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Abstract: Vehicle emissions intensity at a given travel speed is well known among the public since
travel speed is the key parameter in both the traffic model and the emission model. Yet, several
problems still remain in traditional approaches of measuring the emission intensity. To establish
accurate and high-resolution emission factors, an established method of emission factors is pro-
posed based on the real-time monitoring operation conditions data, which can reflect the effect of
dynamic traffic changes on emissions. The speed-specific vehicle-specific power (VSP) distributions
of different months, as well as those in different vehicles in Beijing were developed and compared.
Statistical analyses such as Coefficient of Variation (CV) and Root Mean Square Error (RMSE) were
used to quantify the differences in the VSP distribution. The results showed the significant correlation
between the distribution of VSP, velocity, and operating patterns at time intervals within the annual
range. Driving conditions in 2021 are more eco-friendly because of the improvement of digital devel-
opment and driving habits. Furthermore, research on CO, HC, and NOx emission factor situations
in different cycles revealed that the emission factors of NOx and HC are always underestimated in
typical operating modes, while sometimes the emissions of CO are overvalued.

Keywords: VSP distribution; operating mode distribution; dynamic emission factor estimation

1. Introduction

Today, with the development of big data in the transportation industry, the quanti-
tative evaluation of motor vehicle emissions tends to from macro to micro research. In
addition, the evaluation of the effect of energy-saving and emission reduction restricting
the traffic congestion remission policy becomes quantifiable. Thence, the travel speed is
invariably the key parameter in both the traffic model and the emission model, and there-
fore vehicle emissions intensity at a given travel speed is well known among the public.
Yet, there are still several problems within the traditional way of measuring the emission
intensity. For instance, the traditional approach owns the significant limitation which is
the speed recognition and traffic data usage of traditional methods remains low. Moreover,
even though it can help the decision-making process of macroscopic policy, it cannot give
microcosmic evaluation, which makes it impossible to achieve effective traffic management.
For vehicle emissions, the actual emission factors include vehicle manufacturing properties,
vehicle maintenance status (e.g., I/M system, a system to minimize the pollution caused
by in-use motor vehicles through regular and irregular emission testing and mandatory
maintenance of vehicles that do not meet the emission standards, so that in-use motor
vehicles can reach or approach their optimal emission levels through continuous treatment),
and traffic conditions. When establishing emission factors, traditional emission models
such as EMFAC, MOBILE [1], and HBEFA model [2] consider the first two factors in more
detail, while the typical conditions are chosen to replace the actual conditions when the
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traffic conditions are considered. Taking MOBILE and HBEFA models as examples, these
models generally consider the emission characteristics under typical working conditions.
For instance, HBEFA investigates the closest one typical working condition among numer-
ous samples as the working condition for emission characteristics description. In other
words, when they then describe the emission characteristics, they mainly consider typical
conditions rather than actual working conditions.

To better illustrate the research perspective of this study, the concept of the driving
cycle is introduced. Driving cycle, also known as the vehicle test cycle, is a description of
the speed-time curve of the vehicle, reflecting the kinematic characteristics of the vehicle
road driving; is an significant, common basic technology in the automotive industry; and
is the basis of the vehicle energy consumption/emission test methods and limit value
standards, but also the main benchmark of the vehicle performance indicators calibration
optimization. To deeply understand the above-mentioned conditions, this study focuses on
light-duty vehicles only, such as taxis.

At the same time, in the traditional emission models, the driving cycles in different
average speed intervals or service levels (Levels of Service, LOS) are established, and then
the emission factors of each driving cycle are obtained by using the bench test or micro
model, such as PHEM [2]. Unlike the MOBILE, the EMFAC model has different emission
factor calculation methods, such as 7EP-Selective Catalytic Reduction (SCF) (1 and 7EP-
SCF2 [3], leading to different emission results). Compared to the EMFAC and MOBILES
models, the MOBILE6 EPA and MOBILE6 models not only consider the speed when
establishing the driving cycle but also take into account the vehicle’s driving conditions
and the environment, including road type and congestion level [4]. Based on these findings,
some megacities have established a driving cycle based on specific speed and driving
conditions and have obtained emission factors through testing [5]. In addition, current
studies perform environmental analysis from different perspectives for emission factors.
Sun et al. estimated GHG emission factors based on urban transportation big data to
explore whether shared transportation schemes can reduce GHG emissions [6]. However,
the emission factor establishment method based on a fixed driving cycle is questioned in
the following aspects.

