one ton of freight over one kilometer.

2.2. Life Cycle Inventory (LCI): Truck Cycle

This study examined the truck cycle of four alternatives: FCEV, HICEV, BEV, and
DICEV. Because no public data on material composition was available for truck manu-
facturing, a diesel-fueled heavy-duty truck from the Ecoinvent database [42] served as
the baseline for determining material use across all configurations. The specifications
for each powertrain type, presented in Table 1, formed the basis for calculating material
demand. All underlying calculations and detailed methodological steps are provided in
the Supplementary Material Table S3. All truck variants can reach a GVW of up to 40 mt
and are available in either a 6 x 2T (three axles, one drive axle) or 6 x 4T (three axles,
two drive axles) configuration. Reported truck masses refer to vehicle mass excluding
fuel. Additional weight corresponding to fuel was added separately by assuming tanks
are filled to 50% of their maximum allowable mass or volume. Fuel consumption of the
trucks is based on available data from manufacturers and converted per 1 tkm. Refueling
and recharging time was not considered in the results since the FU was set at the transport
of one ton of freight over one kilometer.
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Table 1. Configurations of the different truck alternatives and key values that correspond to
the powertrain.

Truck T
Truck Specifications Unit ruck ype
FCEV HICEV BEV DICEV
Truck model [reference] Hyur?;i )((6C>I<E§_g Fuel M(%Ii IEF?X Volvo FH Electric (6 x 4T) Volvo FH (6 x 4T)
Reference [-] [43,44] [45,46] [47,48] [47,49]
Truck mass kg 9800 10,600 12,000 8700
Range km 400 600 300 2700
Max motor power kw 350 (fuel-ﬁall)stack 220 381 330 397
Hydrogen capacity kg 31 (at 350 Bar) 56 (at 700 Bar) - -
Electric (battery) KWh 7 ) 540 :
capacity
Diesel capacity L - - - 800
Total fuel capacity kWh 1300 2200 540 8700
Fuel consumption kWh/tkm 0.153 0.184 0.090 0.162
Refueling and h 0.15-0.25 0.15-0.25 9.5 h at 43 kW (normal), 2.5 h 0.15-0.25

recharging time at 250 kW (fast)

For the FCEV truck, the Hyundai XCIENT Fuel-Cell model was used [43,44]. For the
HICEYV truck, a MAN hTGX was selected [45,46]. Although both vehicles are hydrogen-
fueled, they differ in hydrogen storage pressure: the FCEV configuration uses 350 Bar
storage, consistent with the European model currently available, while the HICEV con-
figuration uses 700 Bar storage. The 700 Bar version of the Hyundai XCIENT Fuel Cell is
available in North America, but the 350 Bar European configuration was used in this study
to ensure regional representativeness.

The BEV configuration was based on a Volvo FH Electric truck (6 x 4T) [47,48], while
the DICEV truck was modeled using a Volvo FH truck [47,49]. The inventory focused
on differences in material use for the main powertrain components (e.g., battery pack,
electric motor).

For all truck types, the analysis is performed with an assumed lifetime of 800,000 km,
which reflects typical operational lifetimes for heavy-duty vehicles [21]. Because truck
lifetime and the load factor are uncertain and can influence the environmental impact,
differences in lifetime and load factor are examined in the sensitivity analysis.

For maintenance inventories, data from a diesel-fueled heavy-duty truck in the Ecoin-
vent database [50] served as the baseline. The same adjustment method used in the manu-
facturing inventory was applied, modifying the base process depending on the powertrain
type. A distinction was made between electric trucks (FCEV and BEV) and trucks with
combustion engines (HICEV and DICEV).

The literature showed that tire- and brake-related truck wear depends on (GVW) [31].
Because this study assumes that the average freight load factor is the same across all
transport alternatives, differences in truck wear arise only from variations in the total truck
weight. The total vehicle weight was determined by adding or removing components
associated with the FCEV, HICEV, and BEV configurations.
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2.3. Life Cycle Inventory (LCI): Fuel Chain

In the fuel chain, we consider environmental emissions and extractions during fuel
production and supply, as well as emissions during the use of the fuels. Below, we discuss
the fuel chains for green hydrogen, electricity and diesel.

2.3.1. Green Hydrogen Fuel Chain

For hydrogen production, a 2.5 MW proton-exchange membrane water electrolyzer
(PEMWE) was considered. The expected annual hydrogen production is 250 mt, based on
5320 operating hours at full capacity per year. For this, an electricity mix of solar power
(40%), onshore (32%) and offshore (28%) wind power was used based on the most recent
data provided by the Central Agency for Statistics [51]. Long-term stack performance is
influenced by cell degradation, which was estimated to be 1% per year. The green hydrogen
fuel chain is displayed schematically in Figure 2. The operational key values are provided
in Table 2.

(. ) N
Grid connection and

purchasing station
construction

-

.

PEMWE plant (stacks
and BoP) construction

Distribution pipeline HRS (?“d“dmg
— . compression to 500 or
construction .
) 900 bar) construction
~
J
Production green Distribution green Supply green
hydrogen hydrogen hydrogen

Buffer tank (at 30 bar)
construction

Ultrapure water
production

Renewable electricity
L generation and

supply

Figure 2. System components of the green hydrogen fuel chain.

The PEMWE plant is connected to the national electricity grid through an on-site
purchasing station. Power to the electrolyzer stacks is supplied via a dedicated power
container, where the voltage is stepped down from 10.5 kV to approximately 215 V and
converted from alternating current (AC) to direct current (DC). Electricity supply to auxil-
iary components is provided by an on-site transformer, which falls outside the scope of
the LCA.

The PEMWE plant has its own treatment installation to produce ultrapure water out
of drinking water, which is part of the auxiliary equipment. Directly after the PEMWE,
there is a buffer tank to store green hydrogen at 30 Bar before it is transported to the HRS
via a stainless steel pipeline of 1.3 km. Hydrogen supply includes the construction of a
buffer tank and HRS, where hydrogen is further compressed to 550 or 900 Bar, depending
on the specifications of the hydrogen vehicle (350 or 700 Bar).

