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A B S T R A C T

Road freight accounts for 40% of global transport CO2 emissions and is a major source of urban air pollution. This 
study aims to explore future role of battery-electric and hydrogen technologies for different truck segments 
considering driving choice, payload, and cost development, and environmental implications of this transition. 
The study uses novel integrated global energy systems modeling and life cycle assessment capturing truck energy 
transition considering cross-sectoral resource availability and systematic sensitivity of technology adoption to 
cost-learning rates. The results show that battery-electric trucks will dominate road freight, mainly regional 
delivery, reaching 70% of total transport work by 2050 in ambitious climate scenarios, leveraging superior ef
ficiency, whereas hydrogen use is only 10% of total transport work, limited to long-haul operations. Hydrogen is 
most cost-effectively used in complement with batteries using fuel cell range extended electric vehicles where 
operational cost balances with the high investment cost of batteries. Road freight decarbonization is delayed by 
power sector decarbonization, indicating renewable electricity expansion as a critical enabler. Zero emission 
vehicles have 10% slower adoption under current national commitment compared to the more ambitious climate 
scenario. This indicates the need for direct policy support for road freight decarbonization linked to power sector 
planning. Rapid decline in battery cost shows 10% increase in battery-electric vehicle adoption and decreases the 
role of hydrogen in road freight decarbonization. The transition comes with environmental co-benefits, including 
about 75% reduction of particulate matter formation, acidification, and eutrophication. Environmental tradeoffs 
include metals and mineral depletion as well as land use.

Introduction

Road freight transport is a growing area of focus for reducing 
transportation-related fossil fuel consumption and greenhouse gas 
(GHG) emissions as this accounts for approximately 40 % of global 
transportation carbon dioxide (CO₂) emissions [1]. Between 2000 and 
2020, global road freight transport GHG emissions increased by over 50 
%, driven by economic growth, increased freight demand, and pre
dominantly reliance on diesel and gasoline [2]. Along with GHG emis
sion, fossil fuel use also affects human health due to substantial 
emissions of various air pollutants such as carbon monoxide (CO), ni
trogen oxides (NOX), particulate matter (PM), and sulfur oxides (SOX) 
[3]. Mitigating these environmental impacts involves improving energy 
efficiency and transitioning to low- or zero-emission technology, which 
has been shown to substantially reduce air pollutant emissions and 
associated health impacts [4]. Given the significant correlation between 
road freight activity and economic growth [5], increased freight activity 

would increase emissions and to meet the climate target, the transition is 
essential. Unlike passenger cars, road freight is considered a sector hard 
to abate [6] due to challenges such as longer daily operational ranges, 
specific payload requirement, limited downtime for refueling/charging, 
increased energy demand, cost-sensitive operation, and fragmented 
ownership model [7]. Transitioning these vehicles to zero-emission al
ternatives requires considering critical operational characteristics, 
including driving range, payload capacity, energy storage volume, and 
power-weight ratio, which impose distinct constraints on the suitability 
of battery electric vehicles (BEV) and fuel cell electric vehicles (FCEV) 
technology in the freight segments [8].

Within different alternative strategies, BEVs and FCEVs offer the 
most promising technology pathways as zero-emission vehicles (ZEVs) 
with many multi-national manufacturers already offering models with 
both technologies [9]. However, the conditions under which each 
technology is cost effective and environmentally beneficial remain un
certain due to higher vehicle cost, regional variations in electric grid 
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carbon intensity, operational feasibility considering driving range, 
availability of renewable hydrogen, charging/refueling challenges, and 
difference in total cost of ownership across operational contexts. Several 
studies have examined the role of BEVs and FCEVs in road freight 
decarbonization from both system and technology perspective. Çabu
koglu et al. [10] analyzed the potential of FCEVs in decarbonizing 
Switzerland’s road transport and display greater technical potential due 
to their extended range. Giuliano et al. [11] indicate that BEVs are 
restricted by charging and range limitations for short-term and higher 
adoption depending on improved battery efficiency and reduction in 
costs, and their study underscores the improvement of BEVs in recent 
years. Nykvist and Olsson [12] analyzed the feasibility of BEVs in heavy 
duty road freight and concluded that BEVs could be competitive with 
optimal battery cost and also with fast charging implementation. Laje
vardi et al. [13] analyzed the GHG emissions and mitigation costs of 
zero-emission vehicles, including BEVs and FCEVs, compared to tradi
tional drivetrains. Hannula et al. [14] show that BEVs are likely to 
remain more expensive than carbon-neutral synthetic fuels under 
certain assumptions. A recent comprehensive review across China, 
Europe, and the United States [15] confirmed that while BEV can ach
ieve 27–58 % lifecycle CO₂ reductions relative to diesel, FCEV face a 
persistent cost disadvantage due to hydrogen accessibility.

A common limitation of these studies is that they treat road freight as 
a standalone system, thereby overlooking cross-sectoral interactions. 
Emissions reduction benefits from using BEVs and FCEVs depend on the 
carbon intensity of the electricity grid and the hydrogen production 
routes [16], and the carbon intensity is not fixed but evolves over time 
with broader energy system transitions. Moreover, all sectors compete 
for the same globally limited resources, including biomass and renew
able electricity, making it essential to model road freight decarbon
ization within a framework that endogenizes these interactions [17]. 
Sector-coupled energy system optimization models (ESOMs) facilitate 
such analysis, capturing energy transition dynamics across various sec
tors [18]. Global and long-term models with regional disaggregation are 
particularly valuable, given that carbon intensities of electricity and 
hydrogen production vary dramatically across geographies and evolve 
at different rates. Speizer et al. [17] have analyzed global transportation, 
including road, rail, and aviation, using an integrated assessment tool 
(Global Change Analysis model v6.0) for the ‘sustainability’ scenario on 
Shared Socioeconomic Pathways (SSP), considering emission con
straints that ensure global warming below 1.5 ◦C. The results from the 
study underline the importance of both BEVs and FCEVs for road freight 
transport decarbonization, however the representation of road freight in 
the model is aggregated and hence does not consider different driving 
range and the freight capacity. Combining cross-sectoral interaction 
with life cycle assessment is critical to understanding the overall envi
ronmental performance of road freight transition, a gap in existing 
studies.