Firstly, it may be questionable whether a fixed driving cycle accurately reflects the
actual driving characteristics of the vehicle [7]. An optimization-based method is needed
to develop a representative driving cycle for real-world fuel consumption estimation.
Secondly, the process of establishing driving cycles and testing emission at different vehicle
types and speed intervals highly increase time cost. Finally, it is uncertain whether the
resolution of the average speed or the level of service of the emission factor obtained
by the method can meet the requirements for establishing a continuous speed emission
correction curve.

In view of the shortcomings of the traditional establishment method of emission factors
in the aspect of reflecting the actual driving characteristics of the vehicle, many scholars
investigate the relationship between instantaneous traffic parameters and emissions, such
as vehicle specific power (VSP) distribution [8]. Traditional models such as HBEFA use
parameters including RPA (stopping ratio) as one of the factors to realize the typical
operating conditions, while some models such as MOBILE directly apply the characteristic
results under typical operating conditions as the base emission factor. The application of
VSP parameters is used from models such as IVE and MOVES. A number of new emission
models, such as MOVES and IVE, all use VSP distributions as the key parameters. VSP is
the output power of the motor vehicle corresponding to each unit of mass towed by the
engine, it indicates the power of the engine to overcome rolling resistance and air resistance
to manipulate, as well as the power needed to increase the kinetic and potential energy
of the motor vehicle issued in kw/ton or m?/s®. VSP is a comprehensive indicator of the
dynamics of the vehicle, the physical quantity has a vectorial nature; when the vehicle
brakes slow down, VSP will appear to be negative when the vehicle brakes decelerate. It
has been used in a number of studies as a proxy for the amount of emissions. A related



Sustainability 2022, 14, 11512

3of 14

study currently defines the VSP distribution (or Op Mode operating mode in MOVES) as
the percentage of time spent in each VSP bin [9]. In addition, 23 operating modes of vehicle
start-stop and exhaust processes are identified in MOVES based on VSP, vehicle speed, and
acceleration [10].

As metioned, many researchers have investigated VSP distributions. For instance, to
evaluate the effectiveness of the fit of the VSP distribution, Yu et al. [11] used root mean
square error (RMSE) to assess the difference between two VSP distributions. RMSE is
a standard way to measure the error of a model in predicting quantitative data. Zhang
et al. [12] discussed in detail how the SCF responds to the characteristics of the VSP
distribution and emission rate changes and showed that distortion of the VSP distribution
and emission rate had a significant effect. Rosero et al., by developing a test scenario in
a driving simulator, established the effects of passenger load, road class, and congestion
levels on the actual fuel consumption and emissions of compressed natural gas and diesel
city buses [13]. Acuto et al. assessed the environmental performance of urban roundabouts
using the VSP method and AIMSUN [14]. Zhou et al. identified the spatial and temporal
characteristics and drivers of road traffic CO emissions [15], first using a classical OLS
model, and later analyzing the influencing factors using geographically weighted regression.
The relationships between the independent and dependent variables are considered to
be smooth, meaning that these relationships do not vary spatially. There are also new
approaches to emission model construction based on machine learning methods, Madziel
et al. applied the VERSIT+ emission model to the small-scale analysis of vehicular traffic
emissions at multi-lane roundabout intersections [16] using PEMS data as training data for
the model and as validation data for the model [17]. Jaworski et al. explored the impact of
different bus fleet variants on GHG emissions by differentiating bus pairs by type [18]. The
models generated by this method can be used to analyze emissions from simulation tests
or can be used as input parameters for speed, acceleration, and road slope.