The specific energy demand of the electrolyzer stack comprises the primary electricity
consumption. The stack requires 49.3 kWh/kg H; for hydrogen conversion at an initial
pressure of 30 Bar [52]. The 2025 energy demand is comparable to the conversion efficiency
observed in the LNH case study. Additional fuel consumption associated with auxiliary
equipment, like ultrapure water production, gas cleaning and cooling, was estimated at 5%
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of the stack-specific energy demand [52,53]. The associated energy demand for compression
at 550 and 900 Bar is 3.5 and 4.5 kWh/kg Hy, respectively [54]. This includes the cooling
demand for compression at those pressures. When combining stack consumption, auxiliary
loads, compression, and the cumulative effect of stack degradation over the system lifetime,
the total specific electricity consumption is 57.0 kWh/kg H; at 550 Bar and 58.0 kWh/kg Hp
at 900 Bar. No analysis or monitoring is conducted to quantify hydrogen venting resulting
from phenomena such as gas crossover or venting during electrolyzer start-up and gas
purification. Internal safety systems are in place to detect unexpected hydrogen leaks and to
trigger alarms when defined threshold levels are exceeded. Active monitoring is performed
to assess key performance indicators, such as efficiency, to identify potential leakages and
minimize the loss of hydrogen. For this assessment, a hydrogen leakage rate of 1% was
assumed, based on values reported in the literature for systems with comparable system
boundaries [55]. Due to uncertainty in hydrogen leakage rates and their potential impact on
the environmental impact, a range of leakage rates was evaluated in the sensitivity analysis.

The life cycle inventory (LCI) of the PEMWE stacks is based on the literature that
reports material requirements for PEMWE stack technologies in 2025 [56], and the resulting
inventory data are presented in Table 3. The full life cycle inventory (LCI) of the green
hydrogen fuel chain is provided in the Supplementary Material Table S4.

Table 2. PEMWE system parameters for the situation in 2025.

Parameter Unit Situation 2025 References
Stack size electrolyzer MW 25 [52]
Hydrogen production target mt/year 250 [52]
Full load operating hours Hours/year 5320 [52]
Stack efficiency degradation %/ year 1 [52]
Operating pressure (stack/HRS) Bar 30/550 or 900
Specific electricity consumption stack kWh/kg H; 49.3 [52]
Energy demand cell degradation kWh/kg Hj 1.8
Auxiliary equipment electricity
consumption (5% of specific kWh/kg H; 2.5 [52,53]
electricity consumption stack)
Compresion o Wb g ey
Toul gy consmpton . g, e -
Water demand (ultrapure) kg/kg Hp 9.2 [53,57]
Stack lifetime Years 8 [53,57]
Balance of plant (BoP) lifetime Years 20 [53,57]

2.3.2. Electricity Fuel Chain

The electricity fuel chain in Figure 3 represents the system components that are needed
for electricity generation, transmission and supply. The electricity mix in the Netherlands
for 2024 (Table 4) was derived from data provided by the Central Agency for Statistics as the
most recent data [51]. For BEV operation, electricity consumption was modeled using the
Dutch grid mix instead of assuming 100% renewable electricity, as is required for the green
hydrogen fuel chain. This distinction was made because, unlike green hydrogen, which
must comply with RFNBO requirements under the RED III directive, there are currently no
equivalent regulatory obligations governing the electricity source for BEVs. To enable a
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consistent comparison with green hydrogen, an additional BEV scenario based on 100%
renewable electricity was included in the analysis. This scenario assumes direct use of
renewable electricity and does not include additional electricity storage to supply power
during periods when insufficient renewable generation is directly available.

Table 3. Material demand of the 2.5 MW proton-exchange water electrolysis (PEMWE) stacks for a

situation in 2025.

Material Amount [kg] Applied Ecoinvent Dataset
Titanium 987.5 Titanium—GLO
Stainless steel 1377.5 Steel, chromium steel 18/8—GLO
Copper 987.5 Copper, cathode—GLO
Nafion 15 Tetrafluoroethylene—GLO
Activated carbon 23.5 Activated carbon, granular—GLO
Carbon paper 22.5 Reference product [53]
Graphite 263.7 Graphite—GLO
Iridium 1.3 Iridium (raw material)
Platinum 1.6 Platinum—GLO
Ruthenium 0.2 Ruthenium (raw material)
Gold 0.7 Gold—GLO
Aluminum 67.5 Aluminum—GLO
Plastic 272.5 Polymer foaming—GLO
Rubber 14.1 Synthetic rubber—GLO

Electricity generating

infrastructure (e.g.,

wind turbine, power

plant) construction

Transmission
network (including Charging station
substation) (250 kW) construction
construction
.. . Electricity .
Electricity generation transmission Supply electricity

Grid connection and
purchasing station
construction

Figure 3. System components of the electricity fuel chain.

The electricity transmission system includes both high- and medium-voltage infras-
tructure components. For the charging efficiency on fast charging at 250 kW for the BEV
truck, a conversion efficiency of 85% was assumed [58]. Material requirements for electricity
supply at purchasing stations and charging stations were also included. To account for the
longer recharging time of BEVs compared to hydrogen- and diesel-fueled trucks (Table 1),
it was included in the LCI that 10 times more charging stations are needed. The complete
LCI of the electricity fuel chain is provided in the Supplementary Material Table S5.
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Table 4. Electricity mix in the Netherlands (NL) in 2024.

Situation NL Electricity Mix 2024
Solar power 19%
Wind power—offshore 15%
Wind power—onshore 13%
Electricity from combined heat and power 13%

(CHP)

Natural gas 25%
Biomass 2%
Coal 8%
Waste incineration 2%
Nuclear 3%

2.3.3. Diesel Fuel Chain

For the 2025 situation, the diesel fuel chain was based on the production, distribution,
and supply of low-sulfur diesel as represented in an existing process from the Ecoin-
vent database [59]. This dataset covers the full fuel chain, including crude oil extraction,
transport to the refinery, refinery operations, and the associated energy use and infrastruc-
ture requirements. It also includes the distribution of diesel to refueling stations and the
infrastructure of the stations themselves (Figure 4).

