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Abstract: Vehicle mileage is one of the key parameters for accurately evaluating vehicle emissions
and energy consumption. With the support of the national annual vehicle emission inspection
networked platform in China, this study used big data methods to analyze the activity level
characteristics of the light-duty passenger vehicle fleet with the highest ownership proportion. We
found that the annual mileage of vehicles does not decay significantly with the increase in vehicle
age, and the mileage of vehicles is relatively low in the first few years due to the run-in period,
among other reasons. This study indicated that the average mileage of the private passenger car
fleet is 10,300 km/yr and that of the taxi fleet was 80,000 km/yr in China in 2019, and the annual
mileage dropped by 22% in 2020 due to the pandemic. Based on the vehicle mileage characteristics,
the emission inventory of major pollutants from light-duty passenger vehicles in China for 2010-
2020 was able to be updated, which will provide important data support for more accurate
environmental and climate benefit assessments in the future.

Keywords: vehicle mileage; light-duty passenger vehicle; gasoline consumption; emission
inventory

1. Introduction

Motor vehicles have become one of the most important sources of air pollutants and
greenhouse gas emissions; it is important to accurately estimate their emissions and
quantitatively evaluate their environmental and climate impacts. An accurate estimation
of the total emissions of vehicles mainly includes two key influencing factors: the
real-world emission factors and the activity level. In recent years, with the increasing
attention on real-world emissions and the development of real-world emission testing
technology, the emission characteristics of motor vehicles have become relatively
comprehensively understood [1-5]. However, there remains uncertainty in the
estimation of vehicle activity levels [6-8].

Among all the categories of on-road fleets, light-duty passenger vehicles occupy the
largest share (about 90% of all vehicles in China), and the large number and diversity of
travel behavior make it difficult to accurately grasp the characteristics of the activity
level. Several studies have carried out various investigations of the vehicle kilometers
traveled (VKT) by light-duty passenger vehicles (LDPV) [9,10]. However, due to the
limitations of labor costs and the difficulty of data acquisition, surveys usually obtain a
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relatively limited number of samples (<1% of the entire group). It is difficult to analyze
the trends and distribution characteristics of the changes without large sample data.

Meanwhile, during the rapid growth of China’s motor vehicle fleet, the
contradiction between huge motor vehicle travel demand and limited urban road supply
has exacerbated traffic congestion and air pollution. In recent years, local governments,
especially in the megacities, have issued a variety of policies to control the intensity of
vehicle usage, including limiting the number of new license plates, driving restrictions
for high-emission vehicles, and developing public transportation. Under the guidance of
these policies, the activity level of vehicles is gradually changing as the stock grows and
the public transportation system develops. Several studies have indicated that the VKT is
now lower than previously. For example, Huo estimated that the VKT of Beijing's
passenger cars in 2008 was 17,500 km [10], and the annual mileage dropped to about
11,000 km in the 2016 study based on GPS travel data [11]. The annual trend of VKT also
needs to be updated regularly. This requires the support of more easily available data
sources and a larger sample size of survey subjects.

In recent years, to strengthen the supervision of motor vehicle emissions, the
Ministry of Ecology and Environment of China (MEE) has established a
national-provincial-city networked platform (named the National Vehicle Environmental
Supervision Platform) to gradually build up a supervision system for the entire process
of motor vehicle emissions and build environmental protection profiles for each vehicle.
The platform plans to access the entire chain of motor vehicle management data,
including in-use vehicle annual inspection and maintenance (I/M) data, remote sensing
test data, on-board diagnostic (OBD) online supervision data, etc. As the first step, the
vehicle I/M data have been gradually connected to the online platform. At this stage, the
platform has received nearly 500 million I/M records from more than 10,000 inspection
institutions in 31 provinces of China. As odometer readings should be recorded during
the I/M test, powerful data support could be provided for an in-depth understanding of
the activity level of the in-use vehicle. This is currently the largest sample of the in-use
vehicle mileage database.

This paper carried out a detailed analysis of mileage characteristics based on the
vehicle odometer data recorded in the annual inspection database and revealed the
variation in the VKT characteristics of passenger cars in China by vehicle age, driving
year, and region. On this basis, this study obtained the latest real-world road emission
characteristic results to update China’s gasoline consumption, as well as the COz and
pollutant emissions from light-duty passenger vehicles.