Another gap in the literature concerns the geographic and opera
tional granularity of ESOM-based road freight studies. While several 
national-level ESOMs have examined different truck segments including 
studies for Denmark [19], Ireland [20], India [21], China [22], and 
Sweden [23], global perspective remains rare. Mulholland et al. [24] is 
one of the few studies that has considered the freight segments from a 
global perspective, but it does not account for cross-sectoral interde
pendence. A similar segmented analysis for China [25] also omits 
cross-sectoral interdependence. Studies that capture the sectoral inter
dependence, such as analysis of hydrogen-power sector interaction in 
Germany [26] and global transport modeling [17] do not combine this 
with detailed disaggregation of truck segments and driving range re
quirements. To our knowledge, no existing study combines global 
multi-segment road freight disaggregation, cross-sectoral ESOM, cost 
learning curve sensitivity analysis, and integrated prospective LCA 
within a single framework.

Our study addresses these three gaps directly. First, it provides a 
globally disaggregated, sector-coupled ESOM analysis of road freight 

decarbonization that includes details on truck segments and driving 
profiles while endogenizing cross-sectoral competition for energy re
sources. Second, it systematically quantifies sensitivity of BEV and FCEV 
adoption trajectories respond to varying technology cost learning rates 
for batteries and hydrogen technologies within a global optimization 
framework. Third, it integrates prospective LCA in ESOMs that cover 
well-to-wheel environmental impacts beyond climate impact, also ac
counting for the temporal evolution of the background energy system.

The Global Energy Transition (GET) model v12 is used for the 
assessment, which is a sector-coupled, global, bottom-up energy system 
model with 10 different geographic regions. GET v12 is specifically 
configured to assess the three truck segments (LCV- light commercial 
vehicles, MDT- medium duty trucks, and HDT- heavy duty trucks) 
assuming two driving profiles (regional-delivery and long-haul) tailored 
to the distinct attributes of each category. Along with the transition, we 
also assume energy improvement, including energy intensity reduction, 
activity improvement, and load utilization of freight transport. The 
model optimizes the total cost throughout the entire energy system, in 
all regions and time steps, subject to several constraints where the CO2 
reduction targets are represented with a global carbon budget. The 
model is integrated with life cycle assessment (LCA) that allows us to 
understand well-to-wheel (WtW) environmental impacts related to 
transport, including direct emissions, embodied energy, fuel infra
structure, fugitive emissions, land use, and process emissions. The study 
analyzes five scenarios: 1) SSP1RCP19 – ‘sustainability’ scenario and 
representative concentration pathway 1.9 W/m2; 2) SSP2RCP26 – 
‘middle of the road’ scenario and representative concentration pathway 
2.6 W/m2; 3) SSP2NDC – ‘middle of the road’ scenario and Nationally 
Determined Contribution based on countries’ climate pledges also 
considering peak warning below 2 ◦C; 4) SSP2RCP34 – ‘middle of the 
road’ scenario and representative concentration pathway 3.4 W/m2; 5) 
SSP3RCP45 – ‘Regional Rivalry’ scenario and representative concen
tration pathway 4.5 W/m2. Furthermore, the study analyzes the effect of 
applying low-cost learning curves to hydrogen and batteries, respec
tively, and details of the costs are provided in the Supplementary In
formation (SI).

Methods

Global energy transition model

GET v12 is a sector-coupled mathematical model for global ESOM 
(linear programming) that employs a bottom-up approach and operates 
at 10-year intervals. The model minimizes the total cost of the system by 
optimizing the primary energy supply between regions and expanding 
capacities for energy generation, energy conversion, energy storage, and 
transmission, while fulfilling the energy demands of different sectors 
and adhering to carbon budgets. GET is a deterministic model with 
mathematical equations that produces the same output from a given set 
of inputs every time, as it operates on fixed rules without randomness. 
The objective function of the model is to find the lowest cost solution to 
meet the energy demand of end use sectors, under different constraints 
and assumptions over the modeled time horizon (Eq. (1)). 

Total System Cost =
∑

reg,t

tstep ∗ Annual Cost(reg,t)
(1 + r)tstep∗(ORD(t)− 1) (1) 

Where, Annual Cost(reg,t) is sum of different costs for different regions 
(reg) and each time period (t) as shown in Eq. (2). This includes primary 
energy costs (Energycost(reg,t)), technology and infrastructure investment 
costs (Investcost(reg,t)), fixed and variable operation and maintenance costs 
(OMcost(reg,t)), and carbon storage cost, (Eq. (2)). There are ten different 
regions, and the time horizon is 2010–2150 with timesteps of ten years 
and discounted relative to the reference year (2010). More details on the 
temporal and geographical scope of the model are given in SI Section 
S1.1. 
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Annual Cost(reg,t) = Energycost(reg,t) + Investcost(reg,t) + OMcost(reg,t)

+ Distcost(reg,t) + Carboncost(reg,t) (2) 

The GET v12 comprises ten modules (Fig. 1): primary energy supply; 
energy conversion and storage; carbon capture; energy export and 
import, energy distribution; carbon budget and emission conversion; the 
electricity sector (incorporating time slices for regional variable 
renewable energy conditions); the transport sector; industrial feed
stocks; and the heat sector. In the model, primary energy sources (crude 
oil, natural gas, coal, nuclear, hydro, biomass, wind, and solar) are 
converted into various energy carriers to satisfy the energy demands of 
end-use sectors. The technical and economic relationships between 
technologies are parameterized using efficiency, load factors, costs, and 
lifetimes. The model includes several constraints such as annual or total 
supply limits on available energy sources; expansion constraints for in
vestments; load balance equilibrium; CO2 budgets; limitation on export 
and import (e.g., electricity); and permanent CO2-storage capacity 
availability. More details of each module are available in SI, Section 
S1.2.

This work has introduced GET v12 as a refinement of GET v11 [18] 
where details specifically adapted to road freight transport modules are 

modified by introducing three segments (LCV, MDT, and HDT) and two 
driving profiles (regional-delivery and long-haul) as shown in Fig. 2. In 
the study, LCV refers to commercial vehicles with gross vehicle weight 
(GVW) <3.5 tonnes, MDT represents commercial vehicles with GVW 
between 3.5 tonnes and 15 tonnes, and HDT represents commercial 
vehicles with GVW greater than 15 tonnes. Regional-delivery is referred 
to as trips that have daily operational ranges of <500 km and others are 
referred to as long-haul. All mathematical formulations and other 
modules are derived from GET v11, which is detailed in [18], and data 
used are listed in the SI.

