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Abstract

This study presents a regionally and seasonally resolved life cycle
assessment (LCA) comparing battery electric vehicles (BEVs) and gasoline
vehicles (GVs) in China, integrating the influence of regional power grid
composition and cold-climate effects. Using the ReCiPe 2016 endpoint and
IPCC 2021 GWP100 methods implemented in SimaPro with Ecoinvent 3.9.1
data, the analysis quantifies annual and seasonal use-phase emissions across
six regional grids. Results show that BEVs emit 25.3% fewer greenhouse
gases annually than GVs but cause 2.6 times higher land transformation
impacts due to coal-intensive electricity. In Heilongjiang Province, sub-zero
conditions reduce BEV charging efficiency to 59% in winter, raising seasonal
emissions by up to 70% and lowering the overall GHG advantage to 14.2%.
Sensitivity analysis indicates that increasing clean energy penetration
reduces human health damage by 15% (DALYs) and resource depletion costs
by 91%. The proposed framework uniquely incorporates temperature-
dependent performance and regional energy heterogeneity, enabling a more
realistic assessment of BEV sustainability under fossil-based and cold-climate
conditions. Overall, the findings demonstrate that BEVs consistently
outperform GVs in fossil and biogenic emissions but are constrained by land
transformation impacts and grid carbon intensity. Achieving genuine zero-
emission transport requires coupling BEV promotion with renewable energy
expansion and battery efficiency improvements for low-temperature regions.

Key words: Electric vehicles, Life cycle assessment, Environmental
impact, Regional energy mix, Cold climate

1.0 Introduction

Transportation is a major contributor to global greenhouse gas (GHG)
emissions, and previous research has highlighted its central role in
environmental degradation !. In response, the electric vehicle (EV) industry
has gained strong global momentum, driven by decarbonization and
sustainable mobility policies. China—the world’s largest EV market—plays a
particularly pivotal role in this transition 2. The government’s targets to
phase out internal-combustion vehicles by 2035 and to achieve carbon
neutrality by 2060 mark key milestones toward sustainable energy use 3.
However, given China’s vast territory, uneven resource endowment, and
regional disparities in energy structure and climate, ensuring the
sustainability of EV promotion across diverse provinces remains a significant
challenge. The 2030 strategic directives thus emphasize integrating
infrastructure, regulation, and local governance to align EV adoption with
regional energy and environmental conditions.

To ensure that electrification contributes effectively to carbon



neutrality, EV deployment must be accompanied by green and circular
practices. Proactive artificial intelligence (AI) policies have been
identified as instrumental in improving economic sustainability,
underscoring the positive role of well-targeted government interventions®.
Moreover, Wang further recommends that governments account for
levels of urbanization and sustainable development when formulating Al-
based sustainability strategies.®. Since sustainability trade-offs are highly
context-dependent, they require nuanced, region-specific policy
approaches—particularly amid rising global protectionismb. Evaluating
the real sustainability outcomes of such strategies requires quantitative
and systematic tools, among which life cycle assessment (LCA) is
particularly valuable.

These evolving policy instruments share a methodological foundation
with LCA, which offers a data-driven and evidence-based framework to
evaluate the environmental performance of technologies across their
entire life span. LCA quantifies environmental impacts from raw material
extraction to end-of-life disposal 7. and it is widely used to compare the
sustainability of products, processes, and technologies®’ 9. In this context,
LCA provides an ideal approach for assessing tlie net environmental
benefits of EVs, enabling quantitative insight into how policy, technology,
and regional energy systems interact to shape sustainability outcomes.

While prior research has exainined issues such as EV subsidies,
charging costs, infrastructure, and battery recycling, relatively few
studies have focused on the use phase, which is the most critical stage for
understanding real-world environmental, social, and economic
performancel®. Recent LCAs often generalize results using national
averages, overlooking regional heterogeneity in power generation and
climate—two factors that fundamentally determine environmental
outcomes. The use-phase impacts of electricity generation remain
particularly underexplored. Although EVs produce negligible tailpipe
emissions, large-scale adoption increases electricity demand, which—
depending on the power grid’s fuel mix—may lead to substantial non-
renewable energy consumption 1. Consequently, the environmental
benefits of EVs vary with grid composition !!. Consequently, the
environmental benefits of EVs vary with grid composition!?. and overall
sustainability depends on the cleanliness of electricity supply. Even when
alternative fuels are less carbon-intensive on an energy-equivalent basis,
low-efficiency compressed-natural-gas vehicles and heavy BEVs may still
exhibit higher well-to-wheel GHG emissions than gasoline vehicles!3.
Thus, BEV promotion must proceed in parallel with the reduction of coal-
fired power generation and continual improvement of regional electricity
systems 14



Existing LCA studies show that the use stage of EVs accounts for
approximately 85.3 % of their total environmental impact, primarily due
to electricity consumption 15. But they not consider temperature and
energy component. In China’s energy context, EV operation still involves
substantial emissions of CO: and acidifying gases!6. Although EVs
significantly reduce GHG emissions, they may lead to greater human
health and acidification impacts 7. Conversely, when powered by
renewable energy, EVs achieve markedly lower life-cycle emissions !8.
The environmental burden is also affected by battery manufacturing;
therefore, attention to the energy intensity of battery systems is essential
for accurate LCAs and life cycle cost (LCC) analyses. Lombardi et al.
(2017) highlight that efficient battery production and recycling can
substantially reduce these effects 19. Most studies focus on subsidies,
charging infrastructure, or battery systems, while fewer address the
operational phase—the dominant contributor to life-cycle impacts.

Local climate further influences EV performance. Temperature
affects battery efficiency and driving range, thereby altering
environmental benefits?0. Ambient conditions can shape not only
operational efficiency but also market acceptance 2122, Recent studies
have further emphasized that the sustainability of BEVs is highly
dependent on regional energy structures and climatic variations23.24,
However, few have integrated these parameters into a unified life cycle
framework—especially in coal-dominated and cold-climate regions where
electricity is carbon-intensive and battery efficiency drops sharply. These
conditions are particularly pronounced in northern China, making it
essential to evaluate EV performance in such contexts.

Heilongjiang Province in Northeast China represents a compelling
case. As part of the Northeast Power Grid, it relies heavily on coal-based
generation and experiences long, harsh winters. Based on regional
meteorological data??, the winter (December-February) average
temperature is -16.3 °C. These factors amplify electricity-related
emissions and degrade battery efficiency, potentially diminishing BEV
advantages. Understanding the environmental performance of BEVs
under these constraints is thus critical for both regional energy planning
and national decarbonization policy.