2. Data and Method
2.1. Data Description and Pre-Processing

The raw data used in this study came from the odometer reading records by car
owners during their annual I/M program. The value represents the cumulative mileage of
the vehicle from the registration date to the inspection date. Considering that the data
from the I/M platform are still continuously being accessed, this study focused on 10
cities with relatively high upload rates and good data quality control. The data volume of
these 10 cities is shown in Table 1. The sample size accounted for about 20-40% of the
city’s total vehicle ownership, which will significantly improve the accuracy of the
estimation for the entire fleet.
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Table 1. Sample size from the I/M platform.

Sampled Vehicles
Cities Location (ThoEsand Units, Vehicle Population Percentage
(Thousand Units, 2019) of Total
2019)

Beijing North 2136 5638 38
Shijiazhuang North 667 2560 26
Xi'an Northwest 1112 2710 41
Shanghai East 1016 3610 28
Hangzhou East 399 2451 16
Guangzhou South 755 2965 25
Shenzhen South 742 3218 23
Zhuhai South 130 625 21
Chengdu  Southwest 1233 4520 27
Chongqging  Southwest 720 3705 19

The dataset included vehicle information (brand, vehicle model, engine
displacement, vehicle type, and registration date) and I/M profiles (I/M date, odometer,
and test results). Usually, data analysis requires the data to be pre-processed first. As the
vehicle environmental protection platform has not yet established a standardized data
quality control system, the current data included incomplete vehicle information,
misfiled annual inspection information, etc., resulting in errors and deficiencies in the
existing data. Therefore, we first performed pre-processing on the data before the
analysis of VKT characteristics, including preliminary cleaning, vehicle information
correction and fulfillment, vehicle type reclassification, and removal of outliers and
unreasonable values. See Table 2 for the description of each step and the amount of data
processed.

Table 2. Data quality checks and pre-processing steps.

Data Quality Issues Pre-Processing Steps %
Multiple inspections of the same vehicle Removing duplicates 13.2
Missing or incorrect mileage value Removal 2.8

R i tliers b i
Mileage outliers (the most obvious) CIMOVINg OUTIELs by regression 2.3

analysis

.. . L. . Modifications and additions from
Missing or incorrect vehicle information 11.8
other databases

. . . Reclassification based on detailed
Vehicle type or class misclassification o . 9.1
vehicle information

Total processed data available for follow-up analysis 81.7

In addition, the I/M program in China requires mandatory annual inspections for
light-duty vehicles older than 6 years. Private cars younger than 6 years can apply for an
inspection exemption. This has resulted in a relatively small number of samples for
vehicles less than 6 years old in this database, which may lead to poor estimates of the
VKT characteristics for these types of cars. Therefore, the vehicle maintenance records
from sales, services, spare parts, and survey stores (short for 4S stores) were introduced
to supply the analysis of these vehicles. Typically, car owners perform vehicle
maintenance once a year after purchase, so the odometer readings recorded in the
maintenance file were also a useful source of data for analyzing vehicle activity levels.
Contrary to the mandatory annual I/M test, regular vehicle maintenance in the 4S stores
is recommended but voluntary, so the proportion of newer cars (less than 6 years old) in
the database from 4S stores will be higher, which happens to complement the lacking
data in the I/M database. About 120,000 points of vehicle maintenance data from 4S stores
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in 31 provinces were collected in this study, covering mainstream brands such as Toyota,
Honda, Volkswagen, and Chery. The data survey was conducted in 2019; 60% of the data
were from vehicles younger than 6 years old, and 30% of the data were from vehicles that
were 6-10 years old.

2.2. Vehicle Use Intensity Analysis

Vehicle use intensity is an important parameter for calculating energy consumption
and emissions from on-road vehicles. In the processing of emissions estimation, the
annual VKT per vehicle is usually used as an indicator to quantify the vehicle use
intensity.