It can be seen that the VSP-based emission modeling method provides a theoretical
basis for the new emission factor approach. The fitting and modeling methods applied
in the above models are summarized in the following section. The fields within climate
and environment were mainly introduced by the RMSE studies; however, the RMSE as a
measure of mean error has significant errors because the RMSE is a characteristic function
of the error rather than the mean error. Taking RMSE and MAE as examples, they have
the same magnitude, but when the results are derived, we find that RMSE is larger than
MAE. This is because RMSE is the accumulation of the square of the error before opening
the square; it actually amplifies the gap between the larger errors whereas MAE responds
to the true error. Therefore, the smaller the value of RMSE in the measurement, the
greater its significance, because its value reflects that the maximum error of the model
is also relatively small (in simple terms, that is, the value of RMSE is generally larger
than MAE, so RMSE is small then MAE must be small, and MAE is small, RMSE is not
necessarily small, so directly looking at RMSE is better). While the classical OLS model
assumes that the relationships between the independent and dependent variables are
smooth, meaning that these relationships do not vary spatially, the later optimization
uses a geographically weighted regression (GWR) that assumes a non-smooth relationship
between the independent and dependent variables, but it implicitly assumes that each
independent variable has the same spatial scale, which again has an impact on the fitted
results. For related simulation studies, particularly in the area of transport gas emissions,
this can have an impact on the prediction results due to the fact that there are fewer data
at a finer, more differentiated level of real-world granularity. It is, therefore, necessary to
create national and regional emission models at the microscale, as this allows us to obtain
detailed results on the emissions generated by vehicles passing through a particular road
type. It can be seen that the VSP-based emission modeling method provides a theoretical
basis for the new emission factor approach. If the VSP distribution with different mean
speeds can be accurately obtained, the VSP distribution can be multiplied by the emission
rate to obtain the emission factor, thus avoiding the establishment of a fixed travel cycle
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and a large number of bench test processes. The above analysis shows that the previous
studies are deficient in terms of research accuracy, selection of mathematical and statistical
methods, data volume, and most notably, in the lack of description of the vehicle driving
state and the lack of precision of the obtained emission factors.

Therefore, the objective of this paper is to obtain emission factors with high emission
rates, which in turn accurately describe the vehicle state. Compared with the traditional
emission factor establishment method, this method has the following advantages.

First and foremost, the method can accurately describe the driving condition of the
vehicle based on the high-resolution VSP distribution established upon a large number
of measured condition data compared with the fixed driving cycle. Secondly, the method
can take advantage of the approved VSP-based vehicle emission rate, without the need
for a large number of tests or numerical simulations for each emission standard, vehicle
age, and vehicle under each mileage. Last but not least, the method makes full use of
the growing traffic data resources, uses trajectory data to establish VSP distribution to
acquire high-resolution factors, and the factors will be given a dynamic new life to support
micro-traffic behavior assessment.

2. Methodology

In order to obtain the real emission factors for the road network in Beijing directly,
and to calculate the traffic operating conditions and emission factors of different vehicle
individuals at different times, this study has three steps, as follows:

(i) Massive second-by-second data of vehicle activity data of taxis in Beijing (Referred
to as “BJ taxi”) are collected by employing the vehicle monitoring platform or GPS
devices. The platform continuously collects emission factors and shares vehicle
information through intelligent means, enabling analysis of typical vehicle driving
conditions, and micro-emissions-based monitoring. The data of taxi CO, HC, and NOx
emission rates (ER, g/s) are obtained based on portable emissions monitoring systems
(PEMS). Both these types of data were necessary for modeling input parameters. In
the VSP-based emission model, both the VSP distribution and emission rates are
derived by using a VSP binning approach. The VSP distribution determines the traffic
network, and the emission rates in various VSP bins represent the vehicle emissions
under different power demands, which gather from PEMS or chassis dynamometers.
The running exhaust emissions are estimated basically by multiplying the emission
rates with the VSP distribution [10], as shown in Equation (1).