The objectives of this study are threefold: (1) to quantify the
environmental impacts of battery electric vehicles (BEVs) and gasoline
vehicles (GVs) during the use phase in Heilongjiang Province, explicitly
considering regional electricity generation and seasonal temperature



variations; (2) to identify the conditions under which BEVs deliver
significant environmental advantages over GVs in coal-based and cold
regions; and (3) to propose strategies to enhance BEV sustainability
through cleaner energy integration and technological adaptation. The
hypotheses of this study are as follows: H1—Regional grid composition
and seasonal charging efficiency are the dominant factors shaping BEV
sustainability performance; H2—Grid decarbonization and winter-specific
efficiency improvements can significantly enhance BEV environmental
benefits.

This study advances existing grid-based LCAs by developing a
regionally resolved framework that incorporates province-specific power
grid data to capture the emission characteristics of the Northeast China
Grid. It further integrates temperature-dependent charging efficiency and
seasonal variation into the use-phase modelling to reflect real-world
performance under cold climates. A dual-method assessment—combining
the IPCC GWP100 (V1.02) for midpoint analysis with ReCiPe 2016 (H/A)
for endpoint evaluation—provides a multi-level understanding of
environmental impacts. Additionally, uncertainty and sensitivity analyses
were conducted to test model robustness and identify the most influential
parameters. Collectively, these methodological refinements yield a
comprehensive and policy-relevant understanding of BEV sustainability in
fossil-intensive regions, offering transferable insights for other areas with
similar climatic and energy conditions.

2.0 Methodology

LCA is one of the most effective approaches for evaluating the resource
use and environmental impacts of products across their entire life cycle.
A standardized framework has been developed by ISO 14040 26, which
includes four phases: goal and scope definition, inventory analysis,
impact assessment, and interpretation, show as Figure 1. Flow diagram
of the LCA framework.

The present study focuses on the use phase of vehicles, which is
particularly relevant in regions where power grid structures and climatic
conditions exert significant influence on environmental outcomes. The
BYD Dolphin and the Volkswagen Lavida were selected as representative
models due to their market prevalence and comparable pricing, allowing
differences in performance to be attributed primarily to the type of fuel
used.
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Figure 1. Flow diagram of the LCA framework

2.1 Goal and scope

The goal of this study is to evaluate the environmental sustainability
of BEVs compared with GVs in Heilongjiang Province, China. The analysis
focuses on the use phase and quantifies how regional electricity mixes
and seasonal temperature variations affect comparative results. A
scenario-based LCA was conducted in accordance with ISO 14040/44
standards.

Gasoline consumption in China is projected to peak around 2025,
whereas diesel consumption has largely stabilized. BEVs, which produce
zero tailpipe GHG emissions, have become the dominant choice among
new energy vehicles. By 2040, it is expected that all private vehicles in
China will transition to hybrid electric vehicles (HEVs) and BEVs, with
internal combustion engine vehicles becoming the alternative. By 2050,
BEVs are projected to constitute approximately 85% of China’s total
vehicle fleet 27.This optimistic outlook is driven by rapid EV market
growth and government initiatives to phase out traditional fuel vehicles.
China’s EV market is already dominated by BEVs in both private and
public sectors 28. reinforcing the relevance of comparing BEVs and GVs in
this study.

This study was carried out in Heilongjiang Province, which is part of



the Northeast China Grid. Regional energy structures significantly affect
EV sustainability assessments, yet most LCAs rely on average national or
developed-region data, which can obscure local differences 1. China has
six major regional power grids 29. The Northeast, Northwest, and
Southwest grids act as sending ends, while North China, East China, and
Central China are receiving ends 30, Regional grids of China and the
study area (Heilongjiang) shows in Figure 2. The Northeast Grid relies
heavily on coal-fired power, leading to high fuel consumption and carbon
emissions 31. EV adoption is particularly low in this region, with
Heilongjiang ranking last nationwide in sales volume 32. Figure 3
illustrates China’s EV sales volume in 2022
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Figure 2. Regional grids of China and the study area (Heilongjiang)
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Figure 3. Electric Vehicle Sales Volume in China in 2022 (in 10
thousand)
(Source: New Car Compulsory Traffic Insurance Data)

According to 33, the Northeast Grid covers Liaoning, Jilin, and
Heilongjiang Provinces. This study focuses solely on Heilongjiang, which
comprises 13 major cities: Da Hinggan Ling, Heihe, Qiqgihar, Daqing,
Suihua, Yichun, Harbin, Hegang, Jiamusi, Shuangyashan, Qitaihe, Jixi,
and Mudanjiang.

Most studies exclude the battery use phase due to the variability of
usage conditions and the complexity of technical indicators such as
performance and lifespan. However, as this phase constitutes a
substantial portion of the vehicle life cycle and is a major source of
carbon emissions, it should not be overlooked 34. During use, lithium
battery energy consumption arises mainly from two aspects: additional
energy required to carry battery weight and power losses due to less-
than-perfect charging and discharging efficiency 35. According to Burke
and Miller (2011), the maximum usable power density of lithium-ion
batteries may exceed that corresponding to 95% efficiency, while optimal
efficiency is 100% 36.The average temperatures in Heilongjiang Province,
—16.3°C during the winter months (December-February), 6.0°C in spring
(March-May), 20.5°C during summer (June-August), and 5.1°C in autumn
(September-November) 25 Temperature strongly influences power
demand and range. When below 10 °C, power consumption increases and



cruising range declines; the lowest energy use occurs around 10 °C,
whereas both higher and lower temperatures cause additional losses 37.A
national report on pure EVs showed that energy consumption rose by 4 %
at 30-35 °C, 40 % at 0 °C, and 70 % at = —7 °C, equating to roughly 4 %
increase per 1 °C drop 38,

Based on these findings, this study modeled seasonal variations in
Heilongjiang Province. Energy consumption per 100 km increases by 70 %
in winter (—16.3 °C, 59 % charge-discharge rate), 24 % in spring (6.0 °C,
81 %), 20 % in autumn (5.1 °C, 83 %), while summer (20.5 °C) represents
the optimal 100 % efficiency condition. The annual average is 13.52
kWh/100 km, consistent with Feng et al. (2014) for Harbin’s temperature-
dependent capacity3.