Diesel production
from petroleum
refinery

N N
Transport diesel and Tank S.t orage {:md
refueling station
AdBlue .
construction
J
N N
Production diesel and Distribution diesel Supply diesel and
AdBlue and AdBlue AdBlue
J J

Production ultrapure
water and ureum for

AdBlue

Figure 4. System components diesel fuel chain for the LCI.

Because diesel vehicles in the EU require AdBlue, the production, distribution, and
supply of AdBlue were also included. In this study, the AdBlue inventory accounts only for
the energy demand, material inputs, and necessary infrastructure to produce the urea and
water solution. It does not represent the complete life cycle of AdBlue. The full life cycle
inventory (LCI) of the diesel fuel chain is provided in the Supplementary Material Table S6.

2.3.4. Fuel Consumption and Emissions

The fuel consumption values (Table 2) for the different transport alternatives were
derived from publicly available specifications provided by truck manufacturers. For FCEV
trucks, only water vapor emissions were included. For HICEV trucks, NOy emissions
were included in addition to water vapor [60]. Other combustion-related emissions were
not considered further because CO,, CO and NHj3; were observed only at very low or
near-detection-limit concentrations, and no emission factors normalized to kWh of burned
hydrogen were found that could be applied [61]. BEV trucks were assumed to have no
direct emissions in the use phase besides tire and brake wear. Emissions from diesel use
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correspond to the EURO 6 regulations. All emission factor details are provided in the
Supplementary Material Table S7.

2.4. Life Cycle Inventory (LCI): Road Infrastructure

The environmental impacts associated with road construction and maintenance were
based on Ecoinvent processes corresponding to heavy-duty freight transport [40]. The con-
tribution of road construction depends on the GVW. For road maintenance, the same
impact factor was used for all truck alternatives. The environmental impact of road
wear depends on the GVW [40]. Because the BEV configuration has a higher vehicle
weight than the other transport options, a higher impact factor was assigned to its road-
wear emissions. All impact factors related to road infrastructure are provided in the
Supplementary Material Table S7.

3. Results on Life Cycle Impact Assessment (LCIA)
3.1. Environmental Impacts in 2025

The LCIA covers the ten impact categories and reflects contributions from all three life
cycle modules included in the system boundary: truck cycle, fuel chain and road infras-
tructure. Focus is placed on four impact categories that are especially relevant for the LNH
project: global warming, ozone formation (human health), particulate matter, and water
consumption (WC). The results of the remaining impact categories, terrestrial ecotoxicity
(TET), freshwater ecotoxicity (FET), land use (LU), marine eutrophication (ME), mineral
resource scarcity (MRS) and fossil resource scarcity (FRS) are provided in Figures S1-56
and Table S8.

The emphasis on the first three impact categories is motivated by their direct link
to tailpipe emissions (CO,, PM, and NOy) that were identified as critical environmental
indicators for evaluating the transition from fossil to low- and zero-tailpipe emission trans-
port alternatives within the project. These indicators not only represent major contributors
to climate change and human health but also serve as widely recognized benchmarks in
regulatory frameworks and industry reporting.

In addition, WC is included as a priority impact category to capture the environmental
tradeoffs associated with transitioning from fossil energy carriers to renewable energy-
based transport alternatives [60]. This method measures net freshwater consumption,
meaning only water removed from a local water source is counted. A distinction was made
between upstream water use (e.g., cooling, cleaning) and direct WC, such as the ultrapure
water required for hydrogen production.

3.1.1. Global Warming (GW)

FCEV exhibits the lowest global warming (GW) impact, followed by HICEV, BEV and
DICEV (Figure 5). These differences are primarily attributable to the fuel chain, which is
dominated by GHG emissions from fuel production and the use of fuel. For DICEVs, more
than half of the total GW impact originates from GHG emissions during diesel combustion.

For BEV, GHG emissions in the use phase (fuel consumption) are absent. However,
these emissions are shifted upstream, especially in the fuel cycle, where electricity is
generated. In the base scenario, the Dutch grid mix is considered, which shows a reduction
of 14% compared to DICEV. When BEVs are charged with a similar renewable electricity
mix as used for generating hydrogen, a reduction in the GW impact of 62% compared to
DICEV can be observed.

The contribution of the truck cycle is similar across all alternatives. The contribution
of the truck cycle for BEV is about double the impact of the truck cycle on the DICEV
alternative. This higher contribution is the result of the battery (materials) required in a
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BEV. Whilst this increase in the GW impact is noticeable, it is not sufficient to make DICEVs
the preferred choice over BEVs, as emissions from diesel consumption are much higher.

FCEV (NL renewable) [ | | 314107
HICEV (NL renewable) | | | 340102
BEV (NL mix) | | | 591x102
BEV (NL renewable) || | 258 % 102
DICEV —| | . . | | 653 w
0.0 20x10? 4.0x10° 6.0 x 10 8.0 x 10

Global warming (kg CO2 eq/tkm)
B Truck manufacturing and maintenance
Truck wear (emissions)
O Fuel production, distribution and supply
© Fuel consumption (emissions)
@ Road construction and maintenance
© Road wear (emissions)

Figure 5. Global warming (GW) impact across the truck cycle (blue), fuel chain (green), and road
infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEV in 2025. Emissions
during the use phase are represented by diagonal lines in the corresponding colors.

FCEV and HICEYV transport alternatives have comparable GW impact distribution.
The most influential factor is the fuel cycle (45-50%), with the energy required to produce
hydrogen accounting for the largest share. This is lower for FCEV due to higher fuel effi-
ciency. In absolute terms, the green hydrogen fuel chain is comparable to producing diesel
in the DICEYV alternative. In the base case, hydrogen is produced by using a renewable
electricity mix. When this is replaced by the more carbon-intensive Dutch electricity mix,
we see that the GW impact of both hydrogen alternatives is higher than that of BEV using
the Dutch grid mix (see sensitivity analysis).

GW impacts associated with road construction and maintenance and wear are similar
across the different transport options. Most road infrastructure-related GHG emissions
stem from fossil fuel use during road construction, as well as emissions embedded in the
life cycles of road materials such as bitumen and gravel used for asphalt production.

