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A B S T R A C T

Frugal electric vehicles (EV) are designed for lower energy consumption with lower battery capacity, but their 
life-cycle emissions have been overlooked in previous studies. Herein, this paper collects 2.38 million light-duty 
EV operational data to analyse usage patterns based on energy consumption, daily mileage and annual uti
lisation. By integrating 12 recognised usage patterns with 6 electricity mixes, the study assesses the emission 
reduction potential and trade-off period of frugal EVs compared to counterpart internal combustion engine 
vehicles (ICEVs). The results show that about 70 % of frugal EV users would like to take a short daily travel with 
high utilisation rate and low energy consumption. From macro perspectives, CO2 and VOC emissions reductions 
are significant, while NOx, SOx, and PM are not achieved significant reductions. In terms of micro usage patterns, 
low-utilisation and low-daily travel result in less emission reduction opportunities. In general, about 79 % of 
frugal EVs can achieve the CO2 emission reduction compared to frugal ICEVs based on 12-year longevity 
simulation. 30 % and 30.3 % of frugal EVs can achieve PM2.5 and NOx emissions reductions in high clean 
electricity regions. In summary, this study provides insights for policymakers and manufacturers aiming to 
enhance the sustainability of frugal EVs.

Abbreviations

All-electric driving range AER Low-speed electric vehicle LSEV
Confidence interval CI Light-duty passenger 

vehicle
LDPV

Electric vehicle EV Middle-Clean energy Midd- 
Clea

Functional unit FU Recency, Monetary, and 
Frequency

RMF

Greenhouse gas GHG Sport utility vehicle SUV
Gaussian mixed model GMM Traditional energy Tra
High-Clean energy High- 

Clea
Utilisation’ rate UR

Internal combustion engine 
vehicle

ICEV Vehicle kilometre travelled VKT

Life cycle assessment LCA Well-to-Wheel WtW
Light-duty electric vehicle LDEV ​ ​

1. Introduction

It has been widely accepted that transportation electrification is an 
ever-growing approach to improving environmental sustainability and 
reducing greenhouse gas (GHG) emissions [1,2]. According to the In
ternational Energy Agency, achieving net-zero emissions by 2050 will 
require significant growth in electric vehicle (EV) adoption, with the 
global stock of EVs projected to exceed 30 million by 2030 [3]. While 
large-scale EV deployment significantly reduces tailpipe emissions, it 
also shifts some of environmental burdens from the road to electricity 
grid and production of battery materials. When considering the emis
sions throughout the life cycle of an EV, there are still some voices of 
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scepticism [4–6]; however, the wide majority of studies and review 
studies state a remarkable advantage in terms of GHG emissions [7–9].

There is a noticeable trend towards developing longer all-electric 
driving range (AER) for EVs, which are typically paired with medium- 
or large-sized vehicles. However, some studies emphasised that ultra- 
long-AER EVs cannot really solve range anxiety of consumers except 
by reducing charging frequency, even resulting in higher total owner 
costs and more battery production emissions [10,11]. For personal 
light-duty electric vehicles (LDEVs), most users drive them as 
commuting vehicles, representing a shorter travel demand in a day. 
Based on the statistical results from Annual Report on New Energy 
Vehicle Industry in China (https://www.ndanev.com/), the average 
daily vehicle kilometre travelled (VKT) of all kinds of personal EVs is 
about 40 km in 2024, while the average of AER is nearly 500 km. 
Therefore, compared to a smaller and appropriately sized battery, a 
vehicle with a larger battery capacity and lower usage intensity takes 
longer to offset the carbon emissions and environmental impact of 
battery production through emissions reductions during the driving 
phase. Frugal EVs, with a small-sized battery (preferably swappable), 
lightweight cabin and lower energy consumption, is designed for this 
purpose. The definition of the frugal EV is a compact two-seater vehicle 
designed for everyday urban use (https://zev-up.eu/). There have been 
10 typical frugal EV model collected to illustrate the AER and battery 
capacity in Fig. 1a–b, respectively. In China, this kind of EV is classified 
as a part of A00-segment, with a wheelbase of less than 2300 mm. For 
other regions, such as Europe, frugal EV is classified into heavy quad
ricycles with a maximum mass less than 450 kg excluding driver and 
battery (called L7e category in European Union vehicle classification), 
while in Japan, it can be defined as a micro-mobility (scheme) with a 
dimension of 3.4 × 1.18 × 2.0 m. Nevertheless, the vehicle classification 
standard is based on Chinese market, because the electricity structure 
used in this paper is based on China. As shown in Fig. 1c, the proportion 

of A00-segment EVs is about 49 % of the passenger LDEV market in 2022 
in China (excluding sport utility vehicles, SUVs). However, since there 
are no specific labels for frugal EVs in China EV market, according to the 
average AER (about 120 km) and battery capacity (about 10 kWh) 
collected above and two of passenger capacity, the proportion of frugal 
EVs is about 27 % of all A00-segment LDEVs. Since the adjustment of EV 
subsidy policies in 2018, the assessment criteria have shifted from a 
single focus on AER to a comprehensive evaluation of range, battery 
energy density, and vehicle energy consumption. As a result, models 
with a range of less than 150 km are no longer eligible for subsidies, 
which has had a negative impact on frugal EV development However, six 
government departments in China issued the ‘Notice on Strengthening 
the Management of Low-Speed Electric Vehicles (LSEV),’ requiring local 
authorities to regulate and rectify LSEVs, strictly prohibiting the 
expansion of production capacity, and accelerating efforts to standardise 
management, further limiting the expansion and sales of such vehicles. 
Given these limitations, frugal EVs present a viable alternative. 
Currently, the nationwide LSEV fleet exceeds 6 million, primarily 
concentrated in third- and fourth-tier cities and rural areas. Addition
ally, in the 2024 EV Rural Promotion Campaign launched by five gov
ernment ministries and agencies in China, 27 out of the 99 promoted 
models are classified as A00-segment EVs, providing greater market 
potential and application scenarios for this vehicle category.

There have been many studies focusing on the life cycle assessment 
(LCA) of LDEVs. However, most LCA studies have focused on medium- 
or large-sized LDPVs and have ignored the benefit assessment of frugal 
EVs. For instance, Qiao et al. [12] analysed the life cycle cost and GHG 
emissions of an A-segment LDEV with a 27-kWh battery capacity 
compared to a similar internal combustion engine vehicle (ICEV). It was 
assumed that both vehicles could drive 200,000 km in 12 years of age. 
The driving cycle in Beijing and the standard cycle (New European 
Driving Cycle) were both used to calculate energy consumption. The 