The scope of this study, BYD Dolphin (BEV) and Volkswagen Lavida
(GV) were chosen as representative models due to their high market
relevance and similar pricing. The BYD Dolphin Fashion Edition costs
approximately 123,800 CNY, while the Volkswagen Lavida 1.5L
Automatic Wish Edition is priced at about 110,000 CNY 39. This
comparability in cost and performance ensures that observed differences
in environmental impacts can be attributed primarily to fuel type rather
than vehicle price or capability. Table 1 summarizes the main features of
the selected models.

Table 1. The top six higlhiest-selling vehicle series and total sales
volume of EVs and GVs in Heilongjiang Province, China for the
year 2022 and January-September 2023

. 2022 2023 . . 2022 2023 Pric
Electric Price Gasoline
. Sales Sales . Sales Sales e
Vehicle (10k Vehicle
(EV) (Ran (Ran CNY) (GV) (Rank (@Ran ((10k
k) k) ) k) CNY
)
Wuling 10.8
Honggu 483 605 3.28- Nissan 2,993 1,369 6©-
ang (1) (1) 9.99 Sylphy 4) (6) 17.4
MINI EV 9
9.39-
. 177 330 12.98- Volkswage 8,177 2,161
BYD Qin  ,\'  (3)" 2099 nlavida (1) 2) 55'1
10.9
BYD 136 164 20.98- Toyota 5,260 1,978 8-
Han EV  (5) (5) 33.18 Corolla (2) 3) 13.6
8
BYD 366 395 11.68- TOYOTA 2,505 1,446 é_7'9
Dolphin (2) (2) 13.98 Camry (5) (5)

26.9




Tesla 16.9
el 214 201 2599-  Honda 2,428 1,528 8-
S (3)  (4) 2926 Accord  (6) 4)  25.9
8

12.7

13.98- Volkswage 4,843 4,521 9-

AION.S  7(6) 2(6) 5559 nsagitar (3) 1) 17.9
9

(Source: 49)

2.2 Functional unit and system boundary

According to the International Organization for Standardization 41,
the functional unit (FU) represents the quantified performance of a
product system and serves as the basis for comparison in life cycle
assessments. In this study, the FU is defined as one vehicle driven 20,000
km per year over a 15-year service life time. This definition reflects
typical driving conditions in Heilongjiang Province and enables a
consistent comparison of BEVs and GVs. The assumption based average
annual mileage of passenger vehicles in China was approximately 19,000
km in 2013 42, According to the BYD Dolphin’s owner manual,
maintenance is required every 20,000 km or once per year*? ; therefore,
this study assumes an annual mileage of 20,000 km. Vehicle lifetime and
retirement assumptions follow China’s auto scrap standards, which
initially set a 10-year limit 44 and later extended it to 15 years in 2000.
Based on observed survival trends, the service life in this study is
assumed to be 15 years, consistent with national averages.

The system boundary of this study is limited to the use phase of the
vehicles. For BEVs, this includes electricity generation (upstream) and
vehicle operation. For GVs, the boundary covers gasoline refining,
distribution, and combustion emissions. Vehicle manufacturing,
maintenance, and end-of-life phases are excluded, as the focus of this
research is on operational sustainability rather than cradle-to-grave
impacts. System boundary of vehicles sustainability analysis study shows
in Figure 4.

Primary data were collected through a consumer survey to capture
local driving behaviors, while secondary data were obtained from
established databases and government reports. Consumers were
considered the only stakeholder group within the use phase.
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Figure 4. System boundary of vehicies sustainability analysis study

2.3 Life cycle inventory

The Life Cycle Inventory (LCI) stage involves the systematic
collection of data for all relevant inputs and outputs associated
with a product system, including energy consumption, emissions,
and resource use throughout its life cycle 4°. The reliability of LCA
results is highly dependent on the quality, transparency, and
regional specificity of the underlying data 46. According to ISO
14064 standards for greenhouse gas reporting, emissions from
fossil fuel combustion and energy production must be documented,
as they are directly attributable to the reporting system 47. Direct
emissions occurring during any life cycle stage can contribute
significantly to overall impacts 48.

To ensure accuracy, this study prioritised the use of region-
specific and up-to-date data, particularly for the Heilongjiang
electricity mix. The primary database employed was Ecoinvent
v3.9.1 (released January 2023), which provides updated inventories
for China’s energy grid 4°9. These data include electricity inputs



from domestic generation and imports, transformation to medium
voltage, transmission processes, and direct air emissions (e.g., SFs
from high-voltage switchgear, allocated to medium-voltage
demand). Supplementary data were drawn from government
reports and peer-reviewed literature. A summary of the LCI is
presented in Table 2. A summary of LCI data quality and
representativeness following the ISO 14040/14044 framework is
reported in Supplementary Table S2.

In Ecoinvent 3.9.1, China's power structure was updated to
reflect China's situation in 2020. The State Grid Corporation of
China's (SGCC) power structure has been divided into six zones
and now better reflects local conditions 49. This data set includes
electricity inputs produced in this country and from imports and
transformed to medium voltage, the transmission network, direct
emissions to air (SF6 from high-voltage switchgear insulation,
allocated to medium-voltage electricity demand).

Given that environmental performance is strongly influenced by
local conditions, this study focuses on the power grid composition
in Heilongjiang Province, accounting for its coal dependency and
extreme seasonal climate effects on BEV efficiency. Sensitivity
analyses were conducted for both temperature variations and grid
scenarios, enhancing the rocbustness of the results.

For gasoline vehicles (GVs), the study uses the “ petrol, low-
sulfur ” dataset from Ecoinvent v3.9.1, which covers fuel
distribution to end consumers and includes transport processes.
Product losses during distribution are assumed negligible and
excluded. Tailpipe emissions include CO,;, CH4, and N,O, along
with hydrofluorocarbon (HFC) releases from air-conditioning
systems. However, since CO:2 accounts for 95-99% of total GHG
emissions from passenger vehicles, while CH4, N20, and HFCs
contribute only 1-5% °9, In line with China’s (China 6) GB 18352.6-
2016 5!, CH4 and N:20 emissions are not considered, and HFC
emissions from air-conditioning systems are also excluded. It is
assumed that vehicles comply exactly with National VI B limits, as
stricter manufacturer practices would likely impose additional
costs 92,