The odometer readings in the I/M database record the accumulated mileage of a
vehicle, which is the distance a vehicle has traveled from the date of registration to the
I/M date, as shown in the following formula:

i
Odometer;, = Z:lVKTi,y_iJr1

where Odometer denotes the reading records from the odometer, i.e., the accumulated
VKT, i denotes vehicle age; y denotes I/M year; and y — i + 1 denotes the driving year. In
Figure 1, the odometer reading accumulation of a car is described by taking a vehicle
inspected annually in 2020 as an example. However, in previous studies [10,12-16],
annual VKT was found to be mainly affected by vehicle age, yet the influence of driving
years is rarely discussed. In recent years, the number of vehicles in China has increased
rapidly, and the growth rate has been higher than the scale of urban road construction. At
the same time, the Chinese government is also implementing a series of measures to
optimize traffic efficiency and reduce the use-intensity of private cars. Under this
premise, the fleet-averaged annual mileage may vary depending on the driving year.
This study explored the impact of vehicle age and driving year on the annual VKT.

Driving Year

2020/2019(2018(2017|2016 2000

Vehicle Age

g | WN

20 B0 9 8 6

Figure 1. Schematic diagram of odometer record meaning (in 2020).

As detailed vehicle information can be obtained from this database, we were able to
further carry out subdivided vehicle driving characteristics analysis. For example, we
divided the samples into three segments according to engine displacement to compare
the differences in driving characteristics of vehicles with different engine sizes. In
addition, driving characteristics were split according to vehicle use (private and
commercial).
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2.3. Real-World Fuel Consumption and Emission Calculation

Fuel consumption and CO: emissions of the LDPV fleet were calculated to validate
the VKT results. The fuel consumption was calculated as follows:

Total Gasoline Consumption = Y Piy x VKTiy x BFC x (1 + Gap)/100

where P is the population of vehicles; VKT is the annual mileage, km; BFC is the baseline
fuel consumption under the NEDC, L/100 mL; Gap is the difference coefficient between
real-world fuel consumption and fuel consumption under the NEDG; i is the vehicle age,
y is the simulation year. The CO: emissions of the fleet can be further calculated
according to the carbon balance principle:

Pollutant Emissions = Zpes,y X VKTes,y X EFes,y

where P is the population of vehicles; VKT is the annual mileage, km; EF is the emission
factor of pollutants, g/km; es is the emission standard; and y is the simulation year.

Regarding the sources of the data, the vehicle population and fleet composition data
were from China Automotive Technology & Research Center (CATARC); the baseline
fuel consumption was from the official announcement of the Ministry of Industry and
Information Technology (MIIT); and the gap coefficient between real-world and
regulated fuel consumption was from Xiaoxiongyouhao, an app that records fuel
consumption data from millions of users [17,18]. The emission factors of pollutants were
derived from the EMBEV model (i.e., the archetype model for China’s National Emission
Inventory Guidebook) integrated with the multi-source real-world test database in China
[1,19-21].

3. Results and Discussion
3.1. VKT Characteristics
3.1.1. Mileage Characteristics

With the help of the big data I/M platform, the distribution of accumulated mileage
based on odometer readings could be visually illustrated. As the results of 2020 were
affected by the pandemic and may not be representative, the following discussion is
based on 2019. As shown in Figure 2, the accumulated mileage was significantly
positively correlated with the age of the vehicle. In the I/M database, LDPV were
registered and divided into private cars and taxis, and there were significant differences
in the mileage between them.

500 10
(a) [ sample size ¢ Mean
400 -8
— )
: :
£E ]
2, 300 L6 o
g &
(5] W
gzoo_ * L 3N 2 L4 E
[=}
o
o &
0
100 } % Il
0_§ T HHH-— . O
5 10 15 20

Vehicle age



Atmosphere 2022, 13, 1984

6 of 12

800 30
(b) [ sample size ¢ Mean
600 - —_
~ 2
_\E‘ 20 g
=y k=)
§ 400 &J
o @
g @2
oy
= 10
o @
200 »
0- 0
2 4 6 8
Vehicle age

Figure 2. Odometer trends from the I/M database by vehicle age of light-duty (a) private cars and
(b) taxis in 2019.

For private cars (Figure 2a), due to China’s inspection exemption rules for private
vehicles, the mileage data for the first 6 years were relatively inadequate, and 70% of the
samples were concentrated between 6 and 10 years old. As most of the vehicles older
than 15 years were eliminated, there were also very few samples in this range. Therefore,
the analysis of the annual I/M data focused on vehicles aged 6-15 years. A good linear
correlation (R? = 0.998) was found in the fitting analysis between accumulated mileage
and vehicle age for vehicles 6-15 years, which indicated that the average annual mileage
of vehicles has remained at a relatively stable level.