Emission = RunningTime x ) (EmissionRate x VSPdistribution) 1)
VSPbin

As shown in Figure 1, we obtained metadata from mobile source emission testing
room and survey and collection platform work data, and performed VSP calculation after
data cleaning to obtain VSP-bin distribution and VSP-bin emission rate. After obtaining the
VSP-bin distribution, we analyze them for time difference distribution, vehicle difference
distribution, and typical working conditions, and after obtaining the emission rate, we
conduct the characterization and study of emission factors for typical working conditions.

(i) The VSP distribution is established in accordance with the VSP interval differentiate
patterns such as type of Op mode VSP interval, and different average speed by big
data processing platform.

(iii) Statistical analyses, such as Coefficient of Variation (CV), (Root Mean Square Error
(RMSE), etc. are applied to quantify the differences of the VSP distribution of VSP
distribution on emission factor. Finally, this study establishes different levels of
emission factors and evaluates the accuracy of the results.
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Figure 1. Technical framework.

2.1. Data Sources

)

The data sources in this study mainly include two parts:

Second-by-second vehicle activity data of the taxi car which is the key data in this
study. A total of 22.7 billion records of second-by-second real-world activity data of
BJ taxi were collected with GPS devices in Beijing Statistics and Monitoring Platform
of Transport Energy Saving and Emission Reduction (BSMP-BTEC) over the past
6 months and stored in the database in Beijing Transport Institute (BTI). As shown
in Figure 2, it is the interface diagram of Beijing’s transportation energy saving and
emission reduction statistics and testing platform, which covers the full coverage of
working conditions of 157 vehicle models and operating vehicle models. It can collect
diversified traffic emission data. For the last eight years, we have selected three years
of data at four-year intervals by using a longitudinal approach. The data are provided
by more than 700 vehicles, as listed in Table 1. Other details about the data are listed
as follows:

Collection period, 2013-2017-2021

Collection Time, from 0:00 a.m. to 12:00 p.m.

Longitude and Latitude

Instantaneous Speed, from 0 to 130 km/h

Details about the activity data of the BJ taxi will be described below:

Selection
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type
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Method Heatnap

«Total Emissions(SUV) v

Grid Map

Car Monitoring

Industry an

Touring Vehicle

*Taxi

Bus

Road-network
May

Freight Vehicle

HETaxi O Bus O Public Transit vehicle O Touring
Vehicle O Provincial Vehicle O Freight Vehicle
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Public ‘ o 31871 22013
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pm10 00 00

Figure 2. Beijing Transportation Energy Saving and Emission Reduction Statistics Monitoring Platform.
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Table 1. The data size of vehicle activity data.

Year
Index
2013 2017 2021
Sample size (million 12.12 226.20 149.63

Records)

(ii) Second-by-second emissions data of the 2-year-old taxi gasoline vehicles. In order to
ensure the comparability of emissions under real operating conditions, a 2-year-old
quasi-new vehicle was selected as the input of emission rate to remove the effect of
emission rate on the difference of operating conditions. In this study, the emission
rate is an crucial input parameter, but not the key research content. This study
has constructed the emission rate database covering 23 VSP intervals based on the
test data.

2.2. VSP Binning Method

VSP is the instantaneous tractive power per unit of vehicle mass. It is calculated with
the method provided by the MOVES, as shown in the following equations.

ar = Ut11 — Ot (2)

VSP = (A v+ B0+ C-0%)/m+ (a; + g - sinf) - vy &)

where

vy, vs41 are the vehicle speeds at time f and ¢ + 1, in unit of m/s;

a; is the acceleration in a unit of m/s?;

g is the acceleration due to gravity, which is 9.8 m/s?;

sin 0 is the road grade, which is assumed to be 0 where roads are generally flat; A, B,
and C are road load coefficients, representing rolling resistance, rotational resistance, and
aerodynamic drag, in units of kW s/m, kW s2/m?2, and kW s3/m3, respectively; and m is the
vehicle weight, in unit of metric ton. For the BJ taxi, it belongs to LDVs, the recommended
values of A, B, C, and m are 0.156461, 0.0020002, 0.000493, and 1.4788 respectively [19].