3.1.2. Ozone Formation, Human Health (OF-HH)

The ozone formation (OF-HH) impact for DICEV is about 30% higher than for BEV,
HICEV and FCEV (Figure 6). This is primarily caused by NOy emissions from diesel
combustion (fuel consumption) in the DICEV alternative. These specific emissions are
absent for BEV and FCEV. In the case of HICEV, the effect of NOy emissions from hydrogen
combustion is marginal.

The electricity fuel chain for BEVs is characterized by low NOy-equivalent emissions
per kWh of electricity generated. However, the Dutch electricity mix contains a notable
share of fossil-based generation, primarily from natural gas during power generation,
which affects the OF-HH impact. Shifting towards a fully renewable electricity mix reduces
the OF-HH impact of the electricity fuel chain by 52%.

Although hydrogen uses renewable energy, which per kWh has lower NOx eq emis-
sions, the green hydrogen fuel chain inhibits energy losses of 18.6 kWh/kg H,. Hydrogen-
fueled trucks also exhibit lower tank-to-wheel efficiencies (0.153-0.184 kWh/tkm) than

https://doi.org/10.3390/en19102433


https://doi.org/10.3390/en19102433

Energies 2026, 19, 2433

13 of 27

BEVs (0.090 kWh/tkm), requiring more energy to deliver the same transport service. Addi-
tionally, the material requirements of PEM water electrolysis contribute to the upstream
ozone-formation impact. In particular, the production of platinum used in PEMWE catalyst
layers is associated with NOyx-equivalent emissions due to energy-intensive mining and
refining processes. These material-related emissions add to the overall OF-HH burden of
green hydrogen production. As a result, even when hydrogen is produced from renewable
electricity, the cumulative upstream impact of the fuel chain for FCEV (NL renewable) is
9% higher than BEV (NL mix) and 127% higher than BEV (NL renewable).

FCEV (NL renewable) | | 126x10+
HICEV (NL renewable) | | 1.28 %10+
BEV (NL mix) | 12510+
BEV (NL renewable) I | 108 x 10+
DICEV | | ‘. . | | s
0.0 5.0%10° 1010+ 15 & 154 552 ok

Ozone formation, Human health (kg NOx eq/tkm)

B Truck manufacturing and maintenance
Truck wear (emissions)

@ Fuel production, distribution and supply
@ Fuel consumption (emissions)

O Road construction and maintenance

@ Road wear (emissions)

Figure 6. Ozone formation, human health (OF-HH) impact across the truck cycle (blue), fuel chain
(green), and road infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEV in
2025. Emissions during the use phase are represented by diagonal lines in the corresponding colors.

Road construction remains the dominant factor for OF-HH across all transport alter-
natives, accounting for at least 38% of the total OF-HH impact. Accounting for its higher
GVW, the BEV imposes 10% higher road infrastructure impacts than the DICEV. The main
contributors are emissions of NOy and non-methane volatile organic compounds (NMVOC)
from fossil fuel combustion during construction activities and from the production and
transport of asphalt and other road materials. No direct emissions from road wear affect
the OF-HH impact.

The truck cycle contributes the least to the OF-HH category, although clear differ-
ences exist between alternatives. Trucks with more material-intensive systems, such as
batteries in BEVs and fuel cells in FCEVs, result in higher ozone-forming emissions during
manufacturing due to the energy-intensive production of metals and chemical components.

3.1.3. Fine Particulate Matter Formation (PMF)

BEV has the lowest fine particulate matter formation (PMF) impact (Figure 7), followed
by DICEV, while the highest PMF is observed for FCEV and HICEV. Differences between
alternatives arise primarily in the fuel chain. Renewable electricity sources used for BEV
charging, particularly wind, exhibit low PMF contributions. Solar power has higher
upstream PMF impacts due to the energy-intensive manufacturing of PV panels and
ground modules. This results in almost identical PMF impacts for BEV based on only
renewable electricity compared with the Dutch electricity mix that includes fossil fuels for
electricity generation.
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Figure 7. Fine particulate matter formation (PMF) impact across the truck cycle (blue), fuel chain
(green), and road infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEV
for the situation in 2025. Emissions during the use phase are represented by diagonal lines in the
corresponding colors.

The highest PMF values for hydrogen alternatives are counterintuitive, as hydrogen-
based transport is often presented as a zero-emission alternative. While tailpipe PM
emissions are eliminated, upstream emissions from hydrogen production, distribution, and
supply offset this benefit, accounting for almost half of the total PMF impact. PM emissions
in the green hydrogen fuel cycle are approximately three times higher than those of diesel
or electricity, primarily due to the higher energy demand and lower system efficiency of
hydrogen pathways. This comparison does not account for the fact that FCEV systems
require clean oxygen and therefore incorporate air-purification components, which remove
particulate matter during operation [17]. Moreover, PEMWE systems introduce additional
PMF impacts from material cycles. The production of platinum, used as a catalyst in
PEMWE stacks, is particularly energy-intensive and associated with notable PMF emissions
from mining, ore processing, and refining.

Across all alternatives, non-exhaust emissions from road, tire, and brake wear domi-
nate PMF impacts, especially for combustion-engine trucks (HICEV and DICEV). Material-
intensive options such as BEV and FCEV show higher truck cycle PMF impact from
battery and fuel-cell manufacturing. However, regenerative braking in BEVs and FCEVs
reduces brake wear, partially offsetting these material-related impacts compared to DICEV
and HICEV.

For road infrastructure, PMF emissions stem primarily from fossil fuel use during con-
struction activities and from the life cycles of asphalt and other road materials. Variations
between transport alternatives remain small, which are driven by truck weight differences.

3.1.4. Water Consumption (WC)

The outcomes in Figure 8 show that a shift from DICEV to BEV, FCEV and HICEV
increases water consumption (WC) by a factor of 3 to 4. For BEV, this increase compared
to DICEV can be attributed to the water demand required in mining battery materials (as
part of truck manufacturing) and in the selected electricity mix. Using the Dutch grid mix
shows a higher WC compared to the renewable mix. The LCIA revealed that this is due
to water requirements for electricity generation from natural gas-based combined heat
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and power (CHP) plants. CHP facilities require water for steam generation and cooling,
increasing the WC factor for grid electricity.

