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Theelectrification of trucks is amajor challenge in achieving zero-emission

transportation. Here we gathered year-long records from 61,598 electric
trucks in China. Current electric trucks were found to be significantly
underutilized compared with their diesel counterparts. Twenty-three per cent
of electric delivery trucks and 30% of semi-trailers could achieve one-on-one
replacement with diesel counterparts, while on average 3.8 electric delivery
trucks and 3.6 electric semi-trailers are required to match the transportation
demand thatis served by one diesel truck separately. For diesel trucks that are
capable of one-on-one replacement, electric trucks have 15-54% and 1-49%
reductionsin cost and life-cycle CO, emissions, respectively. Enhancements
inusage patterns, vehicle technologies and charging infrastructure can
improve electrification feasibility, yielding cost and decarbonization
benefits. Increased battery energy densities with optimized usage can make
one-on-oneelectrification feasible for more than 85% of diesel semi-trailers.
In addition, with cleaner electricity, most Chinese electric trucks in 2030 will
have lower expected life-cycle CO, emissions than diesel trucks.

The comprehensive mitigation of carbon dioxide (CO,) emissions
from the transport sector is essential for achieving carbon neutral-
ity. It was estimated that heavy-duty vehicles (HDVs) accounted for
approximately 30% of all transport CO, emissions globally in 2020".
As fleet electrification is recognized as an important solution to
decarbonize the transportation sector, many countries and regions
have set ambitious targets to drive electrification in HDV fleets® . In
California (US), the Advanced Clean Fleets regulation requires that
truck manufacturers increase the market share of zero-emission

vehicles to100% by 2036°. Led by California, the US government has
set30% and 100% sales targets for zero-emission medium-duty (MD)
and heavy-duty (HD) vehicles by 2030 and 2040, respectively*. The
new HDV CO, emission standard proposed by the European Com-
mission sets CO, emission reduction targets of 45% by 2030 and 90%
by 2040 compared with the 2019 levels for HDV fleets’, which s also
expected to drive the deployment of electric trucks (ETs). In China,
no official national market target for ETs has been announced, but
the China Society of Automotive Engineers® has proposed a future
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Fig.1| Vehicle stock and usage patterns of ET fleets. a, Global ET stock in 2021*
(left), number of ETs in this study (middle) and categorization of the ET samples
(right). b,c, Daily mileage (b) and annual distribution of active trips (c) for DT and
ET fleets. The UBR of ETs is estimated based on battery capacity and real-world
electricity consumption, indicating the maximum mileage after full charging
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(see Methods for details). Inb, the priority groups in the ET/DT fleets (that is, ETs/
DTs feasible for one-on-one replacement) are highlighted with dark shadows
under the green/red curves, and the percentage values indicate the current
priority group ratios.

roadmap for developing new energy vehicles, which includes the
promotion of ETs.

Despite the great ambition to promote ETs, their current sales are
atanascentstage across the world compared with the soaring number
of electric cars or buses. In 2021, sales of ETs accounted for 1.5% of all
new trucks registered in China’, which was substantially lower than the
shares of electric cars (16%) and buses (8.9%)’.In 2020, only 0.4% of new
MD and HD truck registrations in the European Unionand 0.03% of HD
truck registrationsin the United States were zero-emission vehicles®. As
no real-world performance derived from large-scale deployed ETs has
been evaluated or reported, the market remains conservative towards
ET deployment because of mileage concerns’, battery and payload
limitations'>" and the limited availability of adequate charging infra-
structure™ ¢, Regarding decarbonization effects, the life-cycle CO,
emissions of ETs remain uncertain due to the lack of real-world energy
consumption dataacross different truck categories” . Previous studies
haverelied heavily on theoretical calculations and scenario analysis to
estimate the vehicle-level cost and emissions of ETs compared with their
diesel counterparts® %, often ignoring the fact that one ET may have a
different transport capability thanits respective diesel truck (DT) model.

Asthecurrenthost of the world’slargest ET fleets, China provides
a timely opportunity for analysing the actual usage profiles of the
early-batch ETs** . In this study, we gathered the year-long real-world

monitoring records from more than 60,000 ETs, which accounted for
more than one-third of the global stock in 2021 (Fig. 1a). Comparing
the usage patterns from DT and ET datasets, we identified current
challenges for ET deployment that arerelated to their usage patterns.
We leveraged the big data to derive two usage metrics as feasibility
indicators: the ‘priority group ratio’, which denotes the ratio of vehicles
that are feasible for one-on-one replacement, and the ‘replacement
rate’, which denotes the average number of ETs needed to replace one
DT after matching fleet-level transport demand. Integrating the usage
patterns with life-cycle modelling, we evaluated the actual individual-
and fleet-level costs and decarbonization effects of truck electrifica-
tion by category. Toidentify various opportunities for comprehensive
truckelectrification, future projections on technology improvements
(including battery improvement, charging infrastructure and sustain-
able electricity) under optimized usage reveal great potential but
differentiated improvement orientations are needed for different ET
fleets to achieve CO, emissions—-cost synergy.

Difference in usage patterns of electric and diesel
trucks

Inthis researchwe gathered real-world activity recordings from 61,598
ETsin Chinaduring 2021, which included detailed trip-level information
with energy consumptionand charging records. The ETsin the dataset
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account for more than one-third of the global stock in 2021 (Fig. 1a).
At the same time, we also collected the on-board monitoring (OBM)
records of 55,411 DTs in China for comparative benchmarking. We cat-
egorized both ETs and DTs by vocationand gross vehicle weight (GVW).
Intotal, nine fleets were evaluated in this research, as shown in Fig. 1a.

Fromthelarge-scalereal-world dataset, we observed that ETs had
significantly lower usage intensity compared with DTs. In Fig. 1b, we
compared the daily mileage distributions betweenindividual DTs and
ETs, along with the usable battery range (UBR), which represents the
maximum mileage of the ET after full charging. Compared with their
DT counterparts, all ET categories showed significantly lower daily
mileages. Apart from electric HD refuse trucks (91%), MD sanitation
trucks (80%) and HD semi-trailers (75%), the ratios of fleet-average daily
mileage for ETs relative to DTs were below 70%, ranging from 42% (MD
box trucks) to 69% (HD dump trucks). For thelight-duty (LD) segments
(GVW <4.51), electricdelivery trucks had the largest population among
allETs. LD diesel delivery trucks could run approximately 200 km per
day on average. The average daily mileage of electric delivery trucks
was merely 109 km. For the HD segment (GVW > 12 t), semi-trailers and
dump trucks shared the largest stock number of ETs. The real-world
dataindicated thatelectric semi-trailersand dump trucks ran, respec-
tively, 372 km and 158 km on average, equivalent to 69% and 75% of the
levels of the respective DT fleets.

The reasons for the underusage of ETs included the limited bat-
tery capacity, range anxiety and different task assignments compared
with DTs. We found that ETs were underused compared with their
maximum potential, as could be inferred from their short daily mile-
age and insufficient battery use. Except for HD semi-trailers, the aver-
age daily mileages of all ETs were far lower than the UBRs (Fig. 1b and
Supplementary Table 1), which indicated sufficient opportunities for
increasingtheir use intensity (that is, the daily mileage or active trips)
without extracharging. For some ET fleets, such as electric refuse and
sanitation trucks, the UBRs can readily satisfy the daily travel demand
of DTs. For LD delivery trucks and MD box trucks, the UBRs of ETs were
lower than the daily mileage of their diesel counterparts, suggesting
that these ETs will require additional charging within the driving day
toreach the daily mileage of DTs. Notably, the average daily mileage of
HD electric semi-trailers exceeded their average UBR, indicating that
frequent charging (on average 2.4 times per day) had already become
the solution to addressing the range issue. Supplementary Figure 1
shows the state of charge (SOC) distribution at the start of charging.
Atpresent, most of these distributions (except for the HD semi-trailer)
peak ataround 40-60%, suggesting that the range anxiety of ET drivers
led to the actual active battery range being limited to approximately
half of the battery capacity.