Studies have been conducted to first define VSP bins by operating modes in different
operating conditions, and after setting VSP bins, the values of VSP can be one-to-one
corresponded and categorized with the bins, so as to statistically analyze the overall VSP
distribution as a function of the average vehicle speed. Among them, Op Mode Bins is a
classification method for judging vehicle driving behavior based on instantaneous speed
and vehicle VSP display characteristics, which has significant features in analyzing the
overall vehicle emission characteristics [20]. In this study, Op Mode was used to describe,
analyze, and calculate the emission factors of MOVESs operating conditions. Moreover, the
VSP fixed interval distribution with split-stroke speed intervals is used for the operating
condition characterization. Table 2 shows a concrete representation of the various operating
modes provided by MOVES [10] species, which converts the operating modes of different
IDs into operating mode bins through vehicle acceleration and deceleration, idling and
at different levels of VSP and speed. The operating modes are classified by delimiting
different speed intervals, which specifically seem to be divided into three gradients, speed
less than or equal to 25 km/h, speed located between 25 km/h and 50 km/h, and speed
greater than 50 km/h.



Sustainability 2022, 14, 11512

7 of 14

Table 2. Definition of MOVES operating mode characteristics.

Description Operating Mode (VSP Bin) ID
Low Moderate High
Mode Description Braking Idling Speed Speed Speed
Coasting Coasting Coasting
Vehicle Speed,
o, (km/h) - [—1.6,1.6) [1.6,40) [40, 80) [80, +o0)
Vehicle Acceleration
’ < —0. —0. -
a (m/sZ) ar < —09 ar > 0.9
(=00, 0) 0 1 11 21
[0, 3) 12 22 33
Vehicle [3, 6) 13 23
Specific [6,9) 14 24 35
Power, [9,12) _ 15 25
VSP; [12,18) 27 37
(kW /tons) [18, 24) 16 28 38
[24, 30) 29 39
[30, +c0) 30 40

3. Results and Discussion
3.1. VSP Distribution Analysis with Different Years

The characteristics of the facility- and speed-specific VSP distributions are highly
consistent temporally (between years) and spatially (in different areas), which has been
confirmed [21]. However, it is not clear whether the traffic state remains constant because it
can be reflected by the VSP distribution. In other words, it remains to be analyzed whether
there are differences in the VSP distribution between years or months. Therefore, this study
will use the data collected from existing data to compare the data collected in 2013 and
analyze and calculate the correlation using the VSP theory method. In order to improve the
data quality, the time gap data and road type field are complemented, and the working
condition data of the whole, continuous, and effective second time vehicle is screened. The
processed data will attain the vehicle information of each vehicle, as well as key fields such
as date, time, latitude, and speed of each car as shown in Figure 3, which is the flow chart
of the VSP bin obtained based on VSP theory. In this study, non-expressway is mainly used
as the research object. The activity data are divided into pieces of “trajectories”, each of
which consists of 60 s of continuous speed data. The trajectories are grouped into 60 speed
intervals on the non-expressway. VSP is calculated by Equations (2) and (3), and VSP
distribution is calculated by the Equations and Threshold value division VSP bin.

45.0%
40.0% B1B) Taxi (2021) [IBJTaxi(2017) EBJ Taxi (2013)
35.0%
30.0%
25.0%
200% o AR aa

15.0%

VSP distributions Fraction

10.0%

1 (] E PO T P

0O 1 11 12 13 14 15 16 21 22 23 24 25 27 28 29 30 33 35 37 38 39 40
Op Mode (VSP bin2)

Figure 3. VSP distributions of Op mode ID BJ taxi in 2017 and 2013.
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The resulting database includes a broad category of databases.