FCEV (NL renewable) N RS
HICEV (NL renewable) j | | 585 %10+
BEV (NL mix) [ 75 10

BEV (NL renewable) | NNNNGN || aasxn0

]

DICEV 1.62x10™*

00 1.0x10*20x10*3.0x10* 4.0x10*5.0x10* 6.0x10* 7.0 x 10*

Water consumption (m3/tkm)
B Truck manufacturing and maintenance
Truck wear (emissions)
@ Fuel production, distribution and supply
@ Fuel consumption (emissions)
@ Road construction and maintenance
[ Road wear (emissions)

Figure 8. Water consumption (WC) impact across the truck cycle (blue), fuel chain (green), and road
infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEYV for the situation in
2025. Emissions during the use phase are represented by diagonal lines in the corresponding colors.

WC is defined as the net amount of freshwater withdrawn from the environment that is
no longer available for other human or ecological uses. This impact category only focuses on
deprivation: once water is consumed within a process, its impact is characterized based on
the reduced availability of clean water for competing users. Consequently, replenishment
mechanisms (e.g., water reuse) are not included in the calculation.

Within the fuel chain, diesel exhibits the lowest WC impact. The extraction, refining,
and distribution of diesel require water for cooling and processing, but these demands are
modest compared to the water intensity of electricity and green hydrogen pathways.

Upstream burdens from electricity generation dominate the water consumption (WC)
impact of the green hydrogen fuel chain at 90%, while ultrapure water demand contributes
only 10%. Electricity from renewable sources for the green hydrogen fuel chain shows
higher WC impacts. Generating electricity from solar energy is the most water-intensive
form of renewable energy because of the production of solar panels. The production of
silicon wafers and aluminum frames involves high-temperature processes and chemical
treatments that require high volumes of water. These upstream demands dominate the
WC impact of solar electricity, making it a major contributor in both BEV charging and
green hydrogen production. Wind power, in comparison, has a very low WC during
manufacturing, resulting in a much lower WC footprint (see Table 5). The material cycle
associated with PEMWE systems contributes marginally to WC impacts.
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Table 5. Environmental impact factors for renewable energy sources per 1 kWh in the Netherlands.

Avplied Ecoinvent Global Warmin Ozone Formation Fine Particulate Water
PP Dataset [ke CO, e /le%] (Human Heath) Matter Formation Consumption
atas Chache [kg NOy eq/kWh]  [kg PM, 5 eq/kWh] [m3/kWh]
Solar power 0.104 0.000270 0.000205 0.00342
Offshore wind 0.0165 0.0000453 0.0000308 0.000157
Onshore wind 0.0172 0.0000439 0.0000351 0.000218

In the vehicle cycle, WC impacts remain low for all alternatives except BEV and
FCEV. For BEVs, the life cycle of battery materials—particularly lithium, cobalt, and
nickel—requires water-intensive mining and refining processes, making battery production
an important contributor to WC. Similarly, FCEV manufacturing shows elevated WC
impacts due to the combined demands of battery systems and fuel-cell stacks, both of
which rely on materials with water-intensive supply chains. HICEV and DICEV rely
primarily on conventional powertrain components with lower water demands.

Road construction and maintenance contribute similarly across all alternatives, with
small variations driven by differences in GVW. WC in this module is dominated by the
production of materials such as gravel, concrete, and asphalt, as well as water used in
construction processes.

Overall, the WC results show that shifting to renewable energy carriers, partic-
ularly those with substantial solar PV inputs, can increase water demand relative to
conventional diesel.

3.2. Impact Analysis on Electricity from Solar Power and Wind Power

Across the four main impact categories, the LCIA results in Table 5 from the Ecoinvent
database indicate that the environmental impacts of electricity from solar PV [61] in the
Netherlands are higher than both offshore [62] and onshore wind power [63]. Similar pat-
terns are reported from other LCA studies in Germany [33], Saudi Arabia [64], China [32],
and the United States [65]. Reducing the environmental footprint of green hydrogen pro-
duction can therefore be achieved by increasing reliance on wind power or by improving
upstream solar-PV manufacturing processes.

The global warming impact of solar power stems primarily from the life cycle stages,
raw material extraction and manufacturing of PV cells, particularly solar-grade silicon.
Most emissions originate from fossil-based energy inputs during extraction and manufac-
turing. The literature indicates a wide range of impacts (0.001-0.218 kg CO, eq/kWh),
depending on manufacturing pathway assumptions [66]. Similar patterns are visible in
OF-HH and PMF due to NOx and PM emissions associated with fossil energy use. De-
carbonizing supply chains, optimizing system capacity, extending panel lifetime, and
adopting less energy-intensive materials can further reduce CO,, NOx and PM emissions of
PV electricity. WC is dominated by silicon cell production, which involves water-intensive
processes. By contrast, the operational phase (e.g., panel cleaning) and end-of-life process-
ing contribute marginally, a trend also reflected in comparable literature [67,68].

In contrast, both offshore and onshore wind power exhibit lower impacts across the
same LCIA categories. Most environmental burdens are concentrated in wind turbine
manufacturing, particularly steel, concrete, and composite materials, while operational
impacts remain minimal due to the absence of fuel combustion and low maintenance
needs. WC for wind power is also low, as turbine production involves less water-intensive
processing than silicon-based PV manufacturing.
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3.3. Sensitivity Analysis on Green Hydrogen-Based Transport

A sensitivity analysis was conducted to evaluate assumptions that can influence
environmental impact results (Table S9). The analysis focused on the FCEV option, which
shows lower impacts across most categories compared to HICEV. Results for the four
main impact categories in Figure 9i-iv show that the choice of grid mix strongly affects
fuel chain impacts, a trend that is also observed for the remaining categories in Figure S7.
Using a different grid mix that includes fossil energy, and therefore cannot be classified
as green hydrogen, leads to a threefold increase in global warming impact for the Dutch
electricity mix, with a smaller increase for the EU mix. Other impact categories also increase
clearly when electricity from mixed renewable and non-renewable sources is used. The
only exception is the PMF impact, for which FCEV, based on the Dutch electricity mix,
shows a similar result to the reference case, assuming only renewable energy.
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Figure 9. Sensitivity analysis displaying results of the FCEV transport alternative for the impact
categories global warming (i), ozone formation, human health (ii), fine particulate matter formation
(iii), and water consumption (iv). Emissions during the use phase are represented by diagonal lines
in the corresponding colors.