Another factor contributing to the low usage intensity of ETs
was their limited driving frequency (Fig. 1c), and the gap between ET
and DT fleets increased with GVW. For example, electric LD delivery
trucks had 17% fewer annual active trips compared with their diesel
counterparts, while electric HD semi-trailers had 71% fewer active trip
numbers relative to diesel semi-trailers. Despite being regulated by the
same set of maximum speed limits onroads, there existed differences
in the operational speed of ETs and DTs, as shown in Supplementary
Fig. 2, which will potentially influence the freight efficiency of ETs.
For low-speed DT fleets, such as sanitation and refuse trucks, the gap
in speed was smaller, and electric LD refuse trucks even can achieve
higher speeds. However, for high-speed DT fleets for which delivery
efficiency is moreimportant, suchas LD delivery trucks, MD box trucks
and HD semi-trailers, the average operational speed of ETs was much
lower than their diesel counterparts.

Despite the underusage of ETs at the fleet level, we observed that
some ETs can achieve the daily mileage of a certain proportion of
low-mileage DTs in each truck category. These DTs, which are already
replaceable with a single current ET without further usage optimiza-
tion or technological improvement, are prime candidates for early

electrification (referred to as the ‘priority group’ in this research).
Currently, as shown in Fig. 1b, the proportion of vehicles in the prior-
ity group varied from 16 to 48%. The percentages of DTs that can be
replaced on aone-on-one basis with ETs are 23% and 30% for LD deliv-
ery trucks and HD semi-trailers, respectively. The priority group ratio
serves as one possible indicator for quantifying the electrification
feasibility within each truck category. We now examine how usage
optimization and technologicalimprovement could increase the ratios
of priority group vehicles in the following section.

Emission and cost comparisons between
individual electric and diesel trucks

Cost and CO, emissions are the primary indicators for assessing the
impacts of electrification. Here we evaluated the total cost of owner-
ship (TCO) and life-cycle CO, emissions of individual ETs and DTs by
fleet on the basis of real-world vehicle usage, energy consumption
(Supplementary Fig. 3 for ETs; Supplementary Fig. 4 for DTs) and CO,
emission intensities in China. As shown in Fig. 2a, although ETs can
achieve considerable well-to-wheels (WTW) CO, emission reductions
for most fleetsin most of the grid regions (Supplementary Fig. 5a), car-
bon emissions associated with battery supply chains and lower vehicle
mileage lead to amixed profileinlife-cycle decarbonization effects for
ETs compared with DTs. Electric sanitation trucks have higher life-cycle
CO, emissions compared with their respective DTs because of higher
vehicle-cycle CO,emissions fromlower mileage, whereas the other elec-
tric fleets achieve 8-37% decarbonization benefits. The vehicle-cycle
attributes more in life-cycle CO, emissions for ETs (17-40%) than for
DTs (2-18%). With cleaner electricity in China after 2030°°, lower car-
bonintensities of electricity and material production are expected to
effectively decarbonize ETs. All ETs apart from MD sanitation trucks will
havelife-cycle decarbonization effects over DTs. With100% renewable
electricity during the operational stage and supply chains of vehicle
materials, ET fleets will have 70-91% life-cycle CO, emission savings
compared with DTs (Supplementary Fig. 6).

ETsgenerally have higher purchase costs (including subsidies) and
lower mileages but benefit from lower fuel (electricity) costs. The gap
inthe purchase costs can be almost fully compensated by the savingsin
fuel costs. Fromafleet-average comparison, currently, ETs in five out of
nine categories already have lower TCO than their diesel counterparts
(Fig. 2b), inwhich thethree HD fleets and LD delivery trucks can achieve
12-37% cost savings. For LD sanitation and the MD fleets, the savings
onfuel costs are constrained by their low mileages, whichresultinthe
higher TCO for ETs compared with DTs. We find synergy in CO, emis-
sion reductions and cost savings for electrifying LD delivery trucks,
LD refuse trucks and the three HD fleets when comparing individual
life-cycle CO, emissions and TCO, although ETs have lower mileages.

Furthermore, compared with the respective DTs that are feasible
for one-on-onereplacement, ETs in the priority group have lower TCO
(by15-54%) and CO, emissions (by 1-49%) across all truck categories, as
showninSupplementary Fig. 7. Because ETs within the priority group
have higher usage intensity compared withthe fleet average, they have
lower material-cycle CO, emissions and receive more benefits from
low electricity prices. In particular, if comparing the ETs in the priority
group with all of the DTs in the same category, except for sanitation
trucks, all truck categories could receive positive decarbonization and
cost benefits fromelectrification. This suggests that feasibility issues,
which are mainly reflected by underusage, pose a greater barrier to
truck electrification than either cost or environmental considerations.
Inthe following section, we will quantify the impact of optimizing usage
onthe priority ratio and electrification effects.

Enhancing fleet electrification effect by
optimizing usage

The priority group analysis and the observed usage pattern differ-
ence between ETs and DTs suggest that the one-to-one replacement
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numbers are listed in Supplementary Table 5.

between ETs and DTs is only feasible for a limited subset of vehicles.
Hence, amore comprehensive understanding of the effects of fleet-level
electrificationis essential to anticipate the wide adoption of ETs in the
future. Inthisresearch we examined both the vehicle-level usage met-
ric of the priority group, and the fleet-level metric—the replacement
rate—derived fromlarge-scale real-world datasets. These usage metrics
wereintegrated with life-cycle modelling to quantify the electrification
effects for both early adopters and the fleet at large under different
optimization scenarios.

Under the assumption that the total work demand for a truck
fleet is independent of the vehicle powertrains, we developed a
trip-chain-based method to evaluate the number of ETs (the replace-
mentrate) needed onaveragetoreplace one DT and evaluated the cor-
responding TCO and life-cycle CO, emissions after usage normalization
(see Methods for more details). The results of the fleet-level usage nor-
malization (Fig. 3) show that,if ET drivers keep current usage patterns,
on average, 3.8 electric delivery trucks and 3.6 electric semi-trailers
are needed to replace one current diesel counterpart. As shown in
Supplementary Fig. 8, most replacement rate distributions have long
tails from high-mileage DTs. Considering additional vehicle-cycle CO,
emissions and costs, almostall ET fleets with current usage profiles will
lose either the cost or life-cycle CO,advantage compared with DT fleets
after usage normalization (Fig. 3 and Supplementary Fig. 9).

Improving vehicle usage can effectively raise the priority group
ratio, cut down thereplacement rate and shrink the deficits in CO,and
TCO. Except for MD sanitation trucks, HD semi-trailers and HD refuse
trucks, by increasing the average battery use to 85% SOC (defined as
the ‘optimized usage’), all other ET fleets can have one-on-one prior-
ity group ratios that are higher than 49% (Supplementary Table 2) and
achieve a life-cycle CO, emission balance with diesel counterparts
(Fig. 3 and Supplementary Fig. 9). These ET fleets are also feasible for
achieving a TCO balance with their usage intensity increased to no
more than that of DT fleets. For example, for LD delivery trucks, with
battery usage at 85% SOC, an additional 34% of LD delivery trucks can
match one-on-one replacement with their diesel counterparts (Sup-
plementary Table 2), and the replacement rate will decrease from 3.8
to 2.0 if charging accessibility can be guaranteed (Fig. 3a). Building

on 85% battery use, increasing the annual active trips by 52% can fur-
ther reduce the replacement rate of ETs and achieve a TCO balance.
However, for electric HD semi-trailers, the current battery usage rate
is high (82%) with limited room for usage improvement for existing
electric semi-trailer vehicle models. Even increasing the usage inten-
sity to that of diesel semi-trailers, itis still not possible for the electric
semi-trailers to achieve a cost or life-cycle CO, balance if the work
demand is matched. Thus, further technology improvements (for
example, higher battery energy densities) should be considered for
electricHD semi-trailers to achieve cost and decarbonization benefits
beyond usage optimization.