Fig. 1. The definitions and information of frugal EVs. a Battery capacity and b AER of ten typical frugal EV model c Proportion for different levels in the market of 
LDPVs in China in 2022.
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results showed that the life-cycle GHG emissions of an EV are about 29 % 
lower than those of an ICEV. If the lifetime mileage is not as long as 
expected, the gap of GHG emissions would be smaller. Wu et al. [13] 
calculated and compared the life cycle GHG emissions from EVs and 
ICEVs in different electricity mix scenarios in 2010, 2014 and 2020. The 
life-cycle VKT of vehicles was assumed as 150,000 km. The study 
highlighted the importance of the decarbonisation of the electricity 
system. Huang et al. [14] focused on the L-category LDPV electrification 
and compared with the e-bike usage and ICEV usage. The life cycle VKT 
of ICEVs and BEVs were assumed as 273,588 km and 193,121 km, 
respectively. That can be in the line with the rule of ‘Lower usage in
tensity for an EV than an ICEV’ proposed in several previous studies 
[14–16]. Results showed that EVs reduce GHGs significantly, and other 
lifecycle emissions from EVs are close to, or even higher than, ICEVs 
although the exposure risks are different. Wei et al. [17] analysed top 10 
sold EVs (including 7 plug-in hybrid electric vehicles, PHEVs, 2 BEVs 
and 1 extended range EV) in Shanghai and assessed the environmental 
and economic benefits of different EVs with different energy mixes. The 
study primarily focused on the analysis of medium-sized LDPVs with a 
150,000 km life-cycle VKT and 15 years of age. The electricity transfer 
from other locations was considered comprehensively in this paper. In 
conclusion, usage patterns of these EVs were often directly assumed 
from the usage of ICEVs. For a more larger scale electricity transfer, Li 
et al. [18] proposed a quasi-input-output model to assess the emission 
transfer between different provinces when using EVs. This paper 
extracted 8 kinds of EVs including A-segment, B-segment and above 
cars, A0-segment, A-segment SUVs, and multi-purpose vehicles. The 
annual VKT of each province has been collected to assess the LDPV 
electrification benefits. The article clearly explained the advantages of 
using macro-level statistical features of EVs to evaluate the benefits of 
LDPV electrification. Although some studies have used real-world 
operating data, the use of such macro-statistics (e.g., in a province or 
a region) in evaluating vehicle electrification may introduce 
aggregate-level errors due to variations in travel demand and usage 
patterns among EV users [19,20]. In terms of previous small sized 
EV-related studies, Faria et al. [21] provided a detailed analysis of 
compact and sub-compact EVs with different kinds of electricity mixes. 
The annual distance was assumed as 20,000 km. This is one of few ar
ticles that analyses frugal EVs, especially in the early stage of vehicle 
electrification. Pierpaolo et al. [22] compared the environmental per
formances of EVs and homologous gasoline and diesel vehicles focusing 
on some small-sized vehicle models, such as Smart Fortwo, Chevrolet 
Spark, Fiat 500, etc. The analysis showed that EVs outperform tradi
tional ones in terms of GHGs, non-renewable resource depletion, and 
urban air pollutant emissions. However, they were less competitive in 
life cycle impact categories such as water eutrophication and human 
toxicity, mainly due to the environmental burden of the battery life 
cycle. Helmers et al. [23] analysed one Smart vehicle model (a typical 
mini car) which was converted from combustion to electric in a labo
ratory project. The vehicle operated as an ICEV until it reached 100,000 
km, after which it was retrofitted and converted into an EV. The results 
showed that the electric conversion of a used ICEV can save an addi
tional 16 % CO2 of the environmental impact over a lifetime. Zhang et al. 
[24] collected three models of EVs, including A00, A0 and A segments, 
and analysed the energy consumption of the life cycle oriented to the 
car-sharing market. Although 3000 EV operational data were used in 
this paper, the research topic only focused on the energy efficiency 
rather than emissions. Nevertheless, there remains a research gap in 
conducting a comprehensive and large-scale LCA of frugal vehicle 
electrification.

From the perspective of the fuel cycle, it should be noted that cleaner 
energy resources have been applied to reduce emissions from power 
plants. Advanced emission reduction technologies were also developed 
to replace high-emission power generation technologies [25]. The 
electricity is becoming cleaner. This makes it possible to make contri
butions to reduce emissions for the life cycle. However, considering 

other participants in the fuel cycle, usage intensity is another important 
factor in determining the emission reduction [26]. Based on the focus of 
the group of frugal EVs in this paper, the usage patterns of them are still 
unclear, which has a strong relationship with emissions reductions. 
Therefore, we should pay more attention to the emissions reduction 
opportunities of different frugal EV users [27]. All above, there are two 
questions are followed in this paper. 

(1) What usage patterns exist for LDEVs in real-world conditions, and 
which category do frugal EVs fall into?

(2) What opportunities of frugal EVs can achieve emission reduction 
under different usage patterns with different usage intensity?

To address these questions, this paper collects over 2.38 million 
LDEV operational data in 2022 from the OpenLab of the National Big 
Data Alliance of New Energy Vehicles. This paper aims to provide a 
comprehensive evaluation on environmental emissions of frugal EVs in 
China. The study not only considers the basic framework of the tradi
tional LCA model but also focuses more on the usage patterns that have 
not been concerned specifically in previous studies. Although the LCA 
framework is well-established, previous studies have not addressed 
large-scale real-world EV operational data with detailed usage patterns 
across different EV users, rather than relying on a single assumed sam
ple. The main contributions of this paper include the following aspects. 

(1) The paper proposes an EV usage pattern recognition method 
based on the Gaussian mixed model (GMM). Considering the 
necessary elements in LCA model, energy consumption, daily 
VKT and annual utilisation rate (UR) are used to establish this 
cluster model based on the concept of the Recency, Monetary, 
and Frequency (RMF) framework. Different from prior usage 
pattern cluster models, this model is oriented to the LCA of EVs. 
There are 12 usage patterns extracted from the cluster model 
based on a real-world dataset with 2.38 million LDEVs, repre
senting different usage intensities. The data analysis helps us to 
understand how people use frugal EVs in real-world situation, 
which can guide automakers accurately identify the target groups 
for their products.

(2) To answer the question of the life-cycle benefits of frugal EVs, the 
paper establishes an LCA model based on comprehensive micro- 
usage patterns from GMM model and detailed electricity pat
terns. To our knowledge, no studies have combined detailed 
usage patterns (more than 90,000 frugal EV used in this paper) 
with LCA. Most studies only use macro-statistics of usage patterns 
as input. The electricity transfers in each region are considered in 
the model. The quantitative results of CO2, VOC, NOx, SOx, PM2.5, 
and PM10 emissions of each phase (such as battery production 
and vehicle production) in the LCA are provided to assess the 
environmental emissions of frugal vehicle electrification. Mean
while, 95 % confidence interval (CI) is used to describe the range 
of the statistical value, because the results are calculated based on 
each frugal EV from different usage patterns. Additionally, the 
period of the emission balance is also assessed to determine how 
many years are needed for a frugal EV to achieve emission 
reduction benefits compared with a frugal ICEV with different 
usage patterns in different electricity patterns. Using our unique 
dataset, we also calculate the proportion of frugal EVs that have 
the potential for emission reductions across different conditions.

The remainder of the paper is structured as follows: Section 2 pro
vides the methodology of the LCA model including goal and scope, 
functional unit and system boundary. Section 3 introduces the life cycle 
inventory analysis, covering vehicle production phase, electricity pro
duction phase, vehicle use phase and disposal phase. Section 4 presents 
the emission reduction opportunities of frugal EVs in six provinces with 
different electricity mix structures from the perspective of macro- and 
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micro usage patterns. The trade-off period and reduction proportion of 
replacing a frugal ICEV with a frugal EV is assessed, while the policy 
implications and future considerations of this paper are discussed in this 
section. Finally, section 5 summarises the results of this paper. The rest 
of the necessary materials are provided in the Appendix and the 
Supplementary.

2. Methodology

2.1. Goal and scope definition

The goal of this study is to quantify the proportion of frugal EVs with 
the potential to reduce emissions and assess their environmental bene
fits from a Cradle-to-Grave perspective. This model compares the envi
ronmental impacts, including CO2, NOx, SOx, VOC, PM2.5 and PM10, of 
frugal personal EVs and frugal ICEVs operating across six provinces with 
different electricity mixes in 2021. Unlike traditional LCA studies that 
rely on macro-level assumptions or very limited sample sizes, this 
assessment incorporates large-scale real-world operation EV data. By 
emphasising the heterogeneity of usage patterns rather than assuming a 
fixed lifetime mileage or constant energy consumption, our approach 
provides a more elaborate and realistic evaluation of environmental 
impacts.

2.2. Functional unit

The functional unit (FU) is a critical component of an LCA as it en
sures the comparability of results. Unlike previous studies that assume a 

constant lifetime mileage, this study accounts for large-scale real-world 
frugal EV operations, leading to varying lifetime mileages across 
different EV users. To maintain consistency in comparison, the FU in this 
research is defined as 1 km of vehicle travel.

2.3. System boundary

The basic structure of LCA for EVs is shown in Fig. 2 a. The assess
ment can be divided into fuel cycle and vehicle cycle. In terms of fuel 
cycle (i.e., well-to-wheel, WtW), it should be noted that the electricity 
structure is important for emissions of the well-to-tank phase, while the 
life cycle VKT and energy consumption of the vehicle is crucial for the 
emissions of the tank-to-wheel phase. In terms of the vehicle cycle, 
previous studies have illustrated that the emissions during the vehicle 
production are slightly higher than that of ICEVs, mainly due to energy 
and materials consumption in EV batteries production [28,29]. There
fore, it is necessary to clarify the boundaries of the system.