The GDP, population and demand forecasts for all sectors, excluding 
transport, in various geographical regions are derived from the SSP 
scenarios of the IIASA GGI Scenario Database [27]. Transport demand 
scenarios of road, rail and aviation for different SSP scenarios are taken 
from GET v10 [28]. The transport demand for shipping is taken from the 
GET v11 and is detailed in [29], following the methods in the Fourth 
IMO GHG Study [30]. Road freight transport activity in the model was 
projected using the econometric framework developed by Mulholland 
et al. [24] based on the empirical relationships between freight activity, 
economic development, population, and regional characteristics. The 
methodology uses a multivariate log-linear regression model to predict 

Fig. 1. Simplified structure of the Global Energy Transition (GET) model v12, illustrating the linkages between primary energy supply, energy conversion and 
storage, carbon capture, and end-use demand sectors including transport, industry, and heat across ten geographic regions. The model minimizes the total system cost 
by optimizing the primary energy supply across regions, and expanding capacities on energy conversion, energy storage, and distribution, while fulfilling the energy 
demands of different sectors and adhering to carbon budgets. The major processes relevant to each section included in the GET model are also shown. Carbon flows 
are accounted by considering carbon capture technology in energy conversion step and also carbon storage with overall carbon budget. The carbon budget is 
considered until 2100 and also the technology evolution is considered over different decades. LCV- light commercial vehicles, MDT- medium duty trucks, and HDT- 
heavy duty trucks.
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the freight activity measured in tonne-km and vehicle-km. These are 
then converted to energy demand for different truck size allocation, load 
factor estimation, and fuel efficiency assumptions. The log-linear 
regression equation used is shown in Eq. (3) and separate regressions 
are run for HDT and MDT with truck specific coefficient from Mulhol
land et al. [24]. Details of the data used are in SI. 

ln
(
FDr,t,k

)
= β0,k + β1,k.ln

(
GDPr,t

POPr,t

)

+ β2,k.NFPr,t + β3,k.SFr,t (3) 

Where, FD: freight demand (million tonnes-km), GDP: Gross domestic 
product (USD), POP: population, NFP: normalized fuel price index, SF: 
Size factor for each region (binary), k: vehicle segment, r: region, and t: 
time period. NFP and SF are regional specific parameters, where SF 
means that the region area is larger reflecting longer shipping distances 
and different freight patterns. Regional fuel price indices were con
structed to reflect differences in taxation, subsidies, and energy policy 
across regions. The baseline values were set to 1.0 for Europe, with 
adjustments for other regions based on Mulholland et al. [24]. The en
ergy demand for the freight is calculated using Eq. (4). 

Ei,r,k,t =
∑

i
FDr,t,k.Ir,t,k.ηi (4) 

Where E is energy demand, i is the fuel-powertrain technology, I is the 
intensity of energy in MJ/tkm for the diesel powertrain technology, ηi is 
the efficiency ratio between the fuel-powertrain type and the diesel 
powertrain technology. The energy intensity is assumed to improve over 
decades based on the IEA modern truck scenario reaching highest effi
ciency (other than powertrain) by 2050 [5]. The weight load factor for 
projecting each segment is used for the number of vehicles in the model. 
These data are limited and the assumptions for the average load factor 
(tonnes per vehicle) are also based on Mulholland et al. [24] and are 
estimated as functions of GDP per capita, reflecting changes in logistics 
efficiency and vehicle utilization patterns with economic development. 
However, it may be noted that there is great uncertainty in these data 
especially in developing regions.

There are different projections of the cost of battery technologies and 
hydrogen technologies. The cost assumptions in this study are based on 
the cost learning curves mentioned in Link et al. [31]. The Link et al. 
study used meta-forecast involving regression analysis. For the base 
case, cross-category projection is used, and for the low-cost scenario, the 
lowest cost expectation category is used. In the low-cost battery case, it 

is assumed that the cost of the battery pack will decrease faster and reach 
USD 70/kWh by 2050 compared to the base case of USD 100/kWh. In 
the low-cost hydrogen case, it is assumed that the cost of hydrogen fuel 
cells is USD 75/kW and the cost of compressed hydrogen tanks USD 
2500/GJ compared to the base case of USD 100/kW and USD 3500/GJ, 
respectively. For more details, see Link et al. [31]. An additional sensi
tivity assessment is performed considering the different storage re
quirements for the given daily driving range, assuming that the trucks 
are charged when they arrive at the depot or the drivers take breaks. The 
cost sensitivity is performed using Eq. (5) by varying the battery cost, 
and hydrogen technology cost, respectively. The driving range is varied 
for the sensitivity analysis, where different storage requirements are 
varied. 

Cinv,vtype = Cbase,vtype + BC ×
DRvtype × ERvtype

ERel × DOD × 3.6
+ FS ×

DRvtype × ERvtype

ERfuel × 1000
+ PC × Pfc,vtype

(5) 

The costs are calculated separately for each vehicle category (vtype) and 
added to the investment cost in Eq. (2). Where Cbase is base investment 
cost without considering battery cost, fuel storage cost and powertrain 
cost. These are calculated in the later part of the equation including a 
battery cost term comprising battery cost per unit energy (BC, USD/ 
kWh) scaled by the battery share of driving range (αb), driving range 
(DR, km), energy consumption (EC, MJ/km), electrical efficiency ratio 
(ERel), and depth of discharge (DOD), a fuel storage cost term comprising 
fuel storage cost per unit energy (FS, USD/GJ) scaled by the fuel share of 
driving range (αf ), and a powertrain cost term comprising fuel cell/en
gine cost per unit power (PC, USD/kW) and the installed power (Pfc, 
kW).