Improving truck fleet electrification benefitsin
the future
Optimizing usage reveals the maximum potential of current ET models
and proves the need for technological improvements, battery and
chargingimprovementsin particular, to enhance the feasibility of ETs
for high-energy-demand fleets (for example, HD semi-trailers). In this
context, we evaluated the influence of technological improvements
and more sustainable electricity mixes on electrification feasibility
and effects in the future. On the basis of optimized usage (an average
battery use of 85% SOC), the fleet-level replacement rate and the cor-
responding life-cycle CO, emissions and TCO are assessed to identify
the future electrification opportunities under different scenarios.
Battery improvements, such as an increase in the battery capac-
ity or energy density, will enable ETs with higher mileages beyond
optimized usage, thus increasing the fleet priority group ratios and
reducingthereplacementrates. Anincreasein the battery energy den-
sity t0 220 Wh kg™ (with an unchanged battery mass) will result in the
priority ratios exceeding 70% for all truck categories (Supplementary
Table 2a). Notably, for HD semi-trailers, the priority ratio willincrease
from 36 to 87%, confirming that a limited battery capacity is the prin-
cipal constraint of electric HD semi-trailers. Anincrease in the battery
energy density is also beneficial for the TCO and life-cycle CO, of LD
delivery trucks and HD semi-trailers (Fig. 4) by effectively decreasing
the replacement rate. Only with anincrease in the battery density can
theelectric LD delivery truck fleet receive both cost and CO,advantages
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electricity after 2030; supercharging enables Level 3 charging infrastructures.
Allscenarios include optimized usage (average battery use to 85% SOC) for ETs
and improvementsin fuel economy for DTs. See Methods for more scenario
design details.

over DTs. By contrast, anincrease in the battery energy density has mar-
ginal effects on fleets with a shorter transport demand (for example,
refuse trucks) because current battery capacities can almost cover the
demand with optimized usage. Increasing the battery capacity with
the current battery technology (with an unchanged energy density
and unit cost) will reduce the truck payload but effectively increase
the mileage. A 50% increase in battery size will lead to a 7% payload
reduction for electric semi-trailers, yielding an11% CO, and a 25% cost
reduction compared with the current optimized scenario. However,

this shows negative effects on both the life-cycle CO, and TCO for the
other fleets (Fig. 4 and Supplementary Fig. 10).

Sustainable electricity is the key and most effective approach for
reducing the life-cycle CO, emissions of ETs. By transitioning to the
lower-carbon-intensity electricity generation, most electric fleets
will have large decarbonization effects compared with DTs (Fig. 4 and
Supplementary Fig. 10). Battery swapping and Level 3 supercharging
will also enable ETs with comparable transport capabilities compared
with DTs, whichis particularly useful for reducing costs with electric HD
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semi-trailers. With a battery capacity increased via an energy density
increase to 220 Wh kg™ and a 50% size increase for battery swapping,
bothadditional batteries willbe needed (Supplementary Table 3) and
TCO for a single battery will decrease for semi-trailers. As a result,
with 25% reduction in electricity consumption, future electric HD
semi-trailers canachieve cost balance with diesel counterparts through
battery swapping (Fig. 4). Assummarized in Fig. 4 and Supplementary
Fig.10, allLD and HD electric fleets will have opportunities for receiv-
ing TCO-CO, synergy effects in the future, but truck manufactur-
ers and relevant stakeholders should understand that differentiated
improvement strategies are needed to achieve such future cost and
decarbonization effects.

Discussion
Inour life-cycle modelling, numerous economic and technical param-
eters (for example, the battery pack price, the reduction of energy
consumption, subsidies and so on) influence the TCO and CO, emission
outcomes. Sensitivity analysis shows that energy consumption savings
(electricity consumption reductions for ETs and fuel consumption
reductions for DTs) are the most influential factor for the modelling
results, as shown in Supplementary Fig. 11. For ET fleets, a10% reduc-
tion in electricity consumption will result in a1.2-3.1% reduction in
TCOand a4.9-7.6%reductioninlife-cycle CO, emissions. In addition,
as there are no real-world data available on battery degradation, we
also assessed the TCO and CO, implications if ETs required a battery
replacement within their lifespan (Supplementary Fig. 12). Except for
MD sanitation trucks, changing one battery within the ET lifetime will
cause an increase in TCO of US$0.33-1.41 per km (13.8-28.7%) and
increase in CO, emissions 0f 19.5-82.9 g km™ (3.6-9.2%). Except for
batteryreplacement, energy consumptionsavings and areductionin
the battery pack price will bring marginal effects on the electrification
effects of LD delivery trucks and HD semi-trailers with usage optimiza-
tionand technologicalimprovements (Supplementary Figs. 11and 13).

The lower usage intensity of ETs compared with DTs is one of the
greatest challenges that we have identified regarding the large-scale
deployment of ETs, which is also the key reason for the high TCO. The
priority group analysis demonstrates that current high-mileage ETs
can achieve both economic and environmental benefits over their
respective DTs, whichemphasizes the need for enhancing ET usage as
aprimary step towards effective electrification. Our analysis attributes
the low usage intensity to two different aspects: the underusage of
ETsand the limitation of batteries. The real-world performance of ETs
derived fromthe dataset reveals that there are sufficient opportunities
for most ET fleets toimprove current usage on both driving mileage and
charging, which suggests that the underusage may be the result of both
psychological effects (such as well-documented range anxiety***"*?) and
insufficient task assignment (Supplementary Note 3). Therefore, along-
side fundamental technological and infrastructureimprovements for
effective electrification, itis crucial to design policy interventions and
implement education initiatives for ET drivers and fleet operators, to
help themalleviate concerns over electrification” and thus improving
ET usage. However, for some high-energy-demand fleets (for example,
HD semi-trailers), improvementsin battery technology are needed to
raise the vehicle mileage and enhance the feasibility of electrification.

Some previous publications have observed the low mileage of
ETs** but have not successfully linked it to electrification cost or
decarbonization effects. The usage intensity analysis performedin this
study reveals that a one-to-one vehicle comparison between the TCO
and life-cycle CO, emissions of ETs and DTs is only representative of a
small subset of fleets (priority fleets), and fleet-level comparison with
usage intensity normalization is needed to quantify the effects for the
wide adoption of ETs in the real world.

Itis part of the global agenda to deploy zero-emission vehiclesin
the trucking sector’ . Principal markets such as the United States and
Europe have provided higher purchase incentives*** to improve the

cost competitiveness of ETs. For instance, the California Hybrid and
Zero-Emission Truck and Bus Voucher Incentive Project (HVIP)* could
cover more than 80% of the purchase price gap, whereas European
countries have offered maximum price gap incentives of between
30and 80% (ref.37). Recently, demonstration data of daily mileage and
battery status from ET fleets in California (18 vehicles in total)** became
available tounderstand their real-world usage profiles, cost effects and
decarbonization benefits (Supplementary Note 4). We noticed that the
purchase incentives from HVIP played an important role in reducing
the TCO of ETs in California®, with which electric delivery trucks and
semi-trailers (such as Tesla Semi trucks) can achieve cost parity with
diesel counterparts (Supplementary Fig. 18). However, similar to Chi-
nese ET fleets, the real-world performance of Class 6 ETs (categorized as
MD box trucks inthis study) in California also revealed underusage and
resultedin higher TCO values than the diesel counterparts. Remarkably,
TeslaSemis operating in California offered a great example of electri-
fying long-haul freight trucks. Equipped with large-capacity batteries
(approximately 850 kWh), an efficient aerodynamic design and access
tosuperchargers, TeslaSemis have achieved an average daily mileage
of 945 km (Supplementary Fig. 17) with a low electricity consump-
tion (125 kWh per 100 km; details in Supplementary Note 4)*, which
could be used in the one-on-one replacement of diesel semi-trailers
for long-haul transport. Currently, ETs used for long-haul operation
are scarce in China. Most policies and investments have focused on
encouraging and advancing infrastructure constructions, such as bat-
tery swapping or supercharging stations. The demonstration experi-
ence for Tesla Semis of PepsiCo in California®® and our scenario analysis
both highlight the importance of progress in battery technology and
improvements in energy efficiency for the successful electrification
oflong-haul freight.