Table 2. Life cycle inventory summary

Vehicl Locatio
es Components n Reference Link
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https://sup

sulfur, in the Gé?)b?a Ecoinvent ggztéic?érclz
Global gy grapP  yersion 3. invéntg-I
geography version-3.0
ge?seoﬁltleereorflits https/://theicc
t.org/wp-
approximately He & content/uplo
2,339 grams of China Bandivadekar, ads/2022/01/
carbon dioxide 2010 ICCT fiscalp
from vehicle oliciesES feb
GV exhaust. 2011_Ch.pdf
Ministry of
Environmenta https://www.
1 Protection mee.gov.cn/y
General wgz/fgbz/bz/
Administratio %%z%ﬁ?&?phf
N,0O 20mg/km China n of Qqal_ity bz/201612/W
Supervision, 0201712073
Inspection 5562664762
and 1.pdf
Quarantine,
2016
State Grid The https://sup
Southwest inventor port.ecoinv
) y is Ecoinvent ent.org/eco
%i?n?h??rllf}c modeled version 3.9.1 invent-
and out uI’? for CN- version-
put. SWG 3.9.1
State Grid The https://sup
Nox;r’ W"est China inventor port.ecoinv
- y is Ecoinvent ent.org/eco
g;?g;%ggxg) modeled version 3.9.1 invent-
. for CN- version-
BEV input and output NWG 391
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(NECG)China modeled version 3.9.1 invent-
Branch input for CN- version-
and output NECG 3.9.1
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China Branch mventor Ecoi ¢ po; .eC(/)mv
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State Grid East
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Environmental impacts were assessed using SimaPro, which is
recognized for its comprehensive dataset and global application in
environmental assessments 4. The selection of impact categories is
a critical step in the LCA methodology. In this study, both midpoint
and endpoint indicators were included to provide a robust
framework for comparison. Midpoint indicators such as Global
Warming Potential (GWP) are emphasized due to their relative
certainty, while endpoint categories (e.g.,, human health,
ecosystems, resources) are included {o provide integrative
perspectives on the overall environmental performance of BEVs
and GVs.

2.4 Life cycle impact assessment

According to ISO 14040 (2006), the life cycle impact
assessment (I.CIA) framework consists of five main steps:
classification, characterization, normalization, grouping, and

weighting. Among these, classification and characterization are
mandatory, whereas normalization and weighting are optional. This
study focuses primarily on the classification and characterization of
emissions, supplemented by endpoint damage assessment.

Classification involves assigning inventory results to relevant
environmental impact categories. In this study, emissions are
classified under the Global Warming Potential (GWP) category.
Characterization then quantifies contributions to climate change by
converting different GHG into carbon dioxide equivalents (COz2-eq)
using established GWP values °°.

The GWP method developed by the Intergovernmental Panel on
Climate Change (IPCC) is widely applied in LCA and represents the
most scientifically robust approach for climate change assessment



56, This study adopts the IPCC GWP 100 V1.2 method, which
calculates GWP over a 100-year time horizon (GWP100a), ensuring
consistency with international practice. All characterization factors,
including gas lifetimes, radiative efficiencies, and metrics were
implemented (IPCC, 2021) as provided in Supplementary Table S1.
Impacts are expressed in kilograms of CO:z-equivalent according to
Eq 1 °7:

GWP = 3 GWP; X mj----- - - - - ———Eq 1

GWP: total global warming potential (kg COz-eq)

GWP;: characterization factor (global warming potential of
substance i relative to CO2, dimensionless)

m;: mass of substance i emitted (kg)

where GWP,is the global warming potential of substance i, and m;is
the mass of substance i emitted.

Beyond climate change midpoints, endpoint impact assessments
are also conducted. Endpoints translate midpoint results into
quantifiable damages to areas of protection (AoPs), namely human
health, ecosystem quality, and rescurce availability 5859, This
conversion applies constant midpoiiit-to-endpoint factors as shown
in Eq 2.

CFe, o= CFmy, X Fy =, F,a------- --- -- --- -- Eq 2
CFey 5: endpoint characterization factor for stressor x in area of
protection a (e.g., DALY kg~! emission, species-year kg—! emission,
or USD kg~! emission)

CFm : midpoint characterization factor (impact per unit emission at
midpoint, units depend on impact category)

F,, —,E,a: conversion factor from midpoint to endpoint for area a
(dimensionless)

In line with ISO recommendations, this study applies the
ReCiPe 2016 methodology (Hierarchist perspective) to evaluate
environmental impacts at both midpoint and endpoint levels 60,
Human health: quantified in disability-adjusted life years (DALYS),
representing years of life lost or lived with disability due to environmental
burdens. Ecosystem quality: assessed in terms of the potentially
disappeared fraction (PDF) of species, expressed as species-year
(integrated across terrestrial, freshwater, and marine ecosystems).
Resource scarcity: expressed in monetary terms (USD2013 surplus
cost), representing the additional future costs of mineral and fossil



resource extraction 6!.

While midpoint results are emphasized due to their lower
uncertainty and stronger causal linkage to emissions, endpoint
results are reported as complementary indicators that provide a
more tangible perspective on damage outcomes.

2.5 Scenario life cycle assessment -
comparing BEVs in different power grade

emissions

This study conducts a scenario-based LCA to compare the
emissions of BEVs and GVs over one year, assuming a driving
distance of 20,000 km. The analysis focuses on the effect of
regional electricity generation mixes while excluding temperature-
related variations. The key parameters selected for the sensitivity
analysis were derived from Table 2 (Life Cycle Inventory
Summary), which contains the primary operational inputs
influencing use-phase emissions. Variations were applied to
electricity consumption, grid emission factor, annual mileage, and
temperature correction factor, as these variables are expected to
exert the greatest influence on the overall results. Used to ensure
that comparative outcomes remain consistent under parameter
fluctuations.

The source of electricity is a critical determinant of the
environmental benefits of EVs. As noted by 62 the dominance of
coal in China’s power system and its economic competitiveness
hinder the ability of the generation mix to fully deliver EV-related
emission reductions. Similarly, the sustainability of EVs depends on
the cleanliness of the grid, highlighting the importance of region-
specific assessments 12,

The Chinese power grid is divided into six major regional grids:
The Northeast, Northwest , and Southwest power grids serve as
the sending ends, While the North China, East China, and Central
China power grids as the receiving ends 2930, This study evaluates
BEVs within these six regional grids and compares their emissions
with those of GVs under identical functional units. The IPCC 2021
Global Warming Potential (GWP) 100 V1.02 method was applied in
SimaPro to calculate emissions over one year and 20,000 km of



vehicle operation. The comparative assessment framework is
expressed in Eq 2.

By examining regional variations in electricity structure, this
scenario analysis provides a comprehensive understanding of how
energy mix heterogeneity shapes the relative emissions of BEVs
and GVs.