The possibility of battery swapping and electric charging roads are 
not considered in the model. The rate of utilization of the charging 
infrastructure varies from seasonal to monthly temporal resolution and 
is also disaggregated by type of powertrain [32], neither of which is 
considered in the model. Another limitation of the model is that several 
real-world technology adoption constraints are excluded, e.g., technol
ogy lock-in effects where early investments create path dependencies, 
learning curve advantages for technologies deployed sooner, and the 
additional costs associated with being first-movers in unproven tech
nologies. The biomass potential (in total 134 EJ/yr) in the model is 
limited to the sources that can be extracted in a sustainable way, 

Fig. 2. Simplified structure of the road freight module in GET v12, illustrating the pathways from primary energy supply through energy conversion and distribution, 
refuelling infrastructure, and powertrain options to the modelled truck segments. Truck segments are disaggregated into Light Commercial Vehicles (LCV), and 
Medium Duty Trucks (MDT) and Heavy Duty Trucks (HDT) under two driving profiles — regional-delivery (daily range <500 km) and long-haul (daily range ≥500 
km). Methanol is a proxy for non-fossil-based synthetic liquid fuels such as biofuels and e-fuels.
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including sources rich in lignin & cellulose, starch & sugar, used cooking 
oil, as well as rest-flows & waste from agriculture, forestry and society, 
e.g., straw, sawdust, manure, sludge, animal fats and food waste; how
ever, only one conversion pathway based on gasification is chosen as 
proxy for all biomass conversions.

Another limitation is that the assumed maximum long-term carbon 
storage capacity (600 million tonnes of CO2) is modelled as one global 
storage, equally accessible from all regions, with geological carbon 
sequestration and infrastructure for CO2 transport, assumed to expand at 
similar rates as carbon capture technologies in the model. Both batteries 
and fuel cells degrade over time; however, we have disregarded the 
efficiency, storage capacity, or power decline over time. The applica
bility of the model is mainly to understand the long-term energy tran
sition and does not capture short-term changes. Energy carriers and fuel 
costs including electricity and hydrogen that are used to meet the de
mand of end-use sectors are fully endogenous to the model, e.g., The cost 
of compressed hydrogen is generated based on the optimal investment 
decision on all the investment needed for the conversion of primary 
energy to the final end use like electricity generation infrastructure, 
electrolyzer, distribution infrastructure, compression facility, etc. 
Consequently, the price of hydrogen fuel reflects the optimal system cost 
of electrolytic hydrogen in each scenario and region, rather than an 
externally assumed price trajectory. This endogeneity is important to 
interpret the results of fuel adoption with respect to the expansion of the 
fuel production infrastructure and the availability of primary energy.

Integration of LCA and GET

To evaluate the broader environmental impacts of energy transition, 
it is essential to employ a methodology that encompasses fuel infra
structure, resource extraction, and additional emissions, while also ac
counting for temporal variations in the energy system over various time 
steps. The prospective LCA is more appropriate than the attribution 
technique for forward-looking assessments [33], as it preserves tempo
ral consistency with the evolution of energy systems. Consequently, in 
this study, pLCA calculations are performed as post-processing to eval
uate the environmental implications of various combinations of fuel and 
propulsion for road freight within the scenarios analyzed. Since the 
depth of the technology description is much more detailed in the pLCA, 
the pLCA is integrated into GET in various steps and WtW analysis is 
performed in the postprocessing step. The integration approach ensures 
that the key parameters, such as efficiency, in GET are harmonized with 
the process-specific pLCA in terms of energy flows.

The functional unit of the assessment is the total road freight trans
port work for each time step, which is different for each scenario. The 
system boundary includes the impacts associated with energy extrac
tion, fuel production, fuel infrastructure, indirect changes in land use, 
fuel combustion, and fugitive emissions. The temporal framework from 
2020 to 2100 is incorporated into the process-specific LCAs using time- 
specific characteristics from the GET model for around 90 processes that 
are directly and indirectly associated with road freight. Inventory data 
for LCA are modified to prevent double counting of the effects on 
downstream energy system supply chains, with the analysis being car
ried out gate-to-gate. This entails nullifying the energy inputs of LCI 
processes, as these inputs are already delineated as separate processes 
within the GET model. The impacts related to the energy input are 
incorporated after the analysis of the energy mix derived from the GET 
output. The life cycle inventory (LCI) predominantly depends on 
process-oriented data derived from previous research; this is listed in SI, 
Section S4.1 [34–36] and uses the pLCA data set (premise) v1.5.8 tool 
[37] with background data from ecoinvent v3.10 [38]. Premise v1.5.8 
[37] is used to include the time-dependent sectoral transformation of the 
infrastructure, materials and embodied energy, and this temporal 
development is based on the IMAGE model [39] considering scenarios 
from the SSP and RCP assumptions [40].

Environmental impacts are assessed for seven midpoint impact 

categories: climate impact, PM formation, terrestrial acidification, ma
rine eutrophication, land use, resource use – fossil, and resource use – 
metals and minerals. All environmental impacts other than the climate 
impact are estimated based on EF 3.0 [41] and climate impact is esti
mated using the global warming potential over 100 years based on IPCC 
AR6 [42].

Results

Truck fleet energy transition

Fig. 3 shows the adoption of technology for transport work corre
sponding to the energy transition of the road freight fleet including LCV, 
MDT-RD, MDT-LH, HDT-RD and HDT-LH across three scenarios until 
2080. Only one (SSP2NDC) out of three ‘middle of the road’ scenarios is 
presented, since the results are similar, detailed results for the other 
scenarios are given in SI, Section S3. As depicted in Fig. 3, the adoption 
of technology varies with scenario stringency and the segment of the 
vehicle. In the most ambitious SSP1RCP19 scenario, ZEV adoption 
dominates with 80 % of total road freight transport work (10 % 
hydrogen and 70 % electricity) by 2050 and 100 % adoption of ZEV by 
2080 (20 % hydrogen and 80 % electricity). Regional-delivery has the 
largest ZEV adoption, mainly dominated by BEVs with 80 % and 90 % 
for HDT and MDT, respectively, by 2050. Hybrid technologies play a 
transitional role, reaching a peak share of 15 % of total transport work 
before being replaced by BEVs. Compared to the HDT and MDT seg
ments, the LCV has prolonged use of fossil fuels; this is the result of the 
model’s least cost logic in the model for a maximum reduction of 
emissions. The model prioritizes the investment in MDT and HDT due to 
their higher annual fuel consumption per vehicle compared to LCV. 
Higher annual fuel means higher utilization of the investment that gives 
maximum reduction potential for a given decarbonization investment (i. 
e., a lower total cost is achieved when investments are made in segments 
where utilization is high, and thus fossil use is phased out at a faster 
pace).