Our analysis highlights the importance of leveraging big data to
inform decision-making during the electrification process. Most policy
or market decisions so far have been driven by aggregate general sta-
tistics such as the average, which in statistical terms is the first-order
moment of the involved distributions. With big data, we canlook into
eachsample of the distribution and gaina much more nuanced under-
standing of the situation. For example, the individual-level usage data
enable us to accurately identify the features of DT candidates that
are feasible for the early adoption of electrification; with detailed
large-scale trip chains, we can accurately evaluate the fleet-level elec-
trification effects after usage normalization, which are considerably
different from the vehicle-level comparison. Furthermore, big data
also shed light on future policy-making and strategic planning. Prior-
ity ratios under usage optimization and technological improvements
indicate the appropriate penetrationtargetsinboththe shortandlong
term for different truck categories. A sales target exceeding 30% will
be low-hanging fruit for most Chinese fleets apart from semi-trailers
before 2030, while it is promising to have ET sales of more than 80%
for all categories with a battery density increase (see Supplementary
Table 2) in the future. Such sales targets and associated incentives,
which have already been announced for electric passenger cars, have
notbeenreleased for China’s truck market. As electrification is one of
the mostimportantapproaches for the low-carbon energy transition,
the benefit of big data analysis is not confined to truck electrification:
big data has great potential to unlock insights and inform more effec-
tive policies and practices on other related topics, such as the ban on
internal combustion engine vehicles, heat pump installation for sus-
tainable buildings and renewable power plant operations. However,
the current scarcity of available data on cost and usage still poses
a challenge and points to the need for encouraging the increasing
availability of real-world data globally, similar to those provided by
the North American Council for Freight Efficiency®®. With granular
big data, decision makers can come to more informed and targeted
decisions that lead to improved efficiency, reduced costs and better
environmental outcomes.
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Methods
Data acquisition
Thereal-world monitoring profiles of 61,598 ETs (model year 2018-2021)
were obtained from the open laboratory of China’s National Big Data
Alliance of New Energy Vehicles. The samples of ETs were distributed
in seven provincial regions across China (Beijing, Guangdong, Hebei,
Jiangsu, Shanghai Sichuan and Zhejiang). The year-long data records
ranged from November 2020 to October 2021, and included 201 million
trips and 51 million charging events—Supplementary Table 4 provides
dataexamples of driving and charging events. We matched vehicle speci-
fications by vehiclemodeland categorized the ETs on the basis of the GVW
and use purpose. Supplementary Table 5 summarizes the number of ET
samples for eachfleet category,and weincluded only the categories with
morethanten vehiclesamples (nine categoriesin Fig.1a) in the analysis.
For DTs as the benchmark, we gathered the OBM data from more
than 55,000 DTs with the same range of model years (model year
2020-2021) from regulatory and manufacturer-operated platforms.
Both types of OBM platform followed the same data collection and
transmission requirements as in the China VI emission standard***°
but were pre-processed into different forms. The OBM data from the
governmental platforms were processed into daily information onthe
driving distance and fuel consumption, whereas the OBM data from the
manufacturer-operated platforms provided original high-frequency
(1Hzor0.1Hz) records of operating conditions and fuel consumption.
Supplementary Table 6 provides examples of OBM data from the gov-
ernmental and manufacturer-operated platforms. We combined the
two sources of DT datato analyse the usage pattern and fuel consump-
tion of DTs (see Supplementary Note 1). Inline with the categorization
of ETs, we grouped the DT samples on the basis of GVW and utility (see
Supplementary Table 5).

Calculation of real-world energy consumption and the usable
battery range

Supplementary Note 1 explains the calculation procedure from the
original records to the fleet-averaged results. For ETs, the trip-level
electricity consumption of each ET is calculated based on the change
in the SOC, the battery capacity and the driving distance for a single
trip (equation (1)), whichis further aggregated to the vehicle-level and
fleet-level electricity consumption results (equation (2)):

100 x BatteryCapacity, x Y1 "™ ASOC
ECery = TripNum, @
Ei:l L;
VehicleNUMEr feer,m
Ve FTee ECer i
ECerfleetm = e @)

VehicleNumer e m

where EC;, BatteryCapacity, and TripNum, denote the vehicle-average
electricity consumption (kWh per 100 km), battery capacity (kWh) and
total trip number of ET k, respectively, ASOC is the percentage change
inSOCforasingletripmadebyET k, and L;is the distance of trip i (km).
ECer feer,n and VehicleNumgy g  are the average electricity consump-
tion (kWh per 100 km) and the number of vehicles in electric fleet m,
respectively.

The UBRs of ETs by vehicle and by fleet are calculated using equa-
tions (3) and (4), respectively:

100 x p x BatteryCapacity,

UBRET,[( = ECET .

3

VehicleNUMgr feee,m

e UBRg1«
UBR _ L=l - 4
ET fleet,m VehicleNumETﬂeet,m w

where UBRgy, is the usable battery range (km) of ET k and p is the
maximum SOC change for a fully charged battery, which we use 90%

(theSOC from 95to 5%) in this research. UBRg; ..  iS the usable battery
range (km) of electric fleet m.

For diesel fleets, OBM data from the manufacturer-operated plat-
forms were used to calculate the real-world fuel consumption of the
vehicles (equation (5)) and fleets (equation (6)):

100 x Zirzkl FuelRatepy;

FCpryx = . 5)
21 UpT ki
VehicleNumpr fieer,m
k=1 P FCpr
FCDTﬂeet,m = (6)

VehicleNumpr e, m

where FCy;, FuelRatey;, ;, Upri;and T denote the vehicle-average fuel
consumption (I per 100 km), the instant fuel rate (1 h™), instant speed
(km h™) and total recorded time (s) of DT k, respectively. FCpr fee  and
VehicleNumyy .. are, respectively, the average fuel consumption
(I per 100 km) and the number of vehicles in diesel fleet m. Supple-
mentary Figure 4 shows the real-world fuel consumption values of the
different DT fleets.

Life-cycle CO, emissions calculation

Life-cycle CO, emissions are composed of WTW and vehicle-cycle
results. We used the Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation (GREET) model* with China-specific
inputs®®***to evaluate the life-cycle CO, emissions of each fleetin China
at the categorical level. Life-cycle CO, emissions of ETs and DTs were
evaluated as equations (7) and (8) separately:

1,000 x CO, vehicle-cycle,ET,,
ax VKT,

COsjife-cycle,ET,, = + COrwrwieT,, (7)

where CO; jge.cycte 1, denotes the life-cycle CO, emissions (g km™) of an
individual ET infleet m, CO,yehicie-cycle £1,, d€Notes the vehicle-cycle CO,
emissions (kg) of anindividual ET in fleet m, ais the lifespan of the ETs
(settotenyears), VKT, is the average yearly vehicle mileage (km y™) of
electricfleet mand CO,wrw er, is the WTW CO, emissions (g km™) of an
individual ET in fleet m.

For the DTs, we have:

1,000 x COZvehicle-cycle,DTm
ax VKT,

COsjife-cycle,nT,, = + COzwrw,pT,, (8)

where CO; ife.cycie pr,, IS the life-cycle CO, emissions (g km™) of an indi-
vidual DT infleetm, CO, enicie-cycie,pt,, 1S Vehicle-cycle CO, emissions (kg)
of an individual DT in fleet m, a is the lifespan of DTs (also set to ten
years), VKT, is the average yearly vehicle mileage (km y™) of diesel fleet
mand CO,yrw,pr,, is the WTW CO, emissions (g km™) of an individual
DTinfleet m.See Supplementary Table 7 and the Data availability state-
ment for detailed life-cycle CO, emission results.

Forthe ETs,the WTW CO, emissions were evaluated on the basis of
the GREET model* with China-specificinputs®. We used the fleet-average
electricity consumption (equation (9)) asinput for the evaluation:

ECET fleet,m X EFelectricity,COZ
100 xn

)

COrwrw eT,, =

where ECg; qeeen IS the electricity consumption (kWh per 100 km) of
fleet mand EFgjecyricity,co, 1S the CO, emission factor (g kWh™) of electric-
ity generation’. For the baseline, we used the national averaged gradi-
ent emission factor for the lifespan (2020-2030), that is, 481 g kWh™
(Supplementary Table 8).1]is the charging efficiency, 85%.