The research boundary consists of life cycle of the vehicles, which 
includes the vehicle production phase, electricity production phase, 
vehicle use phase and disposal phase, as shown in Fig. 2b. Within the 
system boundary, vehicle production includes five elements: batteries, 
fluids, other components, assembly, disposal and recycling. It covers the 
acquisition of raw materials, manufacturing and distribution of parts, 
vehicle assembly and end-of-life disposal. Each element includes its own 
supply chain and replacements (e.g. tyres, batteries). Moreover, the 
vehicle disposal is classified in this phase, as it is not the focus of our 
comparison while the battery disposal is the main difference between 
these two kinds of vehicles and. Due to the power resources of electricity 

Fig. 2. Fundamental information for a LCA model and b boundaries of system.
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and fuel, the structure of EVs and ICEVs has some differences, such as the 
boundaries of fuel vehicles are concentrated in engine and transmission 
manufacturing, while the system boundaries of EVs need to cover the 
entire life cycle of power batteries. However, since this study focuses 
primarily on the usage phase, it is assumed that the frugal EV is an ICEV- 
to-EV conversion vehicle, meaning that the vehicle body, chassis, and 
tyres remain nearly identical. The difference is battery, electric motor, 
controller, transmission. Although the vehicle body of a frugal EV may 
be slightly lighter than that of a frugal ICEV due to lightweighting 
trends, the chassis may be slightly heavier due to battery pack instal
lation. However, these minor differences are not considered in this 
study.

During the fuel cycle, ICEV and EV are run using petrol and elec
tricity, respectively. In terms of the electricity production, it includes the 
electricity mix for charging, the various fossil fuel and renewable energy 
sources used for electricity generation in each selected province. The 
spatial system boundary covers the electricity mix of six representative 
provinces, each with a distinct energy structure and energy transfer 
pattern in 2021. In addition, we use the petrol that includes 10 % 
ethanol (E10) because the supply of E10 is expected to cover all the 
regions across the country [30]. The emission of petroleum extraction 
and production, electricity generation, transmission & distribution are 
all integrated into the emission factors during the vehicle’s operation. 
About the vehicle use phase, it is assumed that the total vehicle lifespan 
is 12 years, while the lifetime mileage of frugal EVs and ICEVs is the 
same. Vehicle maintenance and repair is scaled to a fraction of the 
production in the literature [14], which is excluded from this study. 
Finally, the battery disposal is considered in the disposal phase.

3. Life cycle inventory analysis

3.1. Vehicle croduction phase

The EV operational data are sourced from the OpenLab of the Na
tional Big Data Alliance of New Energy Vehicles (http://www.ndanev. 
com/), established in China in 2016. The data covers all the cities in 
China where EV are currently in operation. The total number of EVs used 
in this study has exceeded 2.38 million. After pre-processing and data 
extraction based on the frugal EV selection rules in the Introduction, 
more than 90,000 frugal EVs operating in six typical provinces are 
selected for analysis in this paper. The average AER is around 120 km; 
the average battery capacity is about 9.3 kWh, while the average curb 
weight of the frugal EV is about 620 kg. The mass of a frugal ICEV is 
about 580 kg, which is a little lighter than that of frugal EVs with a 
power battery. Although EV has fewer components, the large battery 
pack required for electric propulsion significantly adds to the overall 
vehicle weight [13,31]. The power battery mass of Li-ion material is set 
at 62 kg with an energy density of 150 Wh/kg. This battery energy 
density is at a moderate level among LDEV power batteries. The 
compositional data of the vehicle components and the battery material 
in the vehicle cycle were obtained from the GREET 2023 (Greenhouse 
Gases, Regulated Emissions, and Energy Use in Transportation) model 
(http://greet.es.anl.gov/). The emission factors of each material used in 
vehicle manufacturing and the energy consumption of parts machining 
and vehicle assembly are collected from Ref. [30] See the Supple
mentary for specific parameters and data resources.

3.2. Electricity production phase

Electricity resource is a crucial factor in the LCA of EVs and differs 
significantly from ICEVs in terms of emissions [32]. Electricity genera
tion resources for each province are gathered, covering both traditional 
energy sources (e.g., coal, gas) and clean energy sources (e.g., nuclear, 
wind power, biomass, hydropower). The electricity structure data are 
sourced from the China Electric Power Statistical Yearbook in 2021 (htt 
ps://www.stats.gov.cn/zs/tjwh/tjkw/tjzl/202302/t20230215_190 

7998.html), which is an authoritative annual publication that compre
hensively reflects statistical data on China’s power industry, including 
electricity production, consumption, supply and demand, and invest
ment. The yearbook provides detailed information on the basic status of 
power enterprises, electricity generation, power consumption structure, 
energy mix, power sector investment, as well as inter-provincial elec
tricity transmission. This dataset has been used as a publicly available 
data sources for models to study renewables integration in China’s 
power system [33,34]. Emission factors of each energy resources are 
collected based on the previous studies [30,35]. See Supplementary for 
the proportion of the energy resources in each area and the emission 
factors used in this paper.

In addition, the inter-provincial electricity transmission is consid
ered in this paper, which means the emission factor of electricity gen
eration not only considers the location electricity structure, but also 
calculates the electricity obtained from other regions. In this paper, we 
refer to the CO2 emission factor calculation method proposed by Min
istry of Ecology and Environment of the China in 2021 (https://www. 
mee.gov.cn/xxgk2018/xxgk/xxgk01/202404/t20240412_1070565. 
html). Here, we use CO2 as an example to describe the calculation 
method of emission factors. The calculation method is provided in 
equation (1). 

EFp =
Emp +

∑
n
(
EFn × Eimp,n,p

)
+
∑

k
(
EFk × Eimp,k,p

)
+
(
EFr × Eimp,r,p

)

Ep +
∑

nEimp,n,p +
∑

kEimp,k,p + Eimp,r,p

(1) 

where EFp is the emission factor (e.g., CO2, NOx) in pth province, kg/ 
kWh; Emp is the emission from the local electricity generation, kg; EFn is 
the emission factor of the nth province importing electricity to the pth 
province, kg/kWh; Eimp,n,p is the transfer electricity from nth province to 
pth province, kWh; EFk is the emission factor from kth country, kg/kWh; 
Eimp,k,p is the transfer electricity from kth country to pth province, kWh; 
EFr is the emission factor of the local regional power grid, kg/kWh; Eimp,r, 

p is the transfer electricity from rth region to pth province, kWh; Ep is the 
electricity generation in pth province, kWh; r is the power grid region 
where province p is located.

According to the local electricity generation structure, it can be 
divided into three kinds: Traditional energy (Tra), Middle-Clea energy 
(Midd-Clea) and High-Clea energy (High-Clea). The proportion of clean 
energy is between 30 % and 50 % for Midd-Clea, while that of High-Clea 
is more than 50 %. Besides, the local energy will be defined as Tra, 
representing the main electricity generated by coal-fired power. Then, 
consider the electricity transfer from other locations, there are three 
kinds including Import (Local generation proportion <95 %), Self (95 % 
≤ Local generation proportion ≤105 %) and Export (Local generation 
proportion >105 %). The local generation proportion calculation is 
shown in equation (2). 

LocalGenerationProportion= Local/(Import+ Local − Export) × 100 %
(2) 

Finally, the typical electricity generation are extracted in six pat
terns, which are provided in Table 1, and the specific parameters are 
shown in Table 2. These electricity generation patterns represent the 
typical scenarios of provinces in China with a high deployment of frugal 
EVs. The following analysis is all based on these electricity generation 
patterns. See Supplementary for specific parameters.