2.6 Scenario life cycle assessment- consider

temperature effect

A second scenario-based LCA was conducted to analyze the
influence of seasonal temperature variations on the emissions of
BEVs and GVs in Heilongjiang Province, assuming a one-year
driving distance of 20,000 km. The analysis accounts for
temperature-dependent charging and discharging efficiencies of
BEVs, estimated at 59% in winter, 86% in spring, 100% in summer,
and 83% in autumn. Seasonal adjustments to energy consumption
were incorporated into SimaPro using the IPCC 2021 GWP 100
V1.02 characterization method. Emissions were compared both
seasonally and on an aggregated annual basis, while the
comparative framework is expressed in Eq 1.

To ensure replicebility and robustness, all temperature-related
parameters and adjustment factors are explicitly listed in the life
cycle inventory (Table 2). These values were derived from
published field data and technical reports on BEV performance in
cold climates, enabling verification and potential recalibration by
other researchers.

Temperature is a well-documented determinant of EV
performance, influencing both battery efficiency and range 63.64,
Extreme cold conditions increase energy consumption for heating
and reduce battery output, thereby diminishing the relative
advantage of BEVs 2365 By explicitly incorporating seasonal
temperature variations into the use-phase modeling, this study
provides a more realistic and region-specific assessment of BEV
sustainability in cold-climate, coal-dependent regions.

This approach ensures that the analysis captures both the
opportunities (e.g., emission reductions under cleaner grids) and
the challenges (e.g., performance penalties in winter) associated



with BEV adoption in Heilongjiang Province.

2.7 Uncertainty and sensitivity analyses of
BEVs and GVs

To evaluate the robustness of results, both sensitivity and uncertainty
analyses were conducted using SimaPro under the ReCiPe 2016 Endpoint (H)
V1.08 / World (2010) H/A method. An uncertainty analysis was performed
for both BEVs and GVs to account for fluctuations in energy consumption
during vehicle operation and their effects on overall outcomes.
Uncertainty analysis was performed through uncertainty analysis of
calculation function, Monte Carlo simulation with 1,000 iterations (seed
value = 0) to capture the stochastic variability of electricity-related impacts
within the Northeast China Grid (NECG). The analysis quantified the
uncertainty associated with input parameters, particularly the electricity
consumption of BEVs during the use phase.

Sensitivity analysis was designed to examine the influence of grid
composition on life-cycle results. The shares of coal, natural gas, hydropower,
and wind within the NECG mix were varied by =10% from their baseline
values to simulate potential decarbonization scenarios. Comparative
modeling was implemented using the Ecoinvent 3.9.1 allocation, cut-off by
classification dataseis—switching between unit-level and system-level
boundaries—to assess the sensitivity of environmental outcomes to database
assumptions. And, calculation function was used compare. For BEVs, a
scenario-based parameter sensitivity analysis was performed by adjusting
the energy mix. The baseline scenario was defined by the current
composition of the Northeast China Grid, and three additional scenarios
were simulated to reflect projected energy development pathways.
Scenario 1 and Scenario 2 represent gradual reductions in coal
dependence combined with modest increases in cleaner energy sources
such as natural gas and wind power. Scenario 3 emphasizes the
substitution of coal with nuclear and solar power, thereby accelerating
the transition toward a lower-carbon electricity system. These
incremental adjustments allowed for the evaluation of system responses
to small-scale shifts in energy composition, particularly in terms of
carbon emissions, resource consumption, and energy costs.

For GVs, sensitivity analysis was conducted by varying fuel
consumption levels to reflect improvements in fuel efficiency, changes in
vehicle characteristics, driving conditions, and external environmental



factors. These variations in fuel use were modelled to assess their
influence on emissions and resource use. Parameter sets were created to
represent four alternative scenarios based on Scenario 1: +10% increase
in electricity use intensity (1.1x baseline), Scenario 2: +20% increase in
electricity use intensity (1.2x baseline), Scenario 3: —10% decrease in
electricity use intensity (0.9x baseline),Scenario 4: —20% decrease in
electricity use intensity (0.8 baseline)

This combined approach allows identification of the most influential
parameters affecting BEV performance under Heilongjiang’s regional grid
conditions and ensures methodological transparency and reproducibility.

3.0 Environmental impact results

3.1 Impact assessment characterization

The characterization and endpoint damage results foi GVs and BEVs over
one year (20,000 km) in Heilongjiang Province are summarized in Table
3. Greenhouse gases (GHGs) absorb infrared radiation and reduce heat
loss to space, thereby warming the Earth in a manner analogous to a
blanket. The Global Warming Potential (GWP) indicator is commonly used
to compare the warming effects of different gases over a 100-year time
horizon 6. In the context of electric vehicles, GWP and energy
consumption are considered the most significant environmental impacts
20, The GWP indicator set includes GWP-fossil, GWP-biogenic, and GWP-

land use and land use change 67,

GWP100 - Fossil. For GVs, the majority of emissions originate from
fossil fuel combustion, amounting to 4151.55 kg COz2-eq, followed by
natural gas and petroleum production. For BEVs, the dominant
contribution comes from high-voltage electricity production in coal-fired
power plants, totaling 3100.08 kg CO2-eq.

GWP100 - Biogenic. This metric captures the 100-year impact of
biogenic carbon emissions. GVs exhibit higher biogenic emissions (0.433
kg CO2-eq) than BEVs (0.322 kg COz-eq). Biogenic CO:2 refers to
emissions from biomass sources, which contribute to climate change
through both CO:2 and associated gases such as CHs and N20 from
biomass burning 68 The higher biogenic emissions of GVs are attributable
to petroleum industry activities, including exploration, extraction, and
refining, which generate substantial organic waste materials 69.

GWP100 - Land Transformation. This category quantifies the climate



impacts of land use change during the vehicle’s use phase. BEVs show
higher emissions (0.722 kg COz2-eq) compared to GVs (0.348 kg COz-eq).
Land transformation refers to the conversion of land from one category to
another, such as the establishment of forest plantations on former
agricultural land 79. Such changes can induce radiative forcing and alter
climate at local or global scales 71. The higher BEV values are primarily
linked to electricity production processes, particularly hydropower with
pumped storage.