For thediesel fleets, the WTW CO, emissions were evaluated based
on fuel consumption results using equation (10):

CO2wrw,pT,, = 10 X FCprfieet,m X EFdiesel,co, (10)
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where FCpr peee  is the real-world fuel consumption (I per 100 km) of
fleet m and EF giesel,c0, IS the comprehensive CO, emission factor for
diesel, for which we used 3.15 kg I"" in this research. We considered a
15% fuel consumption reduction for diesel fleets in 2030, referring to
the fuel consumption limits for commercial vehiclesin China***, How-
ever, we did not consider the possible vehicle weight change in the
future and its corresponding influence in this research.

The vehicle cycle estimates the CO, emissions fromthe production
of vehicle materials (excluding batteries for ETs), battery production
for ETs, vehicle fluids and vehicle assembly****2, For each fleet, we
used the median kerb vehicle weight and battery weight to represent
the ET category (see Supplementary Table 7), on the basis of whichwe
attributed the material weights by ratio from representative vehicles
of different fleets. Vehicle-cycle CO, emissions were evaluated using
equation (11):

COZvehicIe-cycle,ﬂeetm = Z wi,m X COZmateriaI,- (ll)

where CO, yenicle-cycle fleet,, IS Vehicle-cycle CO, emissions (kg) of an indi-
vidual vehicle in fleet m, w, ,, is the weight (kg) of material i of the rep-
resentative vehicle in fleet m and CO; macerial, is the carbon intensity
(kgCO, kg™ for the production of material i (refs. 30,41,42), which is
provided in Data availability statement.

Total cost of ownership
The TCO analysis scoped in China and included five components: (1)
the purchase cost, whichincluded the vehicle purchase price, purchase
tax and subsidies; (2) the fuel cost; (3) insurance, tax and other fees,
such as road tolls, compulsory liability insurance for vehicle traffic
accidents and annual usage tax; (4) maintenance and repair costs; and
(5) theresidual value, whichis zero for alifespan longer than nine years
(ref.10). In Fig. 2b and Supplementary Fig. 6b, components (3)-(5)
were aggregated as ‘other cost’. Details of these components are given
in Supplementary Note 2. Notably, because of the high sensitivity of
truck purchase prices, we could get only the average price of the top
five/top ten models for each category, so currently the TCO model is
category-specific but not vehicle model-specific.

We evaluated the category-specific TCO of ETs using equation (12):

TCOindividual £T,,
(12)

1-(1-n?
PurCoster,, +(ChgCostyy, +ITFer,, +M&Rer,, )X -

axVKTer,

Resg,m

where PurCostgr, and ChgCosty;_are the fleet-averaged purchase cost
and charging cost (USD) of electric fleet m, respectively, which are
evaluated using Supplementary Equation (2) (see Supplementary Note
2) and equation (13), respectively; ITFgr, is a term that represents the
insurance, taxes, and fees (USD) of electric fleet m, calculated using
Supplementary Equation (4); M&Rgr, is the maintenance and repair
cost (USD) of electric fleet m, calculated using Supplementary Equation
(6); ais the vehicle lifespan, which is set to ten years in the baseline
scenario; Res, , is the average residual value (USD) after lifespan a,
evaluated using Supplementary Equation (8); r is the discount rate,
whichis 0.05; and VKT, is the average yearly mileage (km) of fleet m.

ChgCostgy
13)

VehicleNUMET et m

_za

ChgNumgy & R
Yon=1 Chgy o X(EPpgq g toc Hin XFservice o)

VehicleNumgr feeq,m

where VehicleNumgy g, is the total number of vehicles in ET fleet m;
ChgNumyg;, is the number of charging events of vehicle k in fleet m;
Chg; ,is the charging electricity volume (kWh) of vehicle kin charging
eventrn; EP, 5. o istheaverageelectricity price (USD kWh™) within
the charging hours from Ay ,, (start hour of charging event n) to A,
(end hour of charging event n) inregion loc (vehicle registration place);

I, ,is adummy variable used to identify fast charging events, which is
setto equal to1for fast chargingand O for slow charging; and Fy.rvice oc
isthe service fee (USD) of region loc.

The category-specific TCO of DTs was evaluated using
equation (14):

TCOindividual,DTm
(14)

1-0-n? _
r

PurCostpr,, +(FuelCostpr,, +1TFpr,, +M&Rpr,, )X Resg m

axVKTpr,

where PurCostpr, and FuelCostyy, are the fleet-averaged purchase cost
and fuel cost (USD) of diesel fleet m, respectively, which are evaluated
using Supplementary Equation (3) (see Supplementary Note 2) and
equation (15), respectively; ITFpr, isatermrepresenting theinsurance,
taxes and fees (USD) of diesel fleet m, calculated using Supplementary
Equation (5); M&Rpyr, is the maintenance and repair cost (USD) of diesel
fleet m, calculated using Supplementary Equation (7); ais the vehicle
lifespan, again set to ten years in the baseline scenario; Res, , is the
average residual value after lifespan a, and O is used for the baseline
scenario (a =10); ris the discount rate, also set to 0.05; and VKTpy, is
the average yearly mileage (km) of diesel fleet m.

=L x DieselPrice x VKTpr, x FCpr,, 15)

FuelCostpr, 100

where DieselPrice is the diesel market price (USD I'1) and FCpy ,, is the
average fuel consumption (L per 100 km) of diesel fleet m. In future
scenarios, al5%improvementinfuel economy is considered for diesel
fleets.

Priority group identification and relevant effects

We identified vehicles in the priority group according to their daily
mileages. We defined the priority group mileage when, at this daily
mileage, the ratio of ETswho had a higher average daily mileage (shaded
in darker green in Fig. 1b) is equivalent to the ratios of DTs who had
lower average daily mileage (shaded indarker red underthered curvein
Fig.1b)intherespective truck category. At the priority group mileage,
theratio of ETs who have a higher average daily mileage (or the ratios of
DTs who have lower average daily mileage) is the priority group ratio.
We calculated the priority group life-cycle CO, and TCO values using
equations (7)-(11) and (12)-(15), respectively, in the basis of energy
consumption values and vehicle mileages derived from vehicles in
the priority group.

Replacement rate simulation to match the fleet-level work
demand
We extracted detailed DT trip chains from the OBM data, which
included the trip mileage, average speed and parking time. For each
fleet, we assumed that ETs with a representative battery capacity (the
median of the capacities for current modelsin the category) drive the
same mileage at the same average speed for each trip chainas DT, and
are charged during the parking time via fast charging (60 kW),
During modelling of the replacement rate, we normalized the
payload (shown in Supplementary Fig. 14), mileage (as trip chains
from DTs) and truck operational speed (as average speed of DT for
each trip) of the ETs. We assumed that the ETs can be charged using
60 kW infrastructures at every parking period between two consecutive
trip chains. For a specific DT trip, we assumed that the ET must run at
the same speed as a DT, and estimated the corresponding electricity
consumption from the speed-electricity consumption relationship
derived from Supplementary Fig. 3b. Under the current usage scenario,
we assumed that ETs keep current battery usage patterns as shownin
Supplementary Table 9—for example, anelectric LD delivery truck can
use 41% of its SOC as amaximum for each trip. With the optimized usage
scenario, we assumed an average battery usage of 85% SOC for the ETs.
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We estimated the number of ETs needed on average to complete all of
the trip chains from one DT in one day, and derived the replacement
rate by multiplying this number by the payload ratio (derived from
Supplementary Fig. 14), as in equation (16):

Net,,

I, = (16)

x Pl
DT,

whererr,,isthe replacementrate of truck fleet m, Ner, isthe total num-
ber of ETs needed to complete all of the DT daily trip chains under the
current/optimized battery usage, Npr, is the total number of DTs pro-
viding the daily trip chains and Pl ,,isthe ratio of the average DT payload
versus the average ET payload for fleet m. Detailed replacement rate
results are shownin Supplementary Table 2b.

Then, the fleet-level TCO and life-cycle CO, of ETs after usage nor-
malization were estimated using equations (17) and (18), respectively:

TCOreetet,, = 1T X TCOindividual,ET,, 17)

where TCOgeeer,, is the fleet-level TCO (USD per km) of ETs after usage
normalization and TCOjgyiqualer, 1S the category-specific TCO
(USD per km) of individual ETs in fleet m.