As electrolysis technologies mature, improvements in PEM water electrolyzer stacks
are expected, including higher energy efficiency and reduced use of rare and critical
materials [56]. By 2050, electricity demand for hydrogen production is projected to decrease
from 49.3 kWh per kg Hj to 42.6 kWh per kg H, [69], while energy demand for hydrogen
compression at 550 Bar is expected to decline from 3.5 to 2.5 kWh per kg Hj as compressor
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technologies advance [54]. Improving PEM water electrolyzer technology reduces the
environmental impact of FCEVs by 10%. These reductions occur exclusively in the fuel
chain, where higher energy efficiency accounts for most of the improvement.

The base case assumes a hydrogen leakage rate of 1%, representing a conservative
minimum. The literature reports average leakage rates of approximately 4.5%, with upper
estimates reaching 8% [55]. The sensitivity analysis indicates that increasing leakage rates
has a limited effect on the four impact categories. At the maximum leakage rate of 8%, the
impacts increase by 3 to 5%. Consequently, hydrogen leakage is a parameter that should
not be neglected. However, the sensitivity analysis conducted does not change the overall
outcomes of the current analysis.

The literature reports a typical truck lifetime between 640,000 and 960,000 km [33].
This study assumes a lifetime of 800,000 km, with an increase or decrease of 20%. Sensitivity
results show that lifetime assumptions affect only the truck cycle, with all impact categories
changing marginally by about 2 to 5% of the total environmental impact.

A fixed payload of 20 mt was assumed, thereby excluding real-world operational
variability. Varying the load factor while keeping fuel efficiency constant shows noticeable
effects in the fuel chain. Higher payloads reduce impacts in both the fuel chain and truck
cycle because environmental burdens are allocated over a larger freight volume. Although
increased load raises GVW and leads to higher emissions rates of truck and road wear, this
does not offset the reductions achieved in the fuel chain and truck cycle.

4. Discussion
4.1. Environmental Impacts from Truck Cycle and Road Infrastructure on Road Freight Transport

The results show that the environmental impact of the truck cycle is low compared to
the fuel chain and road infrastructure modules. Most of the impacts related to the truck cycle
reflect wear emissions from brakes and tires and upstream material production. For impact
categories such as PMF, both FCEVs and BEVs employ regenerative braking that exhibits
low wear-related emissions [31]. This implies that truck concepts without regenerative
braking can be improved by adopting this technology. Differences in GVW among the
alternatives lead to minor variations in brake and tire-wear impacts and corresponding
emissions. In addition, reducing the material intensity of batteries and fuel cells could
lower production-phase emissions for BEVs and FCEVs. Furthermore, fuel-cell electric
vehicles (FCEVs) offer co-benefits for local air quality. Fuel-cell systems require clean air
intake, which leads to filtration of particulate matter and other pollutants before the air
enters the stack. This process removes ambient PM and contributes to regional air quality,
but this co-benefit was not included in this study.

Road infrastructure and related climate impacts are often left out of LCA studies and
are considered equal for all alternatives. In this study, the impacts of road infrastructure
were explicitly included. Including these impacts showed that the contribution to the total
environmental impact on road freight transport is not negligible. Energy use by construction
machinery is particularly influential. Replacing diesel-powered equipment with the zero-
emission alternatives can reduce these impacts in the future. Research also shows that more
efficient material use and improved recycling can further lower the environmental burden
of both road construction and end-of-life processes [70,71].

4.2. Implications of Water Consumption (WC)

A transition to fossil-free road freight transport options such as BEVs, FCEVs and
HICEVs shows a maximum potential reduction in global warming impacts of up to 50%.
At the same time, this transition may lead to a three- to four-fold increase in water con-
sumption. This indicates a potential problem shift, whereby mitigating one environmental
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impact can transfer pressure to water availability and its associated risks for ecosystems
and biodiversity. The present analysis provides a certain extent of insight into the magni-
tude, location, and life cycle stages responsible for the observed increase in WC. Whether
such an increase constitutes a critical environmental concern is highly context-dependent.
Nevertheless, the results underline the importance of further investigating water-related
impacts associated with alternative transport options, especially hydrogen-based systems.
Such an in-depth assessment would benefit from integrating Water Footprint Assessment
(WFA) approaches with LCA methods to better capture both quantitative water use and
potential regional water-scarcity impacts [72].

The ReCiPe WC indicator provides valuable insight into freshwater use across the
freight transport pathways, but its interpretation requires caution due to methodological
limitations. ReCiPe measures net freshwater consumption, not withdrawal, meaning only
water removed from local availability is counted and considered as being consumed. This
is particularly relevant for assessing hydrogen systems: although electrolysis consumes
ultrapure water, fuel-cell operation releases the ultrapure water again, which the methodol-
ogy does not account for. Because the methodology does not account for this recovery, WC
impacts for hydrogen pathways tend to be overstated in cases where water can be captured
and reused.

These methodological limitations are closely linked to the broader role of water man-
agement in hydrogen production. Producing ultrapure water for electrolysis contributes to
resource use, but nutrient recovery from the brine stream could mitigate these impacts [18].
Using seawater as the feedstock for desalination would not only provide ultrapure water
for hydrogen production in arid regions but could simultaneously deliver drinking and
irrigation water for domestic, industrial, and agricultural use. The resulting increase in
brine volumes would make brine mining economically more attractive, enabling pathways
that prevent brine disposal into the oceans [18].

4.3. Green Hydrogen Environmental Impact Drivers and Potential Improvements
4.3.1. Local Green Hydrogen Production Versus Other Production Methods

Electrolysis is used as the hydrogen production method in this study, and its environ-
mental performance depends strongly on the carbon intensity of the electricity supply in
combination with the efficiency of the electrolyzer. Further reductions in environmental
impact could be achieved by optimizing electrolyzer siting, as the chosen configuration can
affect the distances required for both hydrogen transport to end-users and electricity distri-
bution from the source to the electrolyzer. Electricity transmission and distribution losses in
EU power grids typically range between 3% and 8%, with current values for the Netherlands
of approximately 4-5% of electricity output [73]. Further improvements could be achieved
by transitioning to a direct DC power supply for the electrolyzer stacks, either through
direct DC coupling of renewable generation or by implementing DC distribution grids.