Overall comparison. On an annual basis, GVs emit 4149.63 kg CO2-eq,
whereas BEVs emit 3100.92 kg CO2-eq. This corresponds to an emission
intensity of 1.45 kg CO2-eq per kWh for BEVs and 3.47 kg CO2-eq per litre for
GVs. These findings indicate that BEVs substantially reduce GHG emissions
relative to GVs, consistent with previous studies 17- 72. 73. 74, However, Wang
et al. (2019) found that BEVs’ emissions and climate change impacts were
significantly higher than those of the ICEVs!6. Nonetheless, the study had a
limitation in that it used foreign data, which might lead to errors in the
conclusions. The study by 24 indicates that BEVs fuelled by the current
average Chinese energy mix can achieve a 23% reduction in GWP. The lower
percentage in NECG may be because of the temperature effect and
electricity mix, making EVs less advantageous in this region.

Table 3. GV and BEV emissioiis by 20,000 kilometers in
Heilongjiang province impact assessment

Impact Damage Unit GV BEV
assessment category
Impact GWP100 - kg CO,-eq 4146.85 3099.88
assessment fossil : :
characterizat GWP100 - kg CO;-eq
ion biogenic 0.43 0.32
GWP100 - land kg CO;-eq
transformation 0.35 0.72
End-point Human health DALY 0.01 0.01
damage Ecosystems species. yr 0.00 0.00
assessment Resources USD2013 652.26 58.06

3.2 End-point damage assessment

Previous studies 75 76. 77 provide valuable insights into the broader
environmental impacts of EVs through LCA. These studies consistently
confirm the positive role of EVs in mitigating global warming but also
highlight complex trade-offs, such as greater impacts on human health
and atmospheric acidification.



Emissions influence multiple environmental mechanisms, including
global warming, ozone depletion, ionizing radiation, ozone formation,
particulate matter formation, acidification, eutrophication, and toxicity
across terrestrial, freshwater, marine, and human systems 7. These 18
midpoint categories are aggregated into three endpoint damage
categories: human health, ecosystems, and resources (Table 3).

Human health. Impacts are expressed in disability-adjusted life years
(DALYs), which measure the loss of healthy life years due to disease or
disability 79. Contributing factors include climate change, stratospheric
ozone depletion, ionizing radiation, ozone formation, particulate matter
formation, human toxicity (carcinogenic and non-carcinogenic), and
water use 80, BEVs show slightly lower health impacts (0.005 DALY)
compared with GVs (0.007 DALY). Nevertheless, BEV reliance on coal-
dominated electricity in regions such as Heilongjiang may exacerbate
particulate matter formation, with associated respiratory risks.
Maximizing BEV health benefits therefore requires simultaneous
decarbonization of regional power systems.

Ecosystems. Ecosystem impacts are measured in species-yr,
representing the potentially disappeared traction of species integrated
over time and space 5°. Results indicate comparable impacts for both
vehicles, with GVs affecting 1.38 » 10 ° species-yr and BEVs 1.31 x 105
species-yr. For GVs, ecosystemn damages are primarily linked to gasoline
combustion processes, while for BEVs they stem from electricity
production—particulariy in coal-intensive grids such as Inner Mongolia.
These findings emphasize that decarbonizing electricity supply is
essential to reduce the indirect ecological burdens of BEV deployment.

Resources. Resource depletion is quantified in USD2013,
representing the additional costs of future extraction 57. GVs impose
substantially higher resource costs (652.69 USD2013) compared to BEVs
(58.06 USD2013). For GVs, resource damages are mainly associated with
petroleum and gas extraction, whereas for BEVs they arise from coal
mining and preparation. The stark reduction in resource damage costs for
BEVs underscores their potential economic advantage in reducing
societal costs linked to resource depletion.

Results shows, the transition from GVs to BEVs provides a clear
environmental benefit in reducing fossil-related emissions and resource
consumption, but comes with trade-offs in land transformation emissions.
Future sustainability improvements should focus on cleaner energy sources
and reducing battery production impacts. However, if the power industry
continues to follow the conventional trajectory, a significant amount of the



electricity needed to meet the demand for EVs that are replacing GVs will
have to be supplied by conventional coal-fired power plants. This, in turn,
may have another effect on humans 81, The studies by 75, 76, and 77 provide
valuable insights into the broader environmental impacts of EVs through
LCAs. While these assessments confirm the positive impacts of EVs on global
warming and other aspects, they also highlight the complex trade-offs, for
example, the greater impact of BEVs on human health and atmospheric
acidification.

3.3 Scenario life cycle assessment -
comparing BEVs in different power grade

emissions

This scenario aimed to answer How do emissions vary across different
power grades of BEVs during their use stage emissions? In this scenario
analyze GV and BEV emissions over one year (20,000 kilometers) across
different power grids, excluding the effects of temperature.

In the use stage, carbon emissicns are closely linked to electricity
consumption, which is determined by the energy structure of each grid.
Variations in grid composition therefore lead to differences in
environmental performance 34. To evaluate these differences, a damage
assessment was conducted using the ReCiPe 2016 Endpoint (H) V1.08 /
World (2010) H/A methed, comparing process, focusing on three endpoint
categories: humen health, ecosystems, and resources. The results,
illustrated in Figure 5, compare GV and BEV impacts across the six
regional power grids in China.

The findings demonstrate that BEVs consistently have lower
environmental impacts than GVs across all categories, regardless of
regional grid characteristics. However, the magnitude of these benefits
depends on the electricity mix. The Southwest Grid (SWG) performs best
due to its high share of renewable energy and efficient generation, while
the Northeast China Grid (NECG) performs worst because of its heavy
reliance on coal and high fossil fuel intensity. The North China, East
China, Central China, and Northwest Grids show intermediate
performance, with BEVs outperforming GVs but varying significantly
depending on the contributions of coal, natural gas, hydropower, and
wind.

These results align with previous studies demonstrating that BEVs
powered by renewable-dominant grids are more sustainable than both



internal combustion engine vehicles (ICEVs) and BEVs dependent on
mixed or fossil-based grids. As emphasized by 12, the sustainability of EVs
depends on the of the power grid. Similarly, 82 and 83 highlight that the
advantages of EVs are diminished in regions reliant on fossil fuels.
underscoring the need for a transition to cleaner energy sources to fully
realize the potential of EVs in reducing emissions. BEVs that are powered
by renewable energy seem more sustainable than both ICEVs and BEVs
that are powered by a mixed energy sources 84.

China’s power system remains heavily reliant on thermal generation,
which imposes significant upstream energy burdens 6285 Nevertheless,
BEVs still demonstrate substantial advantages in reducing environmental
impacts across all endpoint categories, even under fossil-dominated grids.
Petrol vehicles, by contrast, generate higher direct use-phase emissions
in every scenario 1.