1,000 x Cozvehicle-cycle,ET,,,

ax VKT, (8)

COZﬂeet,ETm =Iry X

+ COrwrwiET,,

where CO, et 1, i the fleet-level life-cycle CO, (g km™) of ET fleet m
after usage normalization and CO, yehicie-cycle £, iS the category-specific
vehicle-cycle CO, emissions (kg) of individual ETs in fleet m; a is the
lifespan of the ETs, set to ten years as earlier; VKT, is the average yearly
vehicle mileage (kmy™) of electric fleet m; and CO,wrwer,, is the
category-specific WTW CO, emissions (g km™) ofindividual ET in fleet
m.

If vehicle usage is increased, the simulated replacement rate will
decrease. We quantified the usage intensity increase via theratio of the
baseline (without optimization) replacement rate and the optimized
replacement rate using equation (19):

T baseline

Usagelncg; = 19)

l'rm,opt

where Usagelnc isthe fleet-levelusageincrease rate of ET fleetm, and
ITpaseline ANA IT 4, o r€, respectively, the replacement rates at the base-
line scenario (with current usage) and the optimized usage scenario.
We then used the usage increase rate to adjust the VKT, (annual mile-
age) and ChgCost;; (charging cost), re-evaluating the life-cycle CO,
emissions (using equation (7)) and TCO values (using equations (12)
and (13)) of individual ETs under the optimized usage.

Future scenario design

We designed several future scenarios, as shown in Fig. 4 and Supple-
mentary Fig. 9. All future scenarios are based on the optimized usage
of ETs (that is, an average battery use of 85% SOC), and include a 15%
fuel consumption reduction for DTs, as required by the commercial
vehicle fuel consumption standard in China*. The future scenarios
arelisted as follows:

Current optimized scenario + fast charging (60 kW). The current
scenario in which ETs use 60 kW fast charging®.

BSincrease+ fastcharging (60 kW).A50%increase inbattery capac-
ity (with unchanged battery energy density and unit cost) and ETs use
60 kW fast charging.

EDincrease+fast charging (60 kW). The average pack-level energy
density of batteriesis increased to 220 Wh kg™, and battery weights are
kept the same with current ET models. At the same time, the battery
pack cost is reduced from US$0.16 to 0.085 per watt-hour. ETs use
60 kW fast charging.

ECreduction+ fastcharging (60 kW). The electricity consumption
of ETs is decreased by 25% compared with the current fleet-averaged
electricity consumption”***, ETs use 60 kW fast charging.

CE + fast charging (60 kW). Sustainable electricity deployed in
2030-2040 (see Supplementary Table 7 for CO, intensity of electricity
generation). ETs use 60 kW fast charging.

CE + ED increase + fast charging (60 kW). The pack-level energy
density of batteries is increased to 220 Wh kg™ (with an unchanged
battery weight). The battery pack cost is reduced from US$0.16 to
0.085 per watt-hour. Sustainable electricity deployed in 2030-2040,
and ETs use 60 kW fast charging.

CE+ED increase+ batteryswapping. The pack-level energy density
of batteries is increased to 220 Wh kg™ (with an unchanged battery
weight). The battery pack cost is reduced from US$0.16 to 0.085 per
watt-hour. Sustainable electricity deployed in 2030-2040 with battery
swapping for ETs.

CE+EDincrease + supercharging (350 kW). The pack-level energy
density of batteries is increased to 220 Wh kg™ (with an unchanged
battery weight). The battery pack cost reduced from US$0.16 to 0.085
per watt-hour. Sustainable electricity deployed in 2030-2040, and ETs
use 350 kW Level 3 charging.

CE+BS increase + ED increase + EC reduction + battery swapping.
The pack-level energy density of batteries is increased to 220 Wh kg™
(withanunchangedbattery weight) and witha50% increase inbattery
capacity. The battery pack cost is reduced from US$0.16 to 0.085 per
watt-hour. Electricity consumption of the ETs is decreased by 25% com-
pared with the current fleet-averaged electricity consumption. Sustain-
ableelectricity deployedin 2030-2040, with battery swapping for ETs.

Calculation of fleet-level electrification effects with battery
swapping

To evaluate the number of additional swapped batteries, we calculated
the daily energy demand using equation (20):

0.2778

100 20

EnergyDemandyy; ,, = X Qiesel X EDT,M X Lptm

where EnergyDemand,,; , is the average daily energy demand (kWh) of
diesel fleet m, Qqe.e is the calorific value of diesel, which is 35.7 MJ 17,
FCpr. is the same as defined in equation (15) and Lpy , is the average
daily mileage (km) of diesel fleet m. The number of additional batteries
needed for swapping (Np,eery,») is then calculated using equation (21):

EnergyDemand,y; .,

Nbattery,m = maX( X le -1, O) 1)

BatteryCapacitygr , X Popt

where BatteryCapacitygr ,, is the average battery capacity (kWh) of ET
fleet mand p,,, is the optimized battery usage ratio (at 85%)—see Sup-
plementary Table 3 for detailed results of the number of additional
batteries needed under the optimized usage scenarios.

Thenfleet-level TCO and life-cycle CO, of ETs after usage normali-
zation with battery swapping were estimated using equations (22) and
(23), respectively:

TCOﬂeet,ETm,bw = TCOindividuaI,ET,,, + Nbattery,m X Tcobatterym (22)

where TCOgeecer,, pw iS the fleet-level TCO (USD per km) of ET fleet m
after usage normalization with battery swapping and TCOpaery,,
is the category-specific TCO (USD per km) of one additional battery
forfleetm.

COZﬂeet,ET,,,,bw = Nbattery,m X COZ battery,, + COZ]ife-cycle,ET”1 (23)

where CO,peecer,, ow IS the fleet-level life-cycle CO, (g km™) of fleet m
after usage normalization with battery swapping, CO;pattery,, i the

Nature Energy


http://www.nature.com/natureenergy

Analysis

https://doi.org/10.1038/s41560-024-01602-x

category-specific vehicle-cycle CO, emissions (g km™) of one additional
battery for fleet m and COyjifeycicfr,, 1S the category-specific life-
cycle CO, emissions (g km™) of individual ETs in fleet m.

Calculation of cost/CO, break-even replacement rate
The costand CO, break-even replacement rate are estimated as equa-
tions (24) and (25) separately:

TCOpr,

TCOm, @4

ITTcObreakeven =

where rricopreakevenis the replacement rate at which ETs canreacha TCO
balance with their diesel counterparts, and TCOpr, and TCOgr, are the
category-specific TCO values (g km™) of diesel and electric vehiclesin
fleet m, respectively.

r _ COZWTW,DT”, - COZWTW,ET,,,
€O, breakeven = 7 600%CO,venicte cycle.£Tm _ L00OXCO, ehicie-cycle,0T
axVKTgr,, axVKTpr,

(25)

where rrco, preakeven i the replacement rate at which ETs canreach a
life-cycle CO, balance with their diesel counterparts, CO,ymw pr, and
CO,wrw e, are the category-specific WTW CO, emissions (g km™) of
individual vehicles in diesel and electric fleet m, respectively, and
COZv<=.hicle-cycle,ET,77 and COZvehicIe-cycIe,DT,,, are the Category'speCiﬁc
vehicle-cycle CO, emissions (kg) of individual vehicles in diesel fleet
and electric fleet m, respectively.

Data availability

Material CO, emission factors in China, life-cycle CO, emission data
and TCO results are available via Figshare at https://doi.org/10.6084/
m9.figshare.24421210 (ref. 46). More specific datasets or materials are
available from S.Z. or Y.W. upon reasonable request. Source data are
provided with this paper.

Code availability
The codes that support the findings of this study are available from the
corresponding authors upon reasonable request.