Based on the survey data of 4S stores, we further analyzed the annual mileage
differences by vehicle age in 2019. The results indicate no significant difference in the
annual mileage between other ages, except in the first few years (see Figure 3). Mileage in
the first year was about 70% of that in a stable period. This result was consistent with the
above results based on the I/M data but is a deviation from previous results, which have

generally shown that the mileage of vehicles gradually decreases with the increase in
vehicle age [8,10,12,22].
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Figure 3. Annual VKT trend from 4S stores in 2019.
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As public service vehicles, taxis show more stable driving characteristics, and the
odometer readings showed a complete linear correlation with the vehicle age, with the
fitted slope around 80,000 km in 2019 (Figure 2b). It should be noted, with the
development of online car-hailing, private car owners can register and apply to be
car-hailing drivers on online car-hailing platforms, which will lead to a significant
increase in the mileage of these non-operational vehicles. With the gradual
standardization of online car-hailing management, these vehicles will also be identified
so that their driving characteristics can be further analyzed.

3.1.2. The Diversity of Mileage Characteristics

As detailed vehicle model information, such as engine displacement, is also
provided in the I/M database, the correlation between mileage and engine size could be
further discussed, as shown in Figure 4. The distribution characteristics of the engine
displacement of LDPV showed that LDPV in China can be divided into three groups
according to engine size: <1.6 L, 1.6-2.0 L, and >2.0 L. The average annual mileage of
vehicles larger than 2.0 L was significantly higher than the other two engine groups,
which may be due to the large interior space of these vehicles, and the owners of these
vehicles may engage in more family trips or long-distance travel. In addition, the average
mileage of the newer vehicles (<=6 years) was lower than the older vehicles (>6 years),
which may be due to the fact that the owners of newer vehicles need an adaptation
period, whereas the owners of vehicles over 6 years have usually formed relatively stable
travel habits.

. <1.6L 1.6~2.0L >2.0L
41079 B o
B 615
— Mean
3x10¢ Medium
2x10% 4

Averaged annual VKT (km)

1x10% . ’!‘ I !

™

(0,6] (6,15) (0,6] (6,15) (0,6] (6,15)
Vehicle age

Figure 4. Annual VKT by engine size and vehicle age.

We also analyzed the characteristics of the annual mileage of the ten selected cities,
as shown in Figure 5. In order to explore the factors influencing the mileage differences,
we categorized these cities in two ways. The first was by region (see Table 1), and the
second was by the intensity of traffic management (i.e., regular driving restrictions and
license control). From the perspective of region and location, cities in the southern region
had relatively high driving mileage, especially in the Pearl River Delta region, Zhuhai,
and Guangzhou, with an annual driving mileage of more than 13,500 km. Beijing and
Shijiazhuang in Northern China had the lowest mileage, at about 10,500 km. From the
perspective of traffic management, Zhuhai, which has not implemented traffic
restrictions, had the highest mileage, with an average annual mileage of nearly 15,000
km, and the mileage distribution data were more discrete (i.e., the distribution curve was
flat and long). Interestingly, Beijing and Hangzhou, which have implemented both
license control and driving restriction policies, also showed distribution curves of a
similar shape, but the main body of the distribution showed a more significant shift to the
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left. The above results may indicate that the implementation of traffic policies will have
an impact on residents’ travel habits, but some high-intensity travel will still be needed.
However, due to the limitations in the upload rate and data quality, the cities selected for
this study are relatively developed in China. It is recommended that subsequent studies
continue to explore the travel characteristics of more cities in China.
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Figure 5. Annual mileage distribution of the selected 10 cities and their locations.

3.2. Fleet-Averaged VKT and Validation

We simulated that the fleet-averaged annual VKT of LDPV in 2017, 2018, and 2019
was 11,500, 10,700, and 10,300 km, respectively. This indicated that the average activity
level of the overall fleet decreased slightly with the driving year, with an average annual
decline of 5.4%. In 2020, the sudden outbreak of COVID-19 had a dramatic impact on
people’s activities, leading to a significant decline in the activity levels of LDPV. Based on
the I/M data, the annual average mileage of LDPV in 2020 was 8209 km, which decreased
by ~22% compared with 2019. Overall, the results were far lower than the recommended
mileage of LDPV (18,000 km/yr) in the national vehicle emission inventory guidelines
issued by the former Ministry of Environmental Protection in 2014 (short for National
Guidelines 2014) but similar to the results of related studies in recent years [11,16].