In summary, while BEVs consistently outperform GVs in terms of
emissions, the magnitude of this advantage is strongly conditioned by the
electricity mix. Ensuring that EV adoption is accompanied by grid
decarbonization will be crucial for achieving mieaningful environmental
improvements.
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Figure 5. Comparing the 20,000-kilometer mileage emissions
of different power grids EVs and GV

BEVs exhibit substantially lower environmental impacts across all



categories compared to GVs, regardless of the grid. Their benefits are
most pronounced in regions with higher shares of renewable power, such
as the SWG, while the NECG shows the weakest BEV performance due to
its coal dependency. The North, East, Central, and Northwest grids
demonstrate intermediate results, with BEVs consistently outperforming
GVs, though with variation depending on the mix of coal, gas,
hydropower, and wind. These results agree with 8 who reported that
BEVs powered by renewable energy sources are more sustainable than
ICEVs or BEVs powered by fossil-dominated grids.

Regional suitability also emerges from the analysis. In coal-reliant
regions such as the northwest, northeast, and southern China, hybrid
vehicles remain the most cost-effective and environmentally favorable
option. Conversely, in developed regions with cleaner energy structures,
BEVs achieve greater emission reductions and cost savings. However, the
economic competitiveness of coal relative to other generation sources
continues to constrain the environmental potential of EV adoption 62,

Overall, although China’s power system still depends heavily on
thermal generation and results in significant upstream energy
consumption 85, BEVs retain a marked environmental advantage across
all impact categories. Petrol vehicles show the highest direct emissions
during use 1. To maximize the long-term benefits of EVs, it remains vital
to optimize regional power generation portfolios and accelerate the shift
toward renewable energy scurces 62

In conclusion, BEVs provide clear emission advantages over GVs, yet
the scale of these benefits depends heavily on the electricity mix. Future
energy policies should therefore prioritize clean energy expansion to
ensure that the transition to EVs leads to genuine environmental
improvement.

3.4 Scenario life cycle assessment-

consider temperature effect

This scenario examines how ambient temperature affects BEV
emissions compared with GVs in Heilongjiang Province, within the
Northeast Regional Power Grid (NECG). The analysis considers one year
of operation (20,000 km) with seasonal variations in charging and
discharging efficiencies: 59% in winter, 86% in spring, 100% in summer,
and 83% in autumn. Calculations were performed in SimaPro using the
IPCC 2021 GWP100 V1.02 characterization method.



The need for region-specific approaches to EV promotion has been
emphasized by 86 87 . 88 as ambient temperature significantly affects
vehicle efficiency and emissions. GHG outcomes depend not only on
primary fuel choice but also on upstream emissions throughout the value
chain 83,

Fossil emissions. This category quantifies GHG emissions from fossil
fuel combustion. As shown in Figure 6, GVs produce consistently higher
fossil emissions than BEVs on an annual basis. However, in winter, BEVs
temporarily exceed GVs due to reduced battery efficiency and additional
electricity demand for cabin heating 23. Previous studies reported a 68-80%
reduction in BEV driving range under cold conditions with heating use.
However, However, due to poor battery performance, 65. Over a full year,
BEVs in Heilongjiang achieve a 14.2% reduction in fossil GWP100
emissions compared with GVs, a figure somewhat lower than the 23%
reduction reported for the average Chinese grid 2%4. This discrepancy
highlights the combined influence of regional climate and energy mix.

Biogenic emissions. Seasonal patterns mirror those of fossil emissions:
BEVs emit more than GVs in winter but mainiain lower annual totals.
Across 20,000 km, BEVs consistently outpeirform GVs in this category,
confirming their environmental advantage despite seasonal inefficiencies.

BEVs consistently exhibit higher land transformation emissions than
GVs in all seasons, with annual impacts 2.6 times greater. Land
transformation refers to changes in land use (e.g., converting agricultural
land to forest plantation 7°. which can affect albedo, evapotranspiration,
and greenhouse gas fluxes, thereby influencing climate systems 7. Land
transformation emissions are higher for BEVs than GVs, with the highest
contribution coming from electricity production, which is hydro-pumped
storage.

Overall assessment. Seasonal climate conditions significantly
influence BEV performance, reducing range and increasing winter
emissions, as also highlighted by 2! 22, Despite winter disadvantages,
BEVs achieve lower annual fossil and biogenic emissions than GVs,
though at the cost of higher land transformation impacts. These results
confirm that transitioning to BEVs can reduce GHG emissions, but the
benefits are maximized only when combined with cleaner energy mixes.

BEVs represent a promising option for mitigating transport-sector
emissions 89, However, their full potential depends on parallel efforts to
reduce coal reliance in regional power grids 4. Policy measures such as
lowering tariffs on renewable electricity and incentivizing clean energy



deployment are essential. Without such measures, the “zero-emission”
label risks reflecting only nominal reductions rather than actual emission
cuts 90,
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3.5 Uncertainty and sensitivity analyses of
BEVs and GVs

The results for BEVs (Figure 7a) indicate that increasing the share of
clean energy sources such as nuclear, solar, and wind consistently
improves environmental performance across all impact categories,
including human health, ecosystem quality, and resource depletion. The
findings of the uncertainty analysis are summarized in Figure 8,
confirming the robustness of these results under parameter variability.

For human health, results show that as the proportion of clean energy
increases in Scenarios 1, 2, and 3, impacts measured in DALYs decline
significantly. The greatest reduction occurs in Scenario 3, reflecting the
large increase in nuclear and solar energy shares. The uncertainty
analysis indicates a coefficient of variation (CV) of 22.07%, suggesting
moderate variability; although energy supply fluctuations influence
health outcomes, uncertainty remains within a manageable range.



For ecosystem impacts, clean energy adoption reduces species-year
damage, with Scenario 3 providing the most pronounced improvement.
The uncertainty analysis yields a CV of 22.11%, indicating moderate
variability but confirming the overall trend that higher clean energy
penetration reduces ecological burdens.