References

1. Global Energy-Related CO, Emissions by Sector (International
Energy Agency, 2020); https://www.iea.org/data-and-
statistics/charts/global-energy-related-co2-emissions-
by-sector

2. Basma, H. & Rodriguez, F. Race to Zero: How Manufacturers are
Positioned for Zero-Emission Commercial Trucks and Buses in
Europe (International Council on Clean Transportation (ICCT),
2021); https://theicct.org/publication/race-to-zero-ze-hdv-
eu-dec21/

3. Advanced Clean Fleets Regulation Summary (California Air
Resources Board, 2023); https://ww2.arb.ca.gov/resources/fact-
sheets/advanced-clean-fleets-regulation-overview

4.  Memorandum of Understanding on Zero-Emission Medium- and
Heavy-Duty Vehicles (Transport Decarbonisation Alliance, 2023);
https://globaldrivetozero.org/site/wp-content/uploads/2023/08/
Global-MOU-Signatories-2023.pdf

5. Proposal for a Regulation of the European Parliament and of
the Council amending Regulation (EU) 2019/1242 as regards
strengthening the CO, emission performance standards for new
heavy-duty vehicles and integrating reporting obligations, and
repealing Regulation (EU) 2018/956 Document 52023PC0088
(European Commission, 2023); https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A52023PC0088

6. Energy-Saving and New Energy Vehicle Technology Roadmap 2.0
(China Society of Automotive Engineers, 2021)

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Global EV Data Explorer (International Energy Agency, 2023);
https://www.iea.org/data-and-statistics/data-tools/global-ev-
data-explorer

Wappelhorst, S. & Rodriguez, F. Global overview of government
targets for phasing out internal combustion engine medium and
heavy trucks. ICCT Blog https://theicct.org/global-overview-
of-government-targets-for-phasing-out-internal-combustion-
engine-medium-and-heavy-trucks/ (2021)

Nykvist, B. & Olsson, O. The feasibility of heavy battery electric
trucks. Joule 5, 901-913 (2021).

Mao, S., Basma, H., Ragon, P.-L., Zhou, Y. & Rodriguez, F. Total Cost
of Ownership for Heavy Trucks in China Battery Electric Fuel Cell
and Diesel Trucks White Paper (ICCT, 2021); https://theicct.org/
publication/total-cost-of-ownership-for-heavy-trucks-in-china-
battery-electric-fuel-cell-and-diesel-trucks/

Forrest, K., Mac Kinnon, M., Tarroja, B. & Samuelsen, S. Estimating
the technical feasibility of fuel cell and battery electric vehicles
for the medium and heavy duty sectors in California. Appl. Energy
276, 115439 (2020).

Liimatainen, H., Van Vliet, O. & Aplyn, D. The potential of electric
trucks - an international commodity-level analysis. Appl. Energy
236, 804-814 (2019).

Hao, H. et al. Impact of transport electrification on critical

metal sustainability with a focus on the heavy-duty segment.
Nat. Commun. 10, 5398 (2019).

Borlaug, B. et al. Heavy-duty truck electrification and the impacts
of depot charging on electricity distribution systems. Nat. Energy
6, 673-682 (2021).

McCall, M. & Phadke, A. A. California Semi Truck Electrification:
Preliminary Assessment of Infrastructure Needs and Cost-Benefit
Analysis (Lawrence Berkeley National Laboratory, 2019)

Lanz, L., Noll, B., Schmidt, T. S. & Steffen, B. Comparing the
levelized cost of electric vehicle charging options in Europe.
Nat. Commun. 13, 5277 (2022).

Wang, K., Zavaleta, V. G., Li, Y., Sarathy, S. M. & Abdul-Manan, A. F.
N. Life-cycle CO, mitigation of China’s class-8 heavy-duty

trucks requires hybrid strategies. One Earth 5, 709-723

(2022).

Wang, Q., Miller, M. & Fulton, L. Technology and Fuel Transition:
Pathways to Low Greenhouse Gas Futures for Cars and Trucks in
the United States (Univ. California, Davis, 2023)

Sacchi, R., Bauer, C. & Cox, B. L. Does size matter? The influence
of size, load factor, range autonomy, and application type on

the life-cycle assessment of current and future medium- and
heavy-duty vehicles. Environ. Sci. Technol. 55, 5224-5235
(2021).

Liang, X. et al. Air quality and health benefits from fleet
electrification in China. Nat. Sustain. 2, 962-971(2019).

Wang, G., Fulton, L. & Miller, M. The Current and Future
Performance and Costs of Battery Electric Trucks: Review of Key
Studies and A Detailed Comparison of Their Cost Modeling Scope
and Coverage (Univ. California, Davis, 2022); https://doi.
org/10.7922/G2D50K9T

Burke, A., Miller, M., Sinha, A. & Fulton, L. Evaluation of the
Economics of Battery-Electric and Fuel Cell Trucks and Buses:
Methods, Issues, and Results (Univ. California, Davis, 2022);
https://escholarship.org/uc/item/1g89p8dn

Kurani, K. S., Miller, M., Sugihara, C., Stepnitz, E.-A. & Nesbitt, K.
A. Determinants of Medium- and Heavy-Duty Truck Fleet Turnover
(Univ. California, Davis, 2023); https://escholarship.org/uc/
item/20n8n4mb

Hunter, C. et al. Spatial and Temporal Analysis of the Total Cost of
Ownership for Class 8 Tractors and Class 4 Parcel Delivery Trucks
(National Renewable Energy Laboratory, 2021); https://www.nrel.
gov/docs/fy21osti/71796.pdf

Nature Energy


http://www.nature.com/natureenergy
https://doi.org/10.6084/m9.figshare.24421210
https://doi.org/10.6084/m9.figshare.24421210
https://www.iea.org/data-and-statistics/charts/global-energy-related-co2-emissions-by-sector
https://www.iea.org/data-and-statistics/charts/global-energy-related-co2-emissions-by-sector
https://www.iea.org/data-and-statistics/charts/global-energy-related-co2-emissions-by-sector
https://theicct.org/publication/race-to-zero-ze-hdv-eu-dec21/
https://theicct.org/publication/race-to-zero-ze-hdv-eu-dec21/
https://ww2.arb.ca.gov/resources/fact-sheets/advanced-clean-fleets-regulation-overview
https://ww2.arb.ca.gov/resources/fact-sheets/advanced-clean-fleets-regulation-overview
https://globaldrivetozero.org/site/wp-content/uploads/2023/08/Global-MOU-Signatories-2023.pdf
https://globaldrivetozero.org/site/wp-content/uploads/2023/08/Global-MOU-Signatories-2023.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023PC0088
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52023PC0088
https://www.iea.org/data-and-statistics/data-tools/global-ev-data-explorer
https://www.iea.org/data-and-statistics/data-tools/global-ev-data-explorer
https://theicct.org/global-overview-of-government-targets-for-phasing-out-internal-combustion-engine-medium-and-heavy-trucks/
https://theicct.org/global-overview-of-government-targets-for-phasing-out-internal-combustion-engine-medium-and-heavy-trucks/
https://theicct.org/global-overview-of-government-targets-for-phasing-out-internal-combustion-engine-medium-and-heavy-trucks/
https://theicct.org/publication/total-cost-of-ownership-for-heavy-trucks-in-china-battery-electric-fuel-cell-and-diesel-trucks/
https://theicct.org/publication/total-cost-of-ownership-for-heavy-trucks-in-china-battery-electric-fuel-cell-and-diesel-trucks/
https://theicct.org/publication/total-cost-of-ownership-for-heavy-trucks-in-china-battery-electric-fuel-cell-and-diesel-trucks/
https://doi.org/10.7922/G2D50K9T
https://doi.org/10.7922/G2D50K9T
https://escholarship.org/uc/item/1g89p8dn
https://escholarship.org/uc/item/20n8n4mb
https://escholarship.org/uc/item/20n8n4mb
https://www.nrel.gov/docs/fy21osti/71796.pdf
https://www.nrel.gov/docs/fy21osti/71796.pdf

Analysis

https://doi.org/10.1038/s41560-024-01602-x

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

4.

42.