Alternative production routes offer distinct environmental profiles: methane pyrolysis
converts methane into hydrogen and solid carbon, avoiding CO, formation during the
production [65]. The environmental impact can be further reduced when biogas is used
instead of natural gas as a methane source. Photoelectrochemical (PEC) solar hydrogen
production represents another emerging option that directly converts water with sunlight
into hydrogen without intermediate electricity generation [74]. Although this method can
achieve higher conversion efficiencies, the process depends on catalysts and membranes
made from scarce materials. Hydrogen mining, the extraction of naturally available geologic
hydrogen, has recently gained attention as a potential source of low-carbon hydrogen.
However, its overall environmental profile remains uncertain, as the presence of other
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subsurface gases (e.g., methane) and the impacts of extraction techniques could introduce
additional emissions [74].

4.3.2. Potential Improvements and Drawbacks to Local Green Hydrogen Fuel Chain

Future technological improvements of the green hydrogen fuel chain in the sensitivity
analysis, such as reduced material use for PEMWE and higher conversion efficiency, showed
how the environmental impact can be reduced. Besides these system improvements, the use
of residual heat from electrolyzers could increase system-level energy efficiency, especially
when integrated into district heating or industrial heating, where it can replace natural gas
as a heat source [52]. However, because PEMWE stack efficiency is expected to improve
further, the associated heat losses will decrease, reducing the potential for heat recovery.
Nevertheless, roughly ten percent of the electrical input is still expected to be released
as heat, which may allow heat recovery to remain feasible for large-scale, centralized
hydrogen production.

4.3.3. Impact of Hydrogen Leakage at Green Hydrogen Fuel Chain

The literature identifies it as an important parameter that can influence the overall
environmental impact of green hydrogen production [75]. Although hydrogen is not a
direct GHG, it acts as an indirect GHG by altering atmospheric chemistry and enhancing the
global warming influence of methane, ozone, and stratospheric water vapor. Recent studies
estimate a 100-year global warming potential of roughly 13 kg CO, eq per kilogram of
leaked hydrogen [75], which remains lower than the global warming potential of methane
(approximately 27-30 kg CO, eq per kilogram of CHy). Importantly, large-scale deployment
of green hydrogen can substantially reduce methane consumption in the energy system
by replacing fossil-based natural gas, thereby avoiding upstream methane leakage from
fracking, gas extraction, and long-distance pipeline transport. In hydrogen production via
electrolysis, hydrogen venting can be reduced using zero-loss hydrogen dryers. However,
this dryer type results in additional electricity consumption [76].

4.4. Impact of Charging Duration on Transport Performance

The different truck configurations (Table 1) show that BEV trucks need more time to
recharge than hydrogen or diesel trucks. The charging times range from 0.25 to 0.95 min
per kilometer for BEVs compared with 0.02 to 0.006 min per kilometer for FCEVs, HICEVs
and DICEVs. Because this study assumed a fixed driving distance without intermediate
refueling or charging, these time-related differences were not reflected in the results.

In the context of long-haul operations, refueling and recharging times become an
important factor to minimize downtime. Truck drivers in the EU are allowed to drive a
maximum of 9 h per day with a daily rest period of at least 11 h [77], meaning that extended
downtime for recharging during transport operation could reduce effective driving time
and thereby impact overall transport efficiency. In such situations, it is expected that the
environmental footprint of BEV trucks will increase due to reduced utilization rates and
higher fleet requirements to compensate for.

At the same time, technological developments are expected to mitigate this limita-
tion. Recent advancements show that BEV trucks with ranges up to 600 km are already
available [78]. Moreover, the use of Megawatt Charging Systems (MCS) technology makes
it possible to charge in under 30 min [79]. However, the large-scale deployment of such
systems remains uncertain, as it requires substantial reinforcement of the electricity grid to
support high-capacity charging infrastructure [80].

A comparable challenge exists for hydrogen refueling infrastructure. Although refuel-
ing times for hydrogen are comparable to those for diesel and are therefore advantageous
from an operational point of view, the availability of hydrogen refueling stations (HRS)
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is currently limited. The EU strives for at least one HRS every 200 km on main roads by
the end of 2030 [81]. Further development and expansion of HRS networks are required
to ensure that hydrogen-powered trucks can refuel along their routes without incurring
additional travel distances, which would otherwise negatively affect operational efficiency.

Further research could examine how refueling and charging duration influence the
environmental impact of long-distance freight transport, especially for BEV trucks. First
efforts could focus on expanding the functional unit from 1 tkm to a functional unit that
reflects annual or even lifelong operation.

5. Conclusions

This study performed a life cycle assessment (LCA) of four road freight transport
alternatives in the Netherlands: fuel-cell electric (FCEV), hydrogen internal combustion
engine (HICEV), battery electric (BEV), and diesel internal combustion engine (DICEV).
A comprehensive LCA was conducted that included the truck cycle, fuel chain, and road
infrastructure. Incorporating road infrastructure and wear-related emissions provides a
more comprehensive overview of all the life cycle burdens. The results show that FCEV,
HICEYV, and BEV all exhibit lower global warming- and ozone-related human health
impacts than DICEV due to their reduced CO, and NOy emissions during operation,
where electricity replaces diesel combustion. FCEV and HICEV achieve lower climate
change impacts than BEV (NL mix), driven by EU regulations that green hydrogen must
meet stricter greenhouse gas (GHG) performance thresholds than electricity. When BEVs
are supplied with the same renewable electricity mix, they achieve the lowest global
warming impact.

While emissions of NOy and particulate matter are substantially lower during the
operational phase for FCEV, HICEV, and BEYV, these pollutants shift upstream to the material
extraction and processing stages associated with solar panels and, to a lesser extent, wind
turbines used in renewable electricity generation. These emissions are particularly relevant
in densely populated areas and are part of the broader rationale for zero-emission zones.
Because PV manufacturing generates higher NOy and particulate emissions than wind
turbine production, a higher solar share in the renewable mix increases ozone-related
(human health) and particulate matter impacts. Furthermore, solar power requires more
land use than wind power.