In stark contrast to the ambitious scenario (SSP1RCP19), the road 
scenario assuming current policies (SSP2NDC) yields 70 % ZEV pene
tration of total road freight transport work across all segments by 2050 
(10 % lower). The same can be observed for other ‘middle of the road’ 
scenarios with a slight delay in the transition under RCP3.4 W/m2 (SI 
Section S3). In these scenarios, 3 % of the total freight transport will still 
rely on fossil fuels by 2080. Under the regional rivalry scenario with less 
focus on carbon mitigation (SSP3RCP45), only 20 % penetration of ZEV 
can be observed by 2050 and 25 % of the total road freight transport is 
dependent on fossil fuel by 2080.

A significantly faster adoption rate of BEVs compared to hydrogen 
technologies can be observed for road freight transport in all scenarios 
(Fig. 3). Under the most ambitious climate scenario, BEVs surge from a 
low share in 2030 to 70 % of total transport work by 2050, whereas 
hydrogen technologies capture only 10 % of total transport work by 
2050; this is because batteries meet operational requirements with high 
overall energy efficiency, unlike hydrogen which have high energy 
losses during hydrogen production and powertrain conversion. These 
high energy losses increase the operating cost; in addition to high 
operation cost, the investment cost for hydrogen technologies including 
refueling, fuel cells and storage, is also high. Even under current policies 
(SSP2NDC), more than 60 % penetration of BEVs in road freight trans
port by 2050, demonstrating that BEVs may play the most important role 
in road freight decarbonization in all scenarios. Larger adoption can be 
observed for HDT compared to the MDT segment, because HDT has high 
energy usage, for a given distance, and since BEVs offer superior energy 
efficiency, the operational cost reduction is high for HDT. This is spe
cifically noticeable for the regional-delivery operation profile.

There are differences in the adoption of technology for regional- 
delivery and long-haul freight operations, revealing distinct energy 
transition pathways shaped by operational requirements. The adoption 
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Fig. 3. Technology adoption of technology and the energy share pathways for total road freight transport in scenarios and vehicle segments. Colored areas show 
transport work in billion tonne-km by fuel/technology type (left axis); red, blue, and black lines show electricity share, hydrogen share, and fossil fuel share, 
respectively (right axis). LCV: Light Commercial Vehicles, MDT: Medium Duty Trucks, HDT: Heavy Duty Trucks, RD: Regional-Delivery, LH: Long-Haul. 
SSP1–ambitious climate scenario, SSP2–middle of the road, SSP3–regional rivalry. RCP: representative concentration pathway, NDC: Nationally Determined 
Contribution, ICE: internal combustion engine, CH2: compressed hydrogen, FCREEV: fuel cell range extended electric vehicles.
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rate is slower for long-haul operations compared to regional-delivery 
applications. Regional-delivery operations characterized by predict
able routes and moderate daily ranges of <500 km and depot charging 
opportunities exhibit rapid battery electrification in all scenarios. 
Regional-delivery has very low adoption of the hydrogen-related pow
ertrain system (< 5 %) in all scenarios. In the ambitious climate sce
nario, the adoption of BEVs reaches 80 % for MDT and 90 % for HDT by 
2050 for regional-delivery. In the middle of the road scenario, BEV 
adoption reaches around 70 % and 85 % for MDT and HDT, respectively.

In contrast to the regional-delivery operation, hydrogen plays an 
important role in the decarbonization of long-haul operations, which are 
defined by daily ranges exceeding 500 km. This segment is mainly 
dominated by FCREEVs that use hydrogen and electricity. This means 
that both electrification and hydrogen play a role in long-haul opera
tions. The adoption of FCREEVs in long-haul operations is expected to 
reach 40 % for MDT and 50 % for HDT by 2050. By 2080, the adoption of 
FCREEVs will reach 70 % for MDT and 80 % for HDT applications. The 
role of fuel cell electric vehicles (FCEVs) is limited in all applications; 
this is due to the high investment cost and operational cost of FCEVs. 
Although FCREEVs have high investment costs compared to FCEVs, the 
operational efficiency savings from additional battery investment 

reduced the operational cost of FCREEVs. The higher cost of the in
vestment of FC is also due to the oversizing required for FC so that fuel 
cells do not operate above 60 %. This oversizing is necessary to reduce 
degradation, and FCs have the same service life as ICE trucks. Hydrogen 
in ICE is also adopted for the long-haul application of MDT (15 %) by 
2080. This shows that the complementary role of hydrogen and batteries 
may be significant for long-haul trucks, whereas regional-delivery may 
be dominated by BEVs.

Cost scenario analysis

Adoption of a certain technology also depends on how the different 
costs of batteries, fuel cells, and hydrogen tanks, would develop over 
time. Fig. 4 shows technology adoption across three cost learning curve 
scenarios: 1) baseline case with optimal cost reduction for both tech
nologies, 2) low-cost battery case, where the cost of the battery pack 
decreases faster than baseline (reaching USD 70/kWh by 2050 vs USD 
100/kWh in the baseline), and 3) low-cost hydrogen case, where 
hydrogen fuel cell cost (reaching USD 75 / kW vs. baseline USD 100/ 
kW) and compressed hydrogen tank cost (reaching USD 2500/GJ by 
2050 vs. baseline USD 3500/GJ). In the low-cost battery case, a 

Fig. 4. Technology adoption under different cost expectations of batteries and hydrogen technologies for total road freight transport under three climate scenarios. 
Colored areas show transport work in billion tonne-km by fuel/technology type (left axis); red, blue, and black lines show electricity share, hydrogen share, and fossil 
fuel share, respectively (right axis). SSP1–ambitious climate scenario, SSP2–middle of the road, SSP3–regional rivalry, RCP: representative concentration pathway, 
NDC: Nationally Determined Contribution, ICE: internal combustion engine, CH2: compressed hydrogen, FCREEV: fuel cell range extended electric vehicles.
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significantly accelerated adoption of BEVs can be observed in all climate 
scenarios. Under the scenarios SSP1RCP19 and SSP2NDC, electrification 
contributes to 95 % of total transport work, an increase of 10 % 
compared to baseline by 2080. A 15 % increase in electrification can be 
observed in the case of the SSP3RCP45 (regional rivalry) scenario. It can 
be noted that there is more than 10 % decrease in hydrogen use, this 
indicates that the applications favoring FCREEVs, shift towards BEVs as 
battery cost is decreased. This indicates that hydrogen trucks play a low 
role in decarbonization of freight if the battery cost falls and are limited 
only to have extended range. However, in the low-cost hydrogen case, 
the increase in hydrogen deployment, especially FCEVs, is modest 
compared to baseline. This modest adoption of FCEVs mainly replaces 
the adoption of FCREEVs in long-haul operation (see SI, Figure S2). This 
suggests that the cost improvement in hydrogen vehicles is not sufficient 
for larger adoption. Larger adoption may require availability of low-cost 
hydrogen fuel, which is challenging because of the high energy losses in 
the electrolyzers and supply chain. The low battery cost and low-cost 
hydrogen scenarios also indirectly represent policies where investment 
support to reduce the cost of these technologies, implying that subsidies 
help speed up the adoption rate of ZEVs for road freight.