Burnham, A. et al. Comprehensive Total Cost of Ownership
Quantification for Vehicles with Different Size Classes

and Powertrains (Argonne National Laboratory, 2021);
https://publications.anl.gov/anlpubs/2021/05/167399.pdf

Mao, S. & Rodriguez, F. Race to Zero: How Manufacturers are
Positioned for Zero-Emission Commercial Trucks and Buses in
China (ICCT, 2021); https://theicct.org/publication/race-to-
zero-how-manufacturers-are-positioned-for-zero-emission-
commercial-trucks-and-buses-in-china/

MacDonnell, O. et al. Zero-Emission Truck and Bus Market Update
(CALSTART, 2022); https://globaldrivetozero.org/site/wp-content/
uploads/2022/10/ZE_TruckBus_update.pdf

Mao, S., Zhang, Y., Rodriguez, F., Wang, S. & Hao, C. Real-World
Performance of Battery Electric Heavy-Duty Vehicles in China:
Energy Consumption, Range, and Charging Patterns (ICCT, 2023);
https://theicct.org/publication/hdv-china-real-world-
performance-apr23/

Cui, H., Xie, Y. & Niu, T. China is propelling its electric truck market
by embracing battery swapping. ICCT Blog https://theicct.org/
china-is-propelling-its-electric-truck-market-aug23/

(2023)

Wang, F. et al. Multisectoral drivers of decarbonizing

battery electric vehicles in China. PNAS Nexus 2, pgad123
(2023).

Herberz, M., Hahnel, U. J. J. & Brosch, T. Counteracting electric
vehicle range concern with a scalable behavioural intervention.
Nat. Energy 7, 503-510 (2022).

Wei, W., Ramakrishnan, S., Needell, Z. A. & Trancik, J. E. Personal
vehicle electrification and charging solutions for high-energy
days. Nat. Energy 6, 105-114 (2021).

Wang, Z. Annual Report on the Big Data of New Energy Vehicle in
China (2021) (Springer, 2023)

Yin, Q., Shuhan, S. & McLane, R. The Actual Performance of
Zero-Emission Trucks in the United States and Europe and its
Implications for China (in Chinese) (CALSTART, 2022);
https://globaldrivetozero.org/site/wp-content/uploads/2022/05/
EFC-Task-2_CH.pdf

Nykvist, B., Sprei, F. & Nilsson, M. Assessing the progress toward
lower priced long range battery electric vehicles. Energy Policy
124, 144-155 (2019).

Total cost of ownership estimator. California Hybrid and
Zero-Emission Truck and Bus Voucher Incentive Project (HVIP)
https://californiahvip.org/tco/ (2023)

How to Buy an Electric Truck: Public Funding Helps Hauliers to
Deliver on Zero Emission Road Freight (Transport & Environment,
2022); https://www.transportenvironment.org/articles/how-to-
buy-an-electric-truck

Run on Less - Electric Depot program (North American Council for
Freight Efficiency, 2023); https://runonless.com/

Limits and Measurement Methods for Emissions from Diesel
Fuelled Heavy-Duty Vehicles (China VI) (Ministry of Ecology and
Environment of the People’s Republic of China, 2018)

Zhang, S. et al. On-board monitoring (OBM) for heavy-duty
vehicle emissions in China: regulations, early-stage evaluation
and policy recommendations. Sci. Total Environ. 731, 139045
(2020).

Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) Model (Argonne National Laboratory,
2023); https://greet.es.anl.gov

He, X. et al. Economic and climate benefits of electric vehicles in
China, the United States, and Germany. Environ. Sci. Technol. 53,
11013-11022 (2019).

43. Fuel Consumption Limits for Heavy-Duty Commercial Vehicles
(draft for comment) (Ministry of Industry and Information
Technology of the People’s Republic of China, 2022)

44. Ledna, C., et al. Decarbonizing Medium- & Heavy-Duty On-Road
Vehicles: Zero-Emission Vehicles Cost Analysis (National
Renewable Energy Laboratory, 2022); https://www.nrel.gov/docs/
fy220sti/82081.pdf

45. Hall, D. & Lutsey, N. Estimating the Infrastructure Needs and Costs
for the Launch of Zero-Emission Trucks White Paper (ICCT, 2019);
https://theicct.org/publication/estimating-the-infrastructure-
needs-and-costs-for-the-launch-of-zero-emission-trucks/

46. Zhao, P. et al. Challenges and opportunities in truck electrification
unveiled by big operational data. Figshare https://doi.
org/10.6084/m9.figshare.24421210 (2024)

Acknowledgements

We are grateful to the National Key Research and Development
Program of China (Grant No. 2022YFC3703600, Y.W.), the National
Natural Science Foundation of China (52170111, S.Z.) and Energy
Foundation China (Grant No. G-2310-35151, S.Z.). We thank M. Wang
from Argonne National Laboratory for useful discussion. We thank A.
Wang and all members from MIT Senseable City Lab for their generous
help. We thank the North American Council for Freight Efficiency
(NACFE) for the data and visualized results for the Run on Less -
Electric Depot program.

Author contributions

PZ.,S.Z.,PS., CR., ZW. and Y.W. designed the research; D.C., P.L., Z.Z.,
J.L. and ZW. prepared and pre-processed the data; P.Z., S.Z. and P.S.
developed the assessment methods and performed the research; P.Z.,
S.Z.,P.S.and YW. analysed the data; P.S., FW., C.R. and Y.W. provided
valuable discussions and edited the manuscript; P.Z., S.Z., P.S., C.R.
and Y.W. wrote and revised the paper.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41560-024-01602-x.

Correspondence and requests for materials should be addressed to
Shaojun Zhang, Zhenpo Wang or Ye Wu.

Peer review information Nature Energy thanks Kelly Fleming, Felipe
Rodriguez and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2024

Nature Energy


http://www.nature.com/natureenergy
https://publications.anl.gov/anlpubs/2021/05/167399.pdf
https://theicct.org/publication/race-to-zero-how-manufacturers-are-positioned-for-zero-emission-commercial-trucks-and-buses-in-china/
https://theicct.org/publication/race-to-zero-how-manufacturers-are-positioned-for-zero-emission-commercial-trucks-and-buses-in-china/
https://theicct.org/publication/race-to-zero-how-manufacturers-are-positioned-for-zero-emission-commercial-trucks-and-buses-in-china/
https://globaldrivetozero.org/site/wp-content/uploads/2022/10/ZE_TruckBus_update.pdf
https://globaldrivetozero.org/site/wp-content/uploads/2022/10/ZE_TruckBus_update.pdf
https://theicct.org/publication/hdv-china-real-world-performance-apr23/
https://theicct.org/publication/hdv-china-real-world-performance-apr23/
https://theicct.org/china-is-propelling-its-electric-truck-market-aug23/
https://theicct.org/china-is-propelling-its-electric-truck-market-aug23/
https://globaldrivetozero.org/site/wp-content/uploads/2022/05/EFC-Task-2_CH.pdf
https://globaldrivetozero.org/site/wp-content/uploads/2022/05/EFC-Task-2_CH.pdf
https://californiahvip.org/tco/
https://www.transportenvironment.org/articles/how-to-buy-an-electric-truck
https://www.transportenvironment.org/articles/how-to-buy-an-electric-truck
https://runonless.com/
https://greet.es.anl.gov
https://www.nrel.gov/docs/fy22osti/82081.pdf
https://www.nrel.gov/docs/fy22osti/82081.pdf
https://theicct.org/publication/estimating-the-infrastructure-needs-and-costs-for-the-launch-of-zero-emission-trucks/
https://theicct.org/publication/estimating-the-infrastructure-needs-and-costs-for-the-launch-of-zero-emission-trucks/
https://doi.org/10.6084/m9.figshare.24421210
https://doi.org/10.6084/m9.figshare.24421210
https://doi.org/10.1038/s41560-024-01602-x
http://www.nature.com/reprints

	Challenges and opportunities in truck electrification revealed by big operational data

	Difference in usage patterns of electric and diesel trucks

	Emission and cost comparisons between individual electric and diesel trucks

	Enhancing fleet electrification effect by optimizing usage

	Improving truck fleet electrification benefits in the future

	Discussion

	Methods

	Data acquisition

	Calculation of real-world energy consumption and the usable battery range

	Life-cycle CO2 emissions calculation

	Total cost of ownership

	Priority group identification and relevant effects

	Replacement rate simulation to match the fleet-level work demand

	Future scenario design

	Calculation of fleet-level electrification effects with battery swapping

	Calculation of cost/CO2 break-even replacement rate


	Acknowledgements

	Fig. 1 Vehicle stock and usage patterns of ET fleets.
	Fig. 2 Life-cycle CO2 emissions and TCO of individual ETs and DTs.
	Fig. 3 Replacement rates after fleet usage normalization.
	Fig. 4 Future electrification effects under different scenarios for ETs.