3.3. Vehicle use phase

Unlike previous studies, this paper places a stronger emphasis on 
understanding the real-world usage behaviour of EVs. While simulations 
typically assume that EVs are used under ideal conditions, in practice, 
users tend to follow their own travel preferences. Energy consumption 
and life cycle VKT are critical indicators for assessing the emission 
reduction potential of EVs. Therefore, this section provides a method for 
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establishing LDEV usage pattern. There is also an EV data example 
shown in Appendix A, that helps to understand how to calculate energy 
consumption, VKT in different periods of time and UR. The relationship 
between vehicle age and annual driving distance has been applied to 
simulate the life cycle VKT (see Appendix B [36]). See the Supple
mentary for specific parameters.

3.3.1. Usage pattern model
Previous studies on the LCA of EVs have primarily focused on precise 

calculations of vehicle production, electricity emissions, and related 
factors, while the usage of EVs has often been considered only from a 
macro-perspective through various statistical reports. This is sufficient 
to support the development direction of automotive technology and 
policy-specified rules, but in-depth analysis of real-world conditions is 
an important verification for evaluating such macro-statistics. Although 
most studies demonstrate that EVs have lower life-cycle emissions 
compared to conventional fuel vehicles, this advantage is constrained by 
the specific usage patterns of EVs. Thus, an interesting question arises: 
Which usage patterns enable EVs to reduce emissions, and which fail to 
achieve this in real-world conditions?

Many previous studies have applied many kinds of cluster or classi
fication algorithms to recognise EV usage patterns [37–39]. In this 
paper, we establish the EV usage patterns based on RMF rules. The rule 
has often been used to classify and describe the potential value of users 
in marketing. This concept can also be shifted into the emission reduc
tion potential capacity for EV users. Thus, when considering the 
Recency, we use daily VKT to represent the travel demand in one year; 
The UR of a year is used to describe the concept of the Frequency; While 
more energy consumption means more cost for using an EV, the energy 
consumption per 100 km (energy consumption/100 km) is calculated to 
represent the Monetary. In summary, daily VKT, UR and energy con
sumption are collected as the training features for the usage pattern 

clustering.
In the classification of the RMF, there are always two categories in 

each feature. However, in terms of EV usage in this paper, the number of 
categories is not limited to two, but it should not be excessive either, as 
too many dimensions can lead to overly complex cluster descriptions. 
The GMM model is used to cluster these features into different categories 
[1,39]. Many previous studies have applied a GMM model to classify EV 
usage features, because under large-scale samples, usage pattern char
acteristics tend to exhibit a combination of some normal distributions. 
The core function of GMM model is described in equation (3): 

f(x)=
∑n

i=1

⎛

⎜
⎝A ×

1̅̅̅
̅̅̅

2π
√

σ
e

(

−
(x− μ)2

2σ2

)⎞

⎟
⎠

i

, i ∈ I (3) 

where f (x) is the probability density of the feature x; μ means the 
average value of random variables subject to the normal distribution; σ2 

is the variance of a random variable; I is the index of the sub- 
distributions (categories) with i; and A is the weight of each category, 
because the sum of the probability is 100 %. Moreover, the Expectation 
Maximum (EM) algorithm is used to estimate the parameters in the 
GMM model.

3.3.2. Usage pattern features

(1) Energy consumption/100 km

Due to the limitations of data sampling, the energy consumption will 
be calculated by charging energy and driving distance rather than 
Ampere-Hour integral during the driving process. To measure the elec
tricity consumed by EVs from the power grid per kilometre, we define 
the energy consumption of each trip as follows: 

EC=
Ec

Dtrip
(4) 

where Dtrip is the driving distance of the trip and Ec is the charged energy 
in the adjacent charging process (the SOC intervals of the driving and 
charging processes are controlled to be the same). Thus, energy con
sumption results will vary across different driving sessions. The average 
value of all driving sessions will be used to calculate the annual energy 
consumption of one vehicle. Moreover, the fuel consumption benchmark 
of frugal ICEVs is set at 4.4 L/100 km [23]. The fuel consumption of a 
frugal ICEV is adjusted based on the ratio between the energy con
sumption of its corresponding frugal EV and the benchmark energy 
consumption derived from its battery capacity and AER. 

(2) Annual- and Daily VKT

To incorporate real-world driving demand into the analysis, we 
extract the distributions of daily and annual driving distances using real- 
world records of EV operation. Since there may be more than one driving 
session in a day, multiple driving sessions for a vehicle are integrated to 
compute the daily driving distance. In this work, the daily VKT is ob
tained by calculating the difference between the last and first odometer 
values of the day. Then, daily VKT records are labelled with dates, re
gions, fleet types, and anonymous vehicle identifications to acquire 
daily driving distance sets in designated regions and of targeted fleet 
types. Annual driving distances are calculated by aggregating daily VKT. 
For both the daily and annual VKT, the cumulative distribution function 
F is shown in equation (5). 

F(x)=
∑x

u=ε
fΔ(u) (5) 

where fΔ(u) is the share of vehicles in the driving distance interval (u, u 
+ Δ], and ε is the threshold of the daily or monthly driving distance. 

Table 1 
Electricity generation pattern definitions.

Patterns Definitions

Tra-Export The local electricity generation structure primarily consists of 
traditional energy sources; The exported electricity is much 
greater than the imported electricity.

Tra-Import The local electricity generation structure primarily consists of 
traditional energy sources; The imported electricity is much 
greater than the exported electricity.

Midd-Clea- 
Export

The proportion of clean energy in the local electricity mix is 
between 30 % and 50 %; The exported electricity is much greater 
than the imported electricity.

Midd-Clea-Self The proportion of clean energy in the local electricity mix is 
between 30 % and 50 %; The imported electricity is nearly equal to 
the exported electricity.

Midd-Clea- 
Import

The proportion of clean energy in the local electricity mix is 
between 30 % and 50 %; The imported electricity is much greater 
than the exported electricity.

High-Clea- 
Export

The proportion of clean energy in the local electricity mix is More 
than 50 %; The exported electricity is much greater than the 
imported electricity.

Table 2 
Energy structure of each electricity generation pattern.

Patterns Traditional 
energy

Clean 
energy

Local generation 
proportion

Tra-Export 87.26 % 12.74 % 110.88 %
Tra-Import 79.20 % 20.80 % 82.50 %
Midd-Clea- 

Export
57.15 % 42.85 % 106.27 %

Midd-Clea-Self 55.25 % 44.75 % 97.51 %
Midd-Clea- 

Import
57.43 % 42.57 % 81.83 %

High-Clea- 
Export

14.30 % 85.70 % 130.62 %
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(3) Annual UR

Annual UR represents the usage intensity of the vehicle. Basically, 
more charging infrastructure construction and better battery perfor
mance can both improve consumer willingness to use EVs. The annual 
UR calculation is provided in equation (6). 

Annul UR=Online Days/365 × 100 % (6) 

where Online Days represents the number of days the user uses the 
vehicle in a year.

3.3.3. Usage pattern recognition

(1) LDEV usage pattern clusters

Energy consumption per 100 km, daily VKT, and annual UR are used 
to establish the usage pattern model. In Fig. 3a, two distinct categories 
are identified: a low energy consumption category and a high energy 
consumption category, with average values centred around 7.94 kWh/ 
100 km and 15.56 kWh/100 km, respectively, accounting for approxi
mately two-thirds and one-third of the total. The majority of EVs exhibit 
relatively low consumption category, forming a solid basis for enhancing 
the emission reduction potential of LDV electrification. The daily VKT is 
divided into three categories (shown in Fig. 3b): low, medium, and high 
distances per day. This is a crucial factor in determining the lifetime 
VKT. The average distances for each class are 20.88 km, 46.14 km, and 
91.78 km, with proportions of 60 %, 31 %, and 9 %, respectively. This 
indicates that most private LDEVs are used for short daily trips, making 
them more likely to be employed for daily commuting. The final indi
cator, annual UR can also be categorised into low and high groups, with 
average rates of 64 % and 92 % (see Fig. 3c). Over two-thirds of users 
operate their vehicles with a higher frequency of travel. Based on these 
three metrics (energy consumption, daily VKT, and UR), 12 possible 
LDEV usage patterns are defined (as shown in Table 3), though patterns 
with very low proportions are excluded from further analysis. 