Water consumption (WC) is higher for FCEV, HICEV, and BEV compared with DICEV
due to the water-intensive mining and processing of materials used in solar panels, wind
turbines, and batteries. Specifically for FCEV and HICEYV, the use of water as feedstock
for hydrogen production also contributes notably to WC. Although hydrogen production
requires ultrapure water, the same quantity is regenerated during fuel-cell operation or hy-
drogen combustion. However, the current WC assessment method does not account for the
return of water vapor to natural systems. Because electrochemical conversion of hydrogen
produces demineralized water that could be recovered, further methodological refinement
is needed to reflect potential net-zero water use in hydrogen pathways more accurately.

Both electrolysis and fuel-cell technologies are still in early stages of development,
with substantial room for efficiency improvements and material reductions. Efficiency
enhancements have a strong effect on environmental performance because they reduce the
amount of solar- or wind-generated electricity required for hydrogen production, thereby
reducing the upstream impact of renewable energy facilities.

The comparison of FCEV, HICEV, BEV, and DICEV highlights the need to consider
differences in operationality, as BEVs require longer charging times and rely on heavier
energy storage systems than the other powertrains. Although operationality does not form
part of the functional unit (FU) in LCA, it remains relevant for real-world decision-making
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in transport, especially in the transport sector, where rapid refueling is essential. Further
research is required to clarify how LCA results can be meaningfully interpreted, accounting
for operational differences without confounding them with the selected functional unit.

Overall, the findings show that several factors influence the environmental impact
of road freight transport that are related to the truck cycle, fuel chain and road infrastruc-
ture. Important areas for further improvement include reducing the impact of electricity
generation, advancements in green hydrogen production and battery technologies, more
efficient use of materials and water consumption, and adopting more sustainable road
infrastructure practices. The results also reveal that the electricity mix has a major effect
on environmental performance. This highlights the need for clear and well-supported
assumptions when comparing different road freight transport pathways.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en19102433/s1, Table S1: data quality life cycle inventory (LCI),
Table S2: overview of the selected ReCiPe midpoint impact categories for the study, Table S3: life
cycle inventory (LCI) truck cycle—manufacturing 1 truck, Table S4: life cycle inventory (LCI) green
hydrogen fuel chain in 2025 per 1 kg H2, Table S5: life cycle inventory (LCI) electricity fuel chain
per 1 kWh, Table Sé: life cycle inventory (LCI) diesel fuel chain per 1 L, Table S7: emission factors
use phase, Table S8: life cycle impact assessment (LCIA) results of the ten impact categories across
the truck cycle, fuel chain and road infrastructure, Table S9: life cycle impact assessment (LCIA)
sensitivity analysis results of the ten impact categories for FCEV. Figure S1: Terrestrial ecotoxicity
(TET) impact across the truck cycle (blue), fuel chain (green), and road infrastructure (orange) for
the truck alternatives FCEV, HICEV, BEV and DICEYV for the situation in 2025, Figure S2: Freshwater
ecotoxicity (TET) impact across the truck cycle (blue), fuel chain (green), and road in-frastructure
(orange) for the truck alternatives FCEV, HICEV, BEV and DICEV for the situation in 2025, Figure S3:
Land use (LU) impact across the truck cycle (blue), fuel chain (green), and road infra-structure (orange)
for the truck alternatives FCEV, HICEV, BEV and DICEYV for the situation in 2025, Figure S4: Marine
eutrophication (ME) impact across the truck cycle (blue), fuel chain (green), and road infrastructure
(orange) for the truck alternatives FCEV, HICEV, BEV and DICEV for the sit-uation in 2025, Figure S5:
Mineral resource scarcity (MRS) impact across the truck cycle (blue), fuel chain (green), and road
infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEYV for the situation in
2025, Figure S6: Fossil resource scarcity (FRS) impact across the truck cycle (blue), fuel chain (green),
and road infrastructure (orange) for the truck alternatives FCEV, HICEV, BEV and DICEYV for the
sit-uation in 2025, Figure S7: sensitivity analysis displaying results of the FCEV transport alternative
of the remaining impact categories.

Author Contributions: Conceptualization, R.v.d.B. and T.v.d.B.; investigation, R.v.d.B., T.v.d.B. and
C.v.d.G.; writing—original draft preparation, R.v.d.B.; writing—review and editing, all authors;
visualization, R.v.d.B.; supervision, T.v.d.B., D.B. and C.v.d.G. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was co-financed with funding from the LIFE Program of the European
Climate, Infrastructure and Environment Executive Agency (CINEA). The authors would like to
thank the LIFE Program (LIFE20 CCM/NL/001664) for their financial contribution to the research
projects that lay at the foundation of this publication.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: Special appreciation is extended to Ad van Wijk from KWR Water Research
Institute for his valuable insights and guidance during the preparation of this paper.

Conflicts of Interest: Author Coen van der Giesen was employed by the company CE Delft. Author
Ron Bol was employed by the company Allied Waters. The remaining authors declare that the

https://doi.org/10.3390/en19102433


https://www.mdpi.com/article/10.3390/en19102433/s1
https://www.mdpi.com/article/10.3390/en19102433/s1
https://doi.org/10.3390/en19102433

Energies 2026, 19, 2433 23 of 27

research was conducted in the absence of any commercial or financial relationships that could be
construed as potential conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BEV Battery-Electric Vehicle
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FCEV Fuel-Cell Electric Vehicle

FET Freshwater Ecotoxicity
FRS Fossil Resource Scarcity
FU Functional Unit

GHG Greenhouse Gas

GVW Gross Vehicle Weight
HICEV Hydrogen Internal Combustion Engine Vehicle

HRS Hydrogen Refueling Station
LCA Life Cycle Assessment
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LCIA Life Cycle Impact Assessment
LNH LIFE NEW HYTS
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PEMWE  Proton-Exchange Membrane Water Electrolyzer
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PM2.5 Particulate Matter < 2.5 um

PMEF Fine Particulate Matter Formation
PV Photovoltaic

RED III Renewable Energy Directive III
RFNBO  Renewable Fuels of Non-Biological Origin

WC Water Consumption
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