Energy carriers and pathways

The level of decarbonization in road transport is related to the 
decarbonization of other sectors, since the total emissions of both 

hydrogen and electricity depend on the upstream production. That is, 
the new demand for renewable electricity production comes from 
electrification and hydrogen use in road freight. Fig. 5 shows the supply 
chain and total primary energy demand, at 20-years intervals, showing 
the interdependence between road freight decarbonization and other 
sector transformation, especially electricity generation and hydrogen 
production. Fossil fuels can be substituted with a lower cost in the sta
tionary energy sector, compared to the transport sector. Even if trans
port work increases with time, the energy demand for total road freight 
decreases over the decades due to the higher efficiency of BEVs and 
FCREEVs compared to conventional diesel/gasoline engines. Some of 
these reductions are also attributable to enhanced design and opera
tional efficiency, which is exogenously modeled in GET.

The large investment in renewables (solar and wind) in the power 
sector can be observed in the power sector post 2030 (Fig. 6). This opens 
up the way for the use of fossil-free electricity and electrolytically pro
duced hydrogen (here denoted e-hydrogen) in the transport sector, as 
shown in Fig. 5. Electricity for both charging and production of e- 
hydrogen is mainly from solar power and wind power with a small share 
of nuclear and other non-fossils. Although biofuel generation methods 
are incorporated into the model, it favors the utilization of biomass 
mainly in the industrial sector and aviation, rather than in road trans
port. This is due to the limited supply potential of biomass, making it 
economically viable to allocate it to industries where high heat is 
required along with bioenergy carbon capture and storage (BECCS). 

Fig. 5. Energy carriers that supply the road freight in three climate scenarios for 2040, 2060, and 2080. Results show the profound interdependence between road 
freight decarbonization and broader energy system transformation. Inner circle shows the share of energy required for the road transport, outer circle shows the 
distribution of electricity generation and hydrogen production, respectively. The bar plot shows the total primary energy demand (EJ) for including the energy 
required for electricity production, hydrogen production, and fossil fuel refining. CCS: carbon capture and storage, SSP1–ambitious climate scenario, SSP2–middle of 
the road, SSP3–regional rivalry, RCP: representative concentration pathway, NDC: Nationally Determined Contribution.
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BECCS can have negative GHG emissions and thus used to offset emis
sions from other technologies where abatement is costly. The model 
show use of biofuels in aviation, as high energy dense fuels produced 
from a non-fossil source, is specifically important for aviation 
decarbonization.

Environmental impacts of energy transition

Fig. 7 illustrates the environmental impacts of road freight energy 
transition in the three scenarios (SSP1RCP19 – ambitious climate sce
nario, SSP2NDC – present scenario, and SSP3RCP45 – regional rivalry), 
showing co-benefits and tradeoffs associated with ZEV deployment 
beyond direct climate mitigation. The functional unit is for total road 
freight transport work in different time steps. These include the WtW 
impacts associated with the fuel conversion emissions, fuel production, 
fuel infrastructure, indirect changes in land use, and fugitive emissions. 
Results show that climate impacts decline dramatically under 
SSP1RCP19 scenario, reaching nearly zero by 2080 and remaining 
emissions are associated with well-to-tank (WtT) mainly embedded 
emissions in fuel supply infrastructure. The rapid decline reflects the 
combined effect of the adoption of ZEVs that eliminate tailpipe emis
sions and decarbonization of the power sector, reducing the reduction of 
emissions upstream. Current policies show slower progress in climate 
impact reduction due to prolonged use of fossil fuels. The share of tank- 
to-wheel (TtW) emissions in total emissions reflects the share of diesel 
which peaks around 2030 is all scenarios except regional rivalry where it 
peaks between 2030 and 2040. Regional rivalry scenario shows signif
icant slower progress, and a higher TtW emission share remains until 
2080.

The adoption of ZEVs also shows a significant reduction (>75 %) in 
several impact categories, including PM formation, terrestrial acidifi
cation, marine eutrophication, and resource use (fossils). This reduction 
is mainly attributed to the absence of tailpipe emissions for ZEVs 
including NOx, SOx, PM, and CO, this can be observed in reduction in 
TtW emission in Fig. 7. The upstream emissions of these pollutants are 
also negligible as the electricity mix has high share of renewables 
including solar and wind and very low share of thermal power plants. 
This indicates that road freight decarbonization with BEVs and 
hydrogen technologies can deliver substantial co-benefits, improving air 
quality and natural environment. However, transition also comes with 
specific tradeoffs on environmental impacts like metals and minerals 
resource use as well as land use. The increase in resource use is largely 
attributed to the materials associated with the electrolyzers used for 
hydrogen production (platinum), renewable electricity generation 
including wind power (rare earth metals), batteries (lithium, cobalt, 
nickel, copper) and other infrastructures (copper). The higher impact of 
land use can be attributed to the share of biomass in the energy system 

and the larger area required for renewable electricity installations.

Sensitivity analysis

The results show that the sensitivity of the adoption of technologies 
depends on the choice of driving range associated with truck operation. 
Fig. 8 presents the sensitivity of hydrogen, electricity, and fossil fuel 
shares in road freight decarbonization under the SSP2NDC scenario by 
varying the driving range requirements revealing critical thresholds 
where technological competitiveness shifts. Battery electric penetration 
can be seen when the driving range requirement is low and the hydrogen 
market energy share with a higher driving range, especially by 
2050–2060. The electrification shares increase significantly in the sec
ond case when the battery costs are low, especially when the daily 
driving range is below 800 km, the share is larger than 65 % and the 
share is larger than 75 % for below 600 km (the detailed quantitative 
value in SI, Section S3.1). These segments mainly represent regional- 
delivery. This also shows that market-based measures, such as sub
sidies on BEV investment of BEVs (resulting in lower BEV costs), can 
help with faster adoption of BEVs. In the cost of third scenario, when the 
hydrogen technology is low, share of hydrogen consumption also in
creases significantly but mainly in mid-range (500–1000 km). Electri
fication is still preferred for low-range operations in this scenario.