(2) Macro-usage patterns for frugal EVs

Table 4 provides parameters for the macro-usage patterns of frugal 
EVs under different electricity resource structures. The average tem
perature throughout the whole year in each province ranges from 15 ◦C 
to 20 ◦C, which is a suitable range for battery materials. However, there 
are still some significant differences in average energy consumption. The 
maximum energy consumption in the Midd-Clen-Self region is 0.72 
kWh/100 km higher than the minimum value in the Tra-Import region. 
The highest average daily VKT, at 22.46 km, is found in the High-Clea- 
Export region, while the lowest, at 18.99 km, is in the Tra-Import region. 
The average annual UR fluctuates around 95 %. In most cases, average 
values are used to assess the emission reduction capacity of EV usage 

(see Table 5). 

(3) Micro-usage patterns for frugal EVs

In terms of micro-usage patterns for frugal EVs, we only select micro- 
frugal EV usage patterns with more than 2 % proportion. Generally, the 
L-L-H pattern is the most common usage pattern for frugal EVs in China 
(ranging from 71 % to 79 %). The H-L-H pattern ranks second, ranging 
from 6 % to 11 %. H-M-H, L-L-L and L-M-H patterns also occupy a certain 
proportion. Specifically, the proportion of frugal EV usage patterns in six 
classical electricity patterns is shown as follows. 

(1) Tra-Export: L-L-H (71 %), H-M-H (5 %), L-L-L (4 %), L-M-H (5 %) 
and H-L-H (6 %).

(2) Tra-Import: L-L-H (78 %), H-M-H (3 %), L-L-L (4 %), L-M-H (3 %) 
and H-L-H (11 %).

(3) Midd-Clea-Export: L-L-H (78 %), H-M-H (6 %), L-L-L (3 %), L-M-H 
(5 %) and H-L-H (6 %).

Fig. 3. Features of EV usage patterns. a. Energy consumption distributions. b. Daily VKT distributions. c. Annual UR distributions.

Table 3 
LDEV usage pattern definitions.

Patterns Descriptions

L-L-L Low energy consumption; Low daily mileage; Low utilisation rate
L-M-L Low energy consumption; Middle daily mileage; Low utilisation rate
L-H-L Low energy consumption; High daily mileage; Low utilisation rate
H-L-L High energy consumption; Low daily mileage; Low utilisation rate
H-M-L High energy consumption; Middle daily mileage; Low utilisation rate
H-H-L High energy consumption; High daily mileage; Low utilisation rate
L-L-H Low energy consumption; Low daily mileage; High utilisation rate
L-M-H Low energy consumption; Middle daily mileage; High utilisation rate
L-H-H Low energy consumption; High daily mileage; High utilisation rate
H-L-H High energy consumption; Low daily mileage; High utilisation rate
H-M-H High energy consumption; Middle daily mileage; High utilisation rate
H-H-H High energy consumption; High daily mileage; High utilisation rate

Table 4 
The parameters for macro-usage patterns under different electricity resource 
structures.

Electricity 
patterns

Sample 
amount

Energy 
consumption 
(kWh/100 km)

Average 
daily VKT 
(km)

Average 
annual UR 
(%)

Tra-Export 11,292 8.98 20.98 95.0
Tra-Import 52,309 9.23 23.65 94.8
Midd-Clea- 

Export
4995 9.24 20.76 95.9

Midd-Clea- 
Self

8919 9.70 25.52 96.3

Midd-Clea- 
Import

7756 9.01 22.50 94.9

High-Clea- 
Export

9122 9.44 22.46 94.0

D. Cui et al.                                                                                                                                                                                                                                      Energy 335 (2025) 137823 

7 



(4) Midd-Clea-Self: L-L-H (74 %), H-M-H (6 %), L-L-L (2 %), L-M-H 
(5 %) and H-L-H (10 %).

(5) Midd-Clea-Import: L-L-H (79 %), H-M-H (4 %), L-L-L (4 %), L-M- 
H (5 %) and H-L-H (7 %).

(6) High-Clea-Export: L-L-H (71 %), H-M-H (6 %), L-L-L (5 %), L-M-H 
(6 %) and H-L-H (9 %).

3.4. Disposal phase

Vehicle disposal for ICEV and EV (excluding battery) has been 
considered in the vehicle production phase, as part of the vehicle-ARD. 
The inventory for disposal of EV batteries is also obtained from the 
GREET software, measured in grams of emissions per tonne of battery 
cell recycling. Additionally, the number of battery replacements is 
considered in the disposal phase [15]. Generally, the battery replace
ment should consider both calendar ageing and cycle ageing. In most 
cases, if the state-of-health of the battery falls below 80 %, it is no longer 
deemed suitable for use in an EV [40]. Although 80 % of battery capacity 
can satisfy most daily travel demand of EV users, for the safe operation, 
most automobile manufacturers and the government in China still 
follow this rule. Consequently, one major battery replacement scheme 
for most automobile manufacturers is based on the cumulative driving 
mileage (i.e., cycle ageing), when it reaches 150,000 km (e.g., BYD 
Auto), 240,000 km (e.g., Tesla). Another rule (i.e., calendar ageing) 
always used is when the usage time reaches 8 years (e.g., BYD Auto, 
GEELY, BAIC). Before 2016, the value was 4 or 6 years [41]. Based on 
above two battery replacement schemes, this paper follows the battery 
replacement guideline provided by the Ministry of Finance of the Peo
ple’s Republic of China (http://www.gov.cn/xinwen/2015-04/29/c 
ontent_2855040.htm): 120,000 km or 8 years. The scheme that meets 
the requirements first will be implemented as a priority.

4. Results and discussions

4.1. Emissions and reduction opportunities with macro-usage patterns

The emissions per 100 km, based on the macro-frugal EV usage 
patterns, are shown in Fig. 4. There are notable differences in emissions 
across the various electricity patterns, influenced by factors such as 
electricity sources, travel distances, and energy consumption per 100 
km. Generally, emissions from traditional electricity sources are higher 
than those from clean energy sources, although some scenarios exhibit a 
different trend. To reduce the impact of outliers on the results, we 
calculated the median and its corresponding 95 % CI to represent the 
credible range of the results.

Based on macro-usage pattern features, CO2 emissions of frugal EVs 
are significantly lower than that of frugal ICEVs (see Fig. 4a). Traditional 
electricity generation methods (Tra-Export and Tra-Import) still show 
higher emission trends than other electricity patterns. The CO2 emis
sions of frugal EVs in Trd-Export and Tra-Import are 18.24 kg/100 km 
(95 %CI: 18.09–18.38) and 18.85 kg/100 km (95 % CI: 18.78–18.93), 
respectively, which is approximately 2.23 and 3.20 kg/100 km lower 
than the emissions of frugal ICEVs. In contrast, renewable electricity 
generation technologies demonstrate significant emission reductions. In 
the High-Clea-Export region, the CO2 emissions of frugal EVs are 13.02 
kg/100 km (95 % CI: 12.80–13.25), while frugal ICEV shows a signifi
cantly higher emission at 20.49 kg/100 km (95 % CI:20.36–20.64). This 
can be attributed to a higher reliance on clean energy sources, such as 
wind and solar power, in its electricity structure. In terms of VOC 
emissions (see Fig. 4b), previous studies have shown that LDPV elec
trification can reduce 98 % of emissions during the fuel cycle [42]. Even 
when considering the vehicle cycle, the VOC emissions of frugal EVs 
remain significantly lower than those of frugal ICEVs. Within all elec
tricity patterns, the VOC emissions of frugal EVs reduce around 10 % 
compared to the frugal ICEVs. However, considering other emissions (i. 