For resource consumption, the benefits are most evident in Scenario
3, where nuclear and solar energy minimize fossil resource use. However,
uncertainty analysis reveals higher variability, with a CV of 43.72%,
reflecting the sensitivity of resource outcomes to the choice of energy
technologies employed.
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Figure 7a. Scenario-based parameter sensitivity analysis was
conducted by adjusting the energy mix.
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Figure 7b. Scenario-based parameter sensitivity analysis was
conducted by adjusting the energy consumption
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Figure 8. BEV vs GV uncertainty analysis considering the effect of
fluctuations in energy consumption during vehicle use on overall
results

The sensitivity results for GVs (Figure 7b; Figure 8) show that
increasing fuel consumption in Scenarios 1 and 2 worsens human health
impacts, as reflected in higher DALY values. Conversely, reducing fuel
consumption by 10% or 20% in Scenarios 3 and 4 improves health
outcomes. The uncertainty analysis indicates high variability, with a CV of
42.40%, due to factors such as driving conditions and fuel quality.

For ecosystem impacts, fuel use increases ecological damage, with
greater species-year losses in Scenarios 1 and 2. Reducing fuel
consumption in Scenarios 3 and 4 alleviates these impacts. The
uncertainty analysis shows relatively low variability, with a CV of 23.11%,
suggesting that ecosystem outcomes are comparatively stable when fuel
use decreases.

For resource consumption, fuel use increases demand in Scenarios 1
and 2, while reductions occur in Scenarios 3 and 4, with Scenario 4

100.00



showing the greatest improvement. The uncertainty analysis indicates
substantial variability, with a CV of 54.92%, highlighting the strong
influence of fuel market fluctuations and extraction costs on resource
demand.

In summary, BEVs clearly outperform GVs in terms of environmental and
health impacts, as shown in the sensitivity analysis. Scenario 3, with the
highest share of clean energy, consistently delivers the best results for BEVs.
However, resource consumption for BEVs shows the most variability, with a
CV of 43.72%, highlighting uncertainty in resource demand. Human health
and ecosystem impact for BEVs are more predictable, with moderate
variability. For GVs, reducing fuel consumption leads to better outcomes
across all categories, but the wuncertainty analysis reveals significant
variability in human health (CV = 42.40%) and resource consumption (CV =
54.92%), primarily due to external factors like driving conditions and fuel
market prices. These findings emphasize the importance of reducing coal-
based electricity for BEVs and fuel consumption for GVs, while managing
uncertainties to optimize overall performance. 82 and % emphasize that the
benefits of EVs are reduced in regions that are dependent on fossil fuels.
They stress the importance of transitioning to cleaner energy sources to fully
harness the potential of EVs in lowering emissions.

For GVs, reducing fuel consuinption leads to better outcomes across
all categories, but the uncertainty analysis reveals significant variability
in human health (CV = 42.40%) and resource consumption (CV =
54.92%), primarily due to external factors like driving conditions and fuel
market prices. These findings emphasize the importance of reducing coal-
based electricity for BEVs and fuel consumption for GVs, while managing
uncertainties to optimize overall performance.

Despite the narrow difference in DALY (0.005 for BEVs vs. 0.007 for
GVs), sensitivity results show a 15% reduction in DALY when renewable
energy replaces coal. While species.yr differences are minimal, a shift to
cleaner grids reduces impacts by 18%. Significant resource savings
(58.06 USD2013 for BEVs vs. 652.69 USD2013 for GVs) emphasize BEVs'
sustainability advantage.

Overall, while BEVs are subject to some resource-related
uncertainties, provide more stable outcomes compared to GVs in terms of
health and ecosystem benefits. For GVs, reducing fuel consumption remains
essential, though external factors will continue to introduce uncertainty in
resource demand and emissions.

4.0 Conclusion and limitations



Conclusion and recommendations: Compared with GVs and BEV
generate substantially lower total CO: emissions, although they show
higher impacts in land transformation. In contrast, BEVs consistently
exhibit lower impacts in fossil and biogenic emissions, reflecting their
advantage in reducing direct fuel combustion. Approximately 10 kg CO--
equivalent is produced from either 3 L of gasoline or 7 kWh of electricity,
underscoring the relative efficiency of BEVs. When endpoint impacts are
considered, BEVs and GVs present broadly similar effects on ecosystems
and human health, but BEVs demonstrate significantly greater resource
conservation. Within Heilongjiang Province, the Northeast Power Grid
(NECG)—heavily reliant on coal—offers the lowest environmental benefits
compared with other regional grids. Seasonal analysis further reveals
that in winter, BEVs emit more COz-eq than GVs because of additional
electricity use for battery heating; however, annual BEV emissions
remain lower overall. These results confirm that BEVs maintain
environmental superiority even under coal-dominated grids, while
emphasizing the additional benefits of transitioning toward cleaner
energy sources. At a broader level, this work recommends that
governments and industries integrate life-cycle-based assessment into
transportation planning, prioritize renewable-encrgy development for
vehicle charging, and promote technology adaptation for diverse climatic
conditions. The methodological framework presented here can be applied
to other regions and emerging miarkets to support data-driven, region-
specific sustainability policies

Policy Implications: Heilongjiang’s coal-dependent grid and cold
climate reduce BEV efficiency and offset environmental gains. Local
authorities should prioritise grid decarbonisation through wind, nuclear,
and biomass integration, improve winter charging efficiency, and support
pilot projects on BEV performance under cold conditions. At the national
level, EV expansion should align with renewable energy transition and
interregional grid balancing. Differentiated electricity tariffs or carbon
pricing based on regional emission intensity can guide cleaner energy use,
while national standards for cold-climate charging and battery efficiency
should ensure consistent decarbonization outcomes.

Key limitations: this study primarily focuses on the use phase,
excluding the manufacturing, maintenance, and end-of-life stages, which
may lead to an underestimation of upstream and downstream impacts.
The analysis is geographically limited to Heilongjiang Province, whose
coal-intensive energy mix and severe winters may not represent other
regions of China. Furthermore, although scenario and sensitivity analyses
were performed, advanced multivariate techniques such as principal
component analysis (PCA) could further identify which parameters exert



the strongest influence on environmental outcomes. Incorporating such
approaches in future work would strengthen model robustness and
interpretability.

Future research directions and overall significance: future research
should adopt a cradle-to-grave perspective to provide a holistic evaluation
of BEV sustainability, integrating production, maintenance, and recycling
stages. Expanding the spatial scope to regions with different grid
compositions and climatic conditions would improve the generalizability
of the findings. Continued innovation in cold-climate battery technologies
and the integration of renewable energy sources are essential to optimize
the sustainability potential of BEVs. Overall, this study provides critical
evidence for coal-dependent and cold-climate regions, demonstrating
both the environmental benefits and operational challenges of BEV
adoption, and offering guidance for policymakers and industry to advance
low-carbon transport and long-term decarbonization.
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