Discussion

The energy transition of the road freight fleet, considering different 
driving range and truck segments, is reviewed using global ESOM. The 
ESOM applied in this study not only considers different climate sce
narios but also includes different cost development of ZEVs. The results 
show that BEVs plays a dominant role in the LCV and regional-delivery 
operations in MDT and HDT segments. For long-haul operations, 
hydrogen FCREEVs tend to play a prominent role in road freight 
decarbonization. FCREEVs adoption requires complementary battery 
and hydrogen technologies which balance the operational cost and in
vestment cost compared to high operation of FCEVs. This finding un
derscores the need to optimize powertrains within hydrogen technology 
and to balance the battery size with installed fuel cell capacity. That is 
vehicle-specific energy intensity based on operation is a critical deter
minant of the preferred configuration. The results also reveal an inter
esting distinction between LCV, MDT, and HDT where HDT has a larger 
adoption of ZEVs. This divergence can be attributed to the lower specific 
fuel consumption of LCV and MDT, a consequence of their reduced 
weight and power requirements compared to HDT [20,24]. In HDT, 
higher fuel consumption means that the incremental battery investment 
in FCREEVs and BEVs is offset by meaningful operational efficiency 
gains over the vehicle lifetime, making the additional complexity and 

Fig. 6. The transition of power sector in three climate scenarios from 2020 to 2080. This transition result shows the sector-coupling between transport and power 
sectors, and the need for renewables to meet the electricity demand, e.g. driven by the decarbonization of the heavy duty transport sector.
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Fig. 7. Life cycle environmental impacts of the road freight energy transition under different scenarios, including climate impact, particulate matter formation 
potential (PMFP), terrestrial acidification potential (TAP), marine eutrophication potential (MEP), material resource use (RU-metals and minerals), fossil energy 
resource use (RU-fossil), and land use. SSP1–ambitious climate scenario, SSP2–middle of the road, SSP3–regional rivalry, RCP: representative concentration pathway, 
NDC: Nationally Determined Contribution.Reference shown is based on scenario without adoption of ZEVs (no climate targets).
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cost of the range-extended configuration worthwhile. It may also be 
noted that LCV segment has very diverse operations depending on 
purpose, ranging from private owners with limited use to courier ser
vices for last-mile logistic service [5]. This diversity makes a uniform 
technology pathway challenging and may be investigated separately in 
future studies considering this complexity. The faster adoption of BEVs, 
particularly for regional-delivery operations of <500 km, is attributable 
to their lower operational costs, which align with the investment 
required for comparatively smaller batteries compared to longer oper
ating ranges. On the contrary, the benefits of operating cost do not offset 
the elevated investment costs of batteries designed for extended ranges, 
and reduce payload capacity due to low energy storage density [43].

The scenario with significantly lower battery costs reveals an 
important shift in the competitive boundary between battery-electric 
and hydrogen technologies, extending BEV viability well beyond the 
short-to-medium range operations that characterize their adoption 
under baseline cost assumptions. In the low-cost battery scenario, the 

investment cost penalty associated with larger battery packs required for 
extended range operations is substantially reduced [31]. If the battery 
cost learning curve follows a rapid decline, the operational domain of 
BEVs could expand substantially, reducing the overall role of hydrogen 
in road freight. On the contrary, it also implies that direct electrification 
will dominate road freight if the battery cost drops and the hydrogen 
role may be limited to range extenders, concentrating its deployment in 
the most demanding long-haul corridors only. This is mainly due to the 
higher operating cost of hydrogen trucks, driven by the cost of hydrogen 
fuel, hydrogen leakage in supply chain and their lower energy efficiency 
during the life cycle, compared to BEVs [44,45]. This cost disadvantage 
for FCEVs due to hydrogen fuel cost and accessibility is highlighted in 
different studies [15,26]. Rapid cost reduction for hydrogen powertrain 
technologies increases the adoption of hydrogen only to a limited extent, 
this also don’t reduce the share of BEVs in regional delivery operation. 
This increase is seen mainly in the long-haul HDT segment.

It should be noted that this study does not account for potential 

Fig. 8. Sensitivity analysis of the shares of hydrogen, electricity, and fossil fuels in road freight energy use to varying the requirements of the daily driving range in 
three cost learning curve scenarios: a) the baseline case, b) the low cost battery case, and c) low-cost hydrogen case. The results are based on the SSP2NDC scenario 
(middle of the road).
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improvements in battery energy density over the modeling horizon. 
Battery energy density is an important parameter that governs the 
penalties and range limits of BEVs, and its progress over time, given 
ongoing advances in cell chemistry [46], will allow the installation of 
higher battery storage capacity in trucks. If energy density improve
ments are considered along with the rapid battery cost reductions 
explored in the low-cost battery scenario, the BEV adoption is expected 
to increase further, potentially extending into the most demanding 
long-haul corridors and substantially diminishing the role of hydrogen 
in road freight decarbonization. Similarly, the possibility of battery 
swapping is not analyzed in the study; however, battery swapping can 
reduce the investment choice for high driving range trucks, which, in the 
sensitivity analysis shows faster adoption of BEVs. The biofuel adoption 
in road freight transport was absent in all scenarios mainly due to the 
limited potential of sustainable biomass supply. Biomass is 
cost-effectively used in industrial feedstock, medium and long-distance 
aviation (biofuel and carbon-based liquid electro-fuel), and for gener
ating heat combined with BECCS. The same observation is found in 
previous studies [17,47], where the need for liquid fuels in long distance 
aviation, carbon-based feedstock for industries, and bioenergy with 
carbon capture (in process heat) is highlighted [47]. Bioenergy with 
carbon capture allows negative emissions when CO2 is stored perma
nently, whereas when utilized for the production of carbon-based liquid 
electro-fuels, although it avoids fossil carbon emission during use, no 
negative emissions are created [48,49].