Fig. 4. Emissions per 100 km for frugal EV and ICEVs under different electricity resource structures. a CO2, b VOC, c PM2.5, d NOx, e SOx and f PM10. The darker ones 
represent frugal EVs, while the lighter ones are frugal ICEVs.
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e., PM2.5, PM10, NOx and SOx), there shows no advantages of frugal EVs. 
Cleaner electricity structure still has environmental benefits than 
traditional electricity structure, while the differences between frugal 
EVs and ICEVs are the smallest (see Fig. 4c–f). From a macro perspective, 
the environmental benefits during the use phase are not offset by those 
during the power system phase and vehicle battery production phase, 
while this doesn’t mean that all frugal EVs don’t have the opportunity to 
reduce emissions.

In terms of the electricity transfer path, export-oriented regions show 
lower emissions of all emission species compared to import-oriented 

regions. However, this does not mean that decarbonisation of the elec
tricity grid is unnecessary. Comparing Tra-Export with Tra-Import, the 
latter benefits from a higher proportion of clean energy, as more clean 
energy is imported, contributing to a cleaner energy mix. Similarly, 
when comparing Midd-Clea-Export and Midd-Clea-Import, although 
both have 57 % of their electricity coming from traditional sources, the 
import of clean electricity from another province with over 50 % clean 
energy generation results in a cleaner energy profile.

Fig. 5. Emissions reductions of frugal EV usage compared to counterpart ICEVs. a CO2, b VOC, c NOx, d SOx, e PM2.5 and f PM10.
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4.2. Emissions and reduction opportunities with micro-usage patterns

In this section, only usage patterns of frugal EVs with more than 2 % 
of the proportion are included to analyse the emissions and reduction 
opportunities. Frugal vehicle electrification can significantly reduce CO2 
(Fig. 5a) emissions in most patterns, except the L-L-L pattern in each 
region, and the H-L-H pattern in Tra-Import and Tra-Export regions, 
where the results of CO2 emissions of frugal EVs are 32.39 kg/100 km 
(95 %CI: 30.95–33.46) and 31.93 kg/100 km (95 %CI: 31.61–32.26), 
while the results of frugal ICEVs are 28.30 kg/100 km (95 %CI: 
27.48–29.12) and 28.43 kg/100 km (95 %CI: 28.20–28.66). Lack of 
vehicle usage (L-L-L usage pattern), especially with a higher energy 
consumption (H-L-H usage pattern), may lead to difficulties in reducing 
CO2 emissions, especially in regions relying on traditional electricity 
generation. Due to the small amount of samples of L-L-L usage pattern, 
the range of 95 % CI is relatively larger than other usage patterns. It 
should also be noted that cleaner energy generation further enhances the 
environmental benefits of vehicle electrification. Analysing the 
‘-Export’-based electricity patterns, the CO2 emissions of H-L-H usage 
pattern in Midd-Clea-Export and High-Clea-Export decreases into 29.47 
kg/100 km (95 %CI: 27.77–31.08) and 26.20 kg/100 km (95 %CI: 
25.30–27.10). It should also be noted that patterns with a combination 
of ‘-M-H’ exhibit greater potential for emission reductions, such as the 
61.4 % reduction observed in the H-M-H pattern in the High-Clea-Export 
region. Longer life cycle VKT not only enhance the emission reduction 
period in the usage phase but also reduce the emissions from vehicle 
production or disposal every kilometre. Additionally, the emission 
reduction opportunities of the ‘-L-H’ patterns are lower than the ‘-M-H’ 
patterns, mainly caused by a lower life cycle VKT.

VOC emission reduction opportunities are significant in all elec
tricity patterns with different frugal EV usage patterns, as shown in 
Fig. 5b. Even in L-L-L pattern, there is a drop of more than 1 %. A similar 
trend is observed for NOx, SOx, PM2.5, and PM10 (Fig. 5c–f), where the 
life-cycle emissions of a frugal EV are no longer significantly lower than 
those of a frugal ICEV. In contrast, in the High-Clea-Export region, NOx 
emissions show a substantial reduction under the H-M-H and L-M-H 
usage patterns, decreasing by 25.1 % and 13.5 %, respectively. Specif
ically, emissions drop from 8.85 g/100 km (95 % CI: 8.82–8.88) to 6.65 
g/100 km (95 % CI: 6.56–6.66) for the H-M-H pattern and from 9.55 g/ 
100 km (95 % CI: 9.42–9.71) to 8.23 g/100 km (95 % CI: 8.03–8.57) for 
the L-M-H pattern. A similar reduction is observed for PM2.5. In the H-M- 
H usage pattern, emissions decrease from 1.069 g/100 km (95 % CI: 
1.065–1.074) to 0.844 g/100 km (95 % CI: 0.837–0.852). Similarly, in 
the L-M-H usage pattern, emissions decline from 1.212 g/100 km (95 % 
CI: 1.190–1.242) to 1.081 g/100 km (95 % CI: 1.049–1.125) in the High- 
Clea-Export region. Although the energy consumption of the H-M-H 
pattern is a little higher than that of the L-M-H pattern, the life-cycle 
VKT is 1.5 times higher than that of L-M-H, resulting in a similar 
emission reduction but more reduction proportion of the H-M-H.

We compare the emission proportions of a frugal EV and an ICEV 
with different usage patterns in different phases of the LCA to illustrate 
the changes in the impact of the vehicle usage on the emission reduction, 
as shown in Table 5. Under macro usage patterns, frugal EVs outperform 
frugal ICEVs in most pollutant emissions, but their performance is 
influenced by the electricity mix. In the High-Clea-Export region, the 
CO2 emissions of frugal EVs during the WtW are only 12.8 %, signifi
cantly lower than the 57.2 % of frugal ICEVs. Additionally, pollutants 
such as PM2.5(5.8 % vs. 26.0 %) and NOx (8.2 % vs. 30.4 %) are also 
significantly reduced, demonstrating the great emission reduction po
tential clean electricity. However, in the Tra-Export scenario, the CO2 
emissions of frugal EVs during the WtW rise to 37.3 %, though still lower 
than frugal ICEVs (57.8 %), while SOx emissions (15.0 % vs. 4.7 %) 
exceed those of frugal ICEVs, indicating that a high proportion of coal- 
fired power may weaken the emission reduction opportunities of 
frugal EVs for certain pollutants. Additionally, battery contributes 
significantly to PM2.5 (16.1 %) and SOx (38.7 %) emissions, highlighting 

the importance of optimising battery production.
Frugal EV emissions are influenced by both electricity patterns and 

usage patterns. For H-L-H and H-M-H usage patterns, WtW CO2 emis
sions of EVs decrease significantly under a clean power grid. For 
example, under the High-Clea-Export scenario, the WtW CO2 emissions 
of frugal EVs in the H-L-H pattern account for only 9.7 %, which is much 
lower than the 44.5 % of frugal ICEVs, demonstrating a clear carbon 
reduction advantage. However, in Tra-Export and Tra-Import regions, 
the high carbon intensity of electricity used for frugal EV charging 
significantly increases CO2 emissions. In the Tra-Export scenario, the 
WtW CO2 emissions of frugal EVs in the H-M-H pattern reach 71.8 %, 
close to the 82.2 % of frugal ICEVs. For L-L-H, L-L-L, and L-M-H usage 
patterns, the proportions of CO2, PM, and NOx emissions from frugal EVs 
are generally lower than those from frugal ICEVs. For instance, under 
the High-Clea-Export scenario, the WtW CO2 emissions of EVs in the L-L- 
L pattern account for only 2.6 %, compared to 24.8 % for ICEVs, high
lighting significant carbon reduction benefits. However, in traditional 
electricity structure, SOx emissions from battery manufacturing and 
electricity generation may weaken the environmental benefits of EVs. In 
the Tra-Export scenario, the WtW SOx emissions of frugal EVs in the L-L- 
H pattern account for 13.6 %, while the battery-related SOx emissions 
reach 39.3 %, indicating that battery production plays a significant role 
in total emissions. Overall, in regions with more traditional fossil elec
tricity generation, optimising battery production and improving grid 
cleanliness are particularly crucial.