To validate the mileage results, we estimated the gasoline consumption of the fleet
of LDPV and compared it with the fuel consumption data from the statistical yearbook.
In 2019, we calculated that the China’s fleet of LDPV consumed 120 million tons of
gasoline and emitted 350 million tons of COz, which was 40% lower than the results
based on the recommended VKT in the National Guidelines 2014. The gasoline
consumption calculated based on this study was closer to the actual gasoline
consumption reported by the Bureau of National Statistics (accounting for 95% of total
gasoline consumption, with the rest contributed by a small amount of gasoline light-duty
trucks and motorcycles).

Furthermore, we combined the mileage characteristics and trends from 2017 to 2020
with the gasoline consumption statistics from the past 10 years to extrapolate the
fleet-averaged mileage from 2010 to 2016 and support the update of the multi-year
emission inventory. As Figure 6 shows, the annual mileage of China’s fleet of LDPV is
gradually declining, with a decrease of 31.4% in 2019 compared with 2010 (due to the
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impact of the epidemic in 2020, 2019 was taken as a reference), which also reflects the
gradual optimization of residents’ travel structure in China. This has been evidenced by
the rapid development of public transport in China over the past decade; the number of
buses has increased by 57%, and the operating mileage of subways is five times that of
2010.
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Figure 6. Fleet-averaged VKT trends of LDPV from 2010 to 2020 [11,16,23].

3.3. Optimized Emission Inventory of Light-Duty Vehicles

Based on the above results, we optimized the pollutant emission inventory of
China’s fleet of LDPV from 2010 to 2020. First, the detailed mileage differences of vehicle
use type, engine size, vehicle age, and driving years were obtained. Second, the validated
overall VKT for the LDPV fleet further ensured the accuracy of the emissions
calculations. In addition, the specific factors, such as the impact of the pandemic on traffic
and emissions, were factually reflected. The emission trends of volatile organic
compounds (VOC) and NOx are shown in Figure 7. The VOC emissions of the fleet of
LDPV in the past 10 years showed no significant downward trend, which was mainly
because the evaporative emissions of gasoline vehicles in the China 5 and previous stages
have not been effectively controlled, whereas the NOx emissions of LDPV have been
reduced with the gradual tightening of emission standards and the continuous updating
of the fleet composition. VOC and NOx emissions decreased by about 25% in 2020
compared to 2019, mainly due to the reduction in residents’ travel and the initial
implementation of the China 6 standard.
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Figure 7. (a) VOC and (b) NOx emissions of LDPV from 2010 to 2020.

Vehicular emissions account for a major part of anthropogenic VOC and NOx
emissions [24], which are important precursors for secondary organic aerosols (SOA),
inorganic aerosols (SNA), and Os [25]. Therefore, our optimized vehicular emission
inventory could help to diminish the bias for PM2s5 and Os prediction in chemical
transport simulations.

4. Conclusions

This paper made a preliminary attempt to explore the data value of the current
vehicle in-use supervision platform and carried out an in-depth analysis of the mileage
characteristics of China’s passenger vehicles from the perspective of big data analysis. A
series of results were obtained, including the variation trend of mileage with vehicle age,
and driving year, and the correlation between mileage and vehicle size and region.
Verification with energy consumption data showed that the results of this study were
close to the actual situation, which ensures the accurate subsequent assessment of the
emissions and energy consumption of LDPV. Finally, the pollutant emission inventory of
LDPV from 2010 to 2020 was updated to provide a more refined data basis for
subsequent further research on emission reduction decision-making and air quality
simulation.

It is worth pointing out that, as the platform construction is still at the initial stage,
there are still some defects in data-uploading integrity and quality control. In the future,
specific rules could be formulated to restrict the recording of annual inspection
information, and the algorithm of this study could be implanted into the system to
dynamically update and calculate the activity characteristics of various vehicles. As the
coverage of uploaded data increases, more region-level differences in activity levels
could be further explored. The potential of big data supervision will be fully realized in
the future to provide technical support for the supervision of vehicles.
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