Currently, trucks fueled by natural gas can be largely seen in parts of 
the world, including China [22]. Natural gas is, however, not seen as a 
cost-effective option in any of the modeling scenarios. One reason for 
this is that methane leakages (stronger GHG) are assumed in the supply 
chain, and also engine slips, which makes this option not favorable to 
meet climate targets, even though they have significant lower emission 
of other air pollutants [50].

A limitation of the current analysis is the omission of efficiency 
degradation in batteries and fuel cells over their operational lifetime. In 
commercial fleet operations, lithium-ion battery capacity typically de
clines based on charging cycles and other factors, while membrane 
degradation of fuel cell also reduces power output over time. These ef
fects, when integrated across a fleet replacement cycle, would increase 
the annualized total cost of ownership for both BEVs and FCEVs relative 
to the values modeled in GET v12, which assumes constant technology 
performance within each period. The practical implication for fleet op
erators is that the effective cost advantage of BEVs in regional-delivery 
operations may be somewhat lower than the model suggests at the fleet 
level, particularly in high-utilization duty cycles. Since degradation af
fects both technologies, their complementary roles are unlikely to 
change, but their impact would be different as fuel cell degradation af
fects the total power and battery degradation affects the total driving 
range.

Another important finding is that decarbonization of road freight 
lags behind the power sector and the use of fossil fuels continues to be 
cost-effective in road freight for next two decades. This is mainly 
because the power sector has a lower carbon abatement cost compared 
to the high investment costs of ZEVs. And from a cost-optimization 
perspective, the model minimizes total system cost across all sectors 
simultaneously, it prioritizes the decarbonization of the power sector 
first which then enables meaningful lifecycle emission reduction in 
transport. That is, power sector transition is critical in enabling mean
ingful decarbonization of transport through electrification and e- 
hydrogen [45]. This is because to achieve life cycle CO2 emission 
reduction for electricity and hydrogen adoption, the carbon intensity of 
the grid has to fall below a threshold [34]. In fact, in the presence of a 
fossil-intensive grid, the lifecycle emissions associated with electricity 
generation and hydrogen production may even increase above conven
tional fossil fuel use [35,51].

From a policy perspective, the decarbonization of road freight re
quires sector-specific policies and the interdependencies with the power 

sector indicate that freight decarbonization strategies must be linked 
with the planning of the power sector, to ensure the increase in 
renewable capacity in anticipation of transport demand [52,53]. An 
emission trading system like EU ETS [54] would be one of these 
mechanisms that would benefit faster adoption of ZEVs due to its 
applicability to both the power sector and freight transport. As shown in 
the cost-sensitivity analysis, policy mechanisms such as cost subsidies on 
investment [55] will also be an effective mechanism to increase the 
adoption of ZEVs, especially BEVs which have high investment cost. The 
results reveal an important issue with Alternative Fuels Infrastructure 
Regulation (AFIR) in the European Union, specifically the part that 
mandates the deployment of hydrogen refueling infrastructure along the 
Trans-European Transport Network core and comprehensive corridors 
[56]. Under the cost-optimal transition pathways identified in this 
study, hydrogen plays a limited role in the decarbonization of road 
freight, with BEVs capturing the dominant share of the energy demand 
across most truck segments and driving profiles, raising a critical 
question about the economic justification for the hydrogen refueling 
infrastructure mandated under AFIR. The low share of hydrogen in road 
transport risks directing substantial public and private investment to
ward hydrogen refueling infrastructure that may be underutilized in 
cost-optimal decarbonization trajectories.

The transition towards ZEVs also comes with benefits for human 
health and the ecosystem, including reduction of impacts like PM for
mation, terrestrial acidification, marine eutrophication, and resource 
use (fossil). The reduction of these impact categories for ZEVs when used 
along with renewable electricity is mentioned in several individual LCA 
studies [16,50,57,58]. The reduction is attributed to zero tailpipe 
emissions of vehicles in transition scenarios and a high share of 
renewable electricity for charging and hydrogen production. Transition 
also comes with tradeoffs, mainly resource use associated 
material-intensive zero-emission technologies. However, these impacts 
can be reduced in the future with increased use of recycled materials, 
material substitutions, and material efficiency [58–60]. The temporal 
changes associated with the improvement associated with material use 
are not explored in this work but may be explored in future studies.

Conclusion

The study provides a comprehensive analysis on the potential roles of 
battery electric and hydrogen technologies in the decarbonization of 
global road freight, using an integrated sector-coupled energy system 
model that includes details on truck segments, driving profiles, and 
cross-sectoral competition for energy resources, combined with pro
spective life cycle assessment. The main finding is that battery electric 
vehicles dominate cost-effective decarbonization of road freight across 
all segments with full dominance in regional delivery operations. The 
hydrogen share is only about 10 % of total transport work and is mainly 
limited to long-haul operations through fuel cell range extended electric 
vehicles, where the operational efficiency savings from the supple
mentary battery reduces the operational cost.

The cross-sectoral result shows that road freight decarbonization is 
structurally dependent on the transformation of the power sector, as 
both electrification and green hydrogen production require low-carbon 
electricity. Therefore, road freight policy must be coordinated with 
electricity sector. Under current national commitments, ZEV adoption is 
approximately 10 % lower than under the ambitious scenario and full 
ZEV penetration by 2050 is unlikely, underscoring the need for stronger 
policy support. Rapid battery cost reductions can further accelerate BEV 
adoption by around 10 % and this further reduces the role in road 
freight. This shows that there is high risk for investment of hydrogen 
refueling infrastructures mandated in Alternative Fuels Infrastructure 
Regulation, due to underutilization.

Beyond climate mitigation, the transition to zero-emission vehicles 
delivers substantial co-benefits: particulate matter formation, terrestrial 
acidification, and marine eutrophication impacts reduce by over 75 % 
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under the ambitious climate scenario by 2080, driven by the elimination 
of tailpipe emissions and the high renewable share in electricity and 
hydrogen supply chains. However, the transition introduces tradeoffs in 
the use of metals and mineral resources, which require material effi
ciency and circular economy strategies. Achieving a cost-effective global 
road freight transition requires a portfolio approach that matches 
vehicle technology with the operational context, coordinated cross- 
sectoral policy that links freight and power sector planning, and sus
tained investment in battery cost reduction and green hydrogen 
production.
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