4.3. Trade-off between frugal EVs and ICEVs

The emission trade-off period in CO2 and VOC emissions, in all 
electricity patterns and PM2.5 and NOx in High-Clea-Export region are 
provided in Fig. 6. The proportion of frugal EVs with emissions reduc
tion is shown above the red line, while the bar below this line represents 
the emissions from frugal EVs are higher than those from frugal ICEVs. 
Vehicle age has a strong relation with life cycle VKT [43], while longer 
vehicle usage age with longer mileage can offset the emission from 
vehicle and battery production of frugal EVs which is higher than that of 
the frugal ICEVs. In general, the effort of clean electricity generation is 
still obvious. In Tra-Export and Tra-Import regions, the trade-off cannot 
be reached before 3-year vehicle usage, while in High-Clea-Export sce
nario, about 3.3 % frugal EVs have achieved the CO2 emission reduction 
advantages. Based on the focus of 12-year vehicle age in this paper, 
about 79 % of frugal EVs can achieve the CO2 emission reduction 
compared to frugal ICEVs. In terms of specific electricity patterns, the 
proportions of CO2 emission reduction are 78.4 %, 75.1 %, 88.0 %, 89.3 
%, 83.8 % and 89.1 % in the electricity patterns from the left side to the 
right in Fig. 6a, respectively. In terms of reduction proportion of each 
usage patterns, more than 95 % frugal EVs with H-M-H and L-M-H usage 
patterns achieve the CO2 emission reduction compared to the frugal 
ICEVs. The L-L-H usage pattern is the main part of the frugal EVs, where 
the maximum proportion of Tra-Export reaches 95.0 % and the mini
mum proportion of High-Clea-Export is 85.1 %. In contrast, even over 
the longest assessment period of 20 years, the proportions of 
non-emission reduction of H-L-H and L-L-L remain significant. The re
sults of H-L-H are around 95.0 % in traditional electricity regions. The 
proportion of L-L-L are around 45.1 %–75.7 % of the total in each 
electricity pattern. Moreover, VOC emissions reduction proportion can 
reach more than 95 % about 4–6 years, due to the high emission pro
portion in WtW phase of the frugal ICEVs (see Fig. 6b). In terms of other 
emissions, only PM2.5 and NOx in High-Clea-Export show an emission 
reduction opportunity, while there are no reduction opportunities of SOx 
and PM10 in all electricity patterns. The PM2.5 emission reduction can 
reach the balance in the second year, while the proportion in 12-year 
vehicle usage is about 30.0 %, and the final proportion with reduction 
opportunities in 20-year vehicle usage can reach about 44.2 %. Similar 
trends of NOx emission reduction can be found in Fig. 6d, where the 
emissions reduction proportion of the balance year, 12 year and the end 
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Table 5 
Emissions proportion of the WtW and battery for frugal EVs and ICEVs.

Emissions Usage pattern Tra-Export (%) Tra-Import (%) Midd-Clea-Export (%) Midd-Clea-Self (%) Midd-Clea-Import (%) High-Clea-Export (%)

EV ICEV EV ICEV EV ICEV EV ICEV EV ICEV EV ICEV

WtW Battery WtW WtW Battery WtW WtW Battery WtW WtW Battery WtW WtW Battery WtW WtW Battery WtW

CO2 Macro 37.3 16.0 57.8 35.3 16.5 56.5 30.6 17.7 59.3 31.2 17.6 60.3 28.5 18.3 56.6 12.8 22.3 57.2
H-L-H 35.2 16.6 47.6 33.4 17.0 46.8 24.9 19.2 45.4 27.5 18.5 49.3 24.2 19.4 43.8 9.7 23.1 44.5
H-M-H 71.8 7.2 82.2 70.3 7.6 81.7 63.1 9.4 82.3 62.3 9.6 82.1 63.0 9.4 81.8 34.8 16.7 81.7
L-L-H 35.8 16.4 58.1 34.7 16.7 57.9 28.5 18.3 59.4 29.0 18.2 60.5 27.3 18.6 57.5 11.7 22.6 58.7
L-L-L 10.5 22.9 25.1 12.5 22.4 29.1 8.1 23.5 25.8 12.2 22.4 35.2 7.3 23.7 23.6 2.6 24.9 24.8
L-M-H 54.3 11.7 72.1 55.7 11.3 73.8 46.3 13.7 73.6 47.5 13.4 74.7 45.8 13.9 72.8 20.8 20.2 71.7

VOC Macro Macro 1.2 1.3 14.2 1.0 1.3 13.3 0.8 1.3 15.0 0.8 1.3 15.5 0.7 1.3 13.7 0.2 1.3
H-L-H H-L-H 1.0 1.3 10.1 0.8 1.3 9.5 0.6 1.3 9.2 0.6 1.3 10.5 0.5 1.3 8.7 0.2 1.3
H-M-H H-M-H 4.1 1.2 33.4 3.6 1.2 32.7 2.8 1.2 33.8 2.5 1.2 33.8 2.6 1.2 33.3 0.8 1.3
L-L-H L-L-H 1.0 1.3 13.4 0.9 1.3 13.3 0.7 1.3 14.0 0.7 1.3 14.5 0.6 1.3 13.1 0.2 1.3
L-L-L L-L-L 0.2 1.3 3.8 0.2 1.3 4.6 0.2 1.3 3.8 0.2 1.3 6.0 0.1 1.3 3.4 0.0 1.3
L-M-H L-M-H 2.1 1.2 22.4 2.1 1.2 23.6 1.5 1.3 23.5 1.4 1.3 24.5 1.4 1.3 22.8 0.4 1.3

PM10 Macro 21.8 15.0 18.1 19.3 15.5 17.0 16.7 16.0 19.1 16.1 16.1 19.7 14.8 16.4 17.4 5.4 18.2 18.3
H-L-H 19.8 15.4 14.0 17.7 15.8 13.2 12.8 16.7 12.7 13.5 16.6 14.5 11.9 16.9 12.1 4.0 18.4 12.4
H-M-H 52.4 9.1 41.9 49.2 9.7 41.2 42.2 11.1 42.5 39.7 11.6 42.4 41.1 11.3 41.8 16.7 16.0 41.7
L-L-H 20.1 15.3 17.0 18.6 15.6 16.8 15.0 16.3 17.8 14.3 16.4 18.4 13.7 16.6 16.7 4.8 18.3 17.5
L-L-L 5.1 18.2 4.7 5.9 18.1 5.8 3.7 18.5 4.9 5.4 18.2 7.7 3.2 18.6 4.4 1.0 19.0 4.6
L-M-H 34.9 12.5 28.4 34.8 12.5 29.8 27.4 13.9 29.7 26.8 14.0 31.0 26.1 14.2 28.8 9.1 17.5 28.0

PM2.5 Macro 22.1 16.1 25.9 19.5 16.7 24.6 17.0 17.2 27.1 16.6 17.3 27.9 15.1 17.6 25.0 5.8 19.5 26.0
H-L-H 20.1 16.6 19.9 17.9 17.0 19.1 13.0 18.0 18.3 13.9 17.8 20.8 12.2 18.2 17.5 4.2 19.8 17.9
H-M-H 52.8 9.8 53.2 49.6 10.4 52.5 42.8 11.9 53.7 40.5 12.3 53.6 41.7 12.1 53.0 17.6 17.1 52.9
L-L-H 20.4 16.5 24.9 18.8 16.8 24.7 15.2 17.6 25.9 14.7 17.7 26.7 14.0 17.8 24.4 5.1 19.7 25.5
L-L-L 5.2 19.6 7.5 5.9 19.5 9.2 3.8 19.9 7.8 5.6 19.6 11.9 3.3 20.0 7.0 1.1 20.5 7.4
L-M-H 35.3 13.4 38.7 35.1 13.4 40.4 27.8 15.0 40.3 27.5 15.0 41.7 26.6 15.2 39.3 9.6 18.7 38.2

NOx Macro 28.6 19.4 30.2 25.8 20.2 29.0 22.7 21.0 31.7 22.2 21.1 32.7 20.3 21.7 29.2 8.2 25.0 30.4
H-L-H 26.5 20.0 25.3 23.9 20.7 24.4 17.9 22.3 23.4 19.0 22.0 26.4 16.7 22.6 22.3 6.0 25.5 22.9
H-M-H 62.1 10.3 60.9 59.1 11.1 60.2 52.4 12.9 61.4 50.0 13.6 61.2 51.2 13.3 60.7 23.9 20.7 60.5
L-L-H 26.9 19.9 29.0 25.1 20.4 28.8 20.7 21.5 30.1 20.1 21.7 31.1 19.1 22.0 28.5 7.3 25.2 29.8
L-L-L 7.3 25.2 8.7 8.3 24.9 10.6 5.5 25.7 9.2 7.9 25.0 14.0 4.7 25.9 8.2 1.5 26.8 8.6
L-M-H 44.0 15.2 44.8 43.9 15.2 46.8 36.0 17.4 46.5 35.6 17.5 48.3 34.6 17.8 45.5 13.5 23.5 44.3

SOx Macro 15.0 38.7 4.7 13.1 39.6 4.3 11.2 40.4 5.0 10.8 40.6 5.3 9.9 41.0 4.4 3.5 44.0 4.8
H-L-H 13.4 39.4 3.9 11.7 40.2 3.6 8.3 41.7 3.5 8.8 41.5 4.1 7.8 42.0 3.3 2.5 44.4 3.4
H-M-H 40.3 27.2 14.7 37.3 28.6 14.3 30.9 31.5 15.1 28.9 32.4 15.1 30.0 31.9 14.7 11.0 40.5 14.6
L-L-H 13.6 39.3 4.1 12.4 39.9 4.0 9.8 41.1 4.3 9.4 41.2 4.5 9.0 41.4 3.9 3.0 44.2 4.2
L-L-L 3.2 44.0 0.9 3.7 43.8 1.1 2.3 44.5 1.0 3.4 44.0 1.6 2.0 44.6 0.9 0.6 45.2 0.9
L-M-H 25.0 34.1 8.1 24.8 34.2 8.7 18.8 36.9 8.6 18.5 37.1 9.1 18.0 37.3 8.2 5.8 42.9 8.0
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year of the assessment is 2, 30.3 % and 44.7 %, respectively. The usage 
patterns in ‘-M-H’ are still the main elements of emission reductions as 
well as trend in CO2 emissions.

4.4. Discussions

The results highlight that frugal EVs, especially in regions with a 
cleaner electricity grid, offer significant reductions in CO2 [18], which 
can be found in the Supplementary Excel file. While VOC emissions are 
also benefits from the frugal ICEV electrification, the fluids contribute 
the most part, which is similar with the results in Ref. [44]. Moreover, 
the benefits of other emissions are not uniform across all regions, as the 
varying electricity mix and battery production emissions play a crucial 
role in determining the overall environmental impact. Based on previous 
studies in China, EVs do not yet possess a full life cycle advantage in 
reducing primary PM2.5 and SOx emissions, mainly due to emissions 
from upstream coal-fired electricity generation and the production 
processes of battery materials [30,45]. It can be seen that the largest 
differences in PM2.5 and SOx emissions between frugal EVs and coun
terpart ICEVs occur during the Well-to-Tank and Tank-to-Wheel phases, 
with batteries remaining the main contributing factor (see the Supple
mentary). Previous studies have also pointed out that, for example, in 
northern China where the power system is primarily coal-based, the use 
of EVs still does not guarantee significant reductions in NOx emissions 
[18,44,45]. This is evident in the Tra-Import and Tra-Export regions, 
where frugal EVs exhibit higher NOx emissions than their ICEV coun
terparts during the WtW phase. Therefore, based on the results in Fig. 5c 
and the contribution of the NOx emission, it can be concluded that clean 
electricity generation mix is an absolute prerequisite for achieving this 
enormous reduction potential of EVs.

The subsidy policy for EVs has gradually shifted towards longer AER 
models with high-energy-density batteries, resulting in the reduction of 
financial support for shorter AER EVs. While this adjustment has pro
moted the development of longer AER EVs, it has also imposed certain 
limitations on the growth of frugal EVs. Without subsidy support, the 
economic attractiveness of such vehicles may be reduced, which in turn 
affects market promotion. In this study, we demonstrate the potential of 
frugal EVs to contribute to emission reductions across various provinces 
with different electricity mix structures. Additionally, actively driving 
an EV rather than leaving it parked in the garage helps to offset the 
additional emissions associated with battery production and recycling 
[46,47]. Another key finding is that short daily travel with a high 

utilisation rate is the most common pattern of frugal EV usage, which is 
in line with the design aim of this kind of vehicle. In contrast, lower 
intensity usage pattern may limit the overall emission reduction po
tential, as these vehicles spend a larger portion of their lifespan with 
underutilised capacity. It might be the example of a short AER EV 
replacing one ICEV of a two-car household [48] or privately operated 
short-distance shared vehicle services [49]. However, if in order to get 
the purchase subsides to develop longer AER vehicle model may result in 
a waste of battery materials, because some frugal vehicle scenarios may 
not require such a large battery capacity. Therefore, to maximise 
emission reduction opportunities, implementing personal carbon 
trading could incentivise EV usage by encouraging consumers to choose 
energy-efficient options, thereby indirectly promoting frugal EV adop
tion [3]. In other words, this approach could leverage the fact that frugal 
EVs have lower life cycle emissions than other LDEV segments in short 
AER scenarios [18,50] and encourage users with low daily VKT and low 
utilisation rates (‘-L-L’/‘-L-H’ usage patterns) to use vehicles.

There are still some considerations that can be addressed in the 
future studies. First, we only collect the EV operation data. The user 
attributes and preferences are important to realise the detailed usage 
pattern, which can be addressed in the future studies. The comparisons 
between frugal EVs and other sized LDEVs can be addressed in the future 
work. Since frugal EV has an advantage in total owner cost, the double- 
win both in economy and environment may be suitable for some EV 
users with lower intensity usage patterns. Moreover, as the emissions 
from non-exhaust PM2.5 emissions are becoming increasingly concern
ing [51], it can be addressed in the future studies. In particular, the 
regenerative braking system of EVs effectively reduces the formation of 
brake wear particles [52], which may result in somewhat different 
emissions between EVs and ICEVs. Finally, the battery replacement 
scheme of 80 % SOH considering the battery safety may be upgraded 
combining with the usage patterns, which can improve the environment 
benefits of vehicle electrification.

5. Conclusions

This study systematically analyses the environmental impact of 
frugal EVs using the LCA method, based on large-scale real-world EV 
operation data. A GMM-based usage pattern recognition method is 
developed, integrating different regional electricity structures to 
comprehensively evaluate the emission reduction potential of frugal 
EVs. The results indicate that over 70 % of frugal EV users travel short 

Fig. 6. Emission trade-off period of replacing a frugal ICEV into a frugal EV. a CO2; b PM2.5 in High-Clea-Export region; c VOC and d NOx in High-Clea-Export region.
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daily distances with low energy consumption, aligning with the design 
intent of these vehicles. However, different usage patterns have a sig
nificant impact on emission reduction. High-utilisation users (e.g., H-M- 
H pattern) can offset the additional emissions from battery production 
more quickly, achieving greater reductions in CO2 emissions. In 
contrast, low-utilisation users (e.g., L-L-L pattern) may result in lower 
overall emission reduction benefits and, in some cases, may even fail to 
effectively reduce CO2 emissions. Additionally, the study finds that 
while frugal EVs have a clear advantage in reducing VOC emissions, 
their reductions in NOx, SOx, PM2.5 and PM10 emissions depend heavily 
on electricity structure and battery production impact. Furthermore, this 
study explores the emission trade-off point between frugal EVs and 
ICEVs. The findings show that in regions with a high proportion of clean 
electricity (e.g., High-Clea-Export pattern), frugal EVs can achieve CO2 
emission parity in a shorter time, whereas in regions with a higher share 
of coal-fired electricity (e.g., Tra-Export pattern), it takes longer to gain 
an emission advantage. Moreover, the study highlights that battery 
production contributes significantly to PM and SOx emissions, under
scoring the importance of optimising battery manufacturing processes to 
further enhance the environmental benefits of frugal EVs.
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