The statistical database includes the frequency of VSP distribution grouping by road
types, average speed, and VSP bin in each vehicle with the information of vehicles.

We chose Pearson’s correlation coefficient [22] to describe the trend presented by
the VSP distribution and the correlation coefficient of the VSP distribution. The Pearson
correlation coefficient is optimized in describing the absolute distance between two points in
a multidimensional space with concentrated vector values. Pearson’s correlation coefficient
is a way to describe the degree of similarity between vectors with a value range of —1 to
+1. When the value is taken as 0, it means that there is no correlation between the two, a
positive value means that there is the same trend between the two variables, and a negative
value means the opposite. The same Pearson correlation coefficient can be applied to study
the consistency of the VSP distribution in studies with annual and monthly time granularity,
with Ry representing the value sought in Equation (4).

Ry = ~PATE 4)
TPATPB

Therefore, the average correlation coefficient can be expressed as follows:

YR
R:
N

where

@4 is the fraction in the VSP distribution of A;

@p is the fraction in the VSP distribution of B;

o@ A @p is the covariance of the VSP distribution of A and B;

o4, c@p are the standard deviations of the VSP distribution of A and B, respectively;

N is the number of the Pearson correlation coefficients.

The distribution of work conditions under short periods (under monthly changes) is
basically unchanged, and specifically, it seems that by performing correlation analysis, it
is found that the frequency distribution of each classification is basically more consistent
and highly correlated between different months. The result is shown in Table 3. It can be
proven that there is high correlation between the five types of classification for months.
The mean correlation coefficient of VSP distribution with speed interval is 0.9951 and VSP
bin is 0.9892 respectively, which means VSP distribution of month is basically the same as
traffic distribution.

Table 3. Mean correlation coefficient of different classifications.

Classification for Months

Index v
. Speed Interval and
Speed Interval VSP Bin VSP Bin

Mean Correlation
Coefficient 0.9951 0.9961 0.9892
(R)

In order to demonstrate the variability of VSP distribution under different long periods,
this study found that the VSP distribution of Op Mode in the three years of analysis has
a large difference by using data from 2013, 2017, and 2021 for comparative analysis. As
shown in Figure 3, the frequency of Op Mode in ID 1 is increasing year by year, 10.7%
and 7% higher in 2021 and 2017 compared to 2013, respectively, and 4.4% and 2.2% higher
in ID 12 in 2017 compared to 2013 and 2021, respectively, and 3% higher in ID 11 in 2021
compared to 2013. All these changes indicate a more ecological/fuel-efficient driving
behavior in 2021 compared to 9 years ago. The more intense driving behavior of rentals
in 2013 may be related to elements such as traffic order, civilization, and net-contracting,
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20-22km/h
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m BJ Taxi (2021)

vl

-4

while the greater proportion of parking hours in 2021 may be related to the concentration
of morning and evening peak work under net-contracting competition.

Figure 4 is the distribution of VSP bin under the new sub-average speed interval. From
the following figures, it can be seen that the power distribution state of the cab does not
change much in 21 and 12 years, and the power distribution is left biased at low speed.

40-42km/h

- RO 111

5 20 -18 -16 -14 -12 10 8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
2 0 2 4 6 8 10 12 14 16 18 20
mBJTaxi(2021) WBJTaxi(2017) ®B)Taxi(2013)

BJ Taxi (2017) BJ Taxi (2013)

(a) (b)

60-62km/h 80-82km/h

-20 -18 -16 -14 -12 -10 -8 -6 -

m BJ Taxi (2021)

14.0%

12.0%

10.0%

8.0%

6.0%

4.0%

2.0%

0.0%

2 0 2 4 10 12 14 16 18 20 -20 -18 -16 -14 -12 -10 -8 6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
BJ Taxi (2017) BJ Taxi (2013) 1 B) Taxi (2021) BJ Taxi (2013)
(0) (d)

Figure 4. Distribution of VSP bin at the mean velocity interval. (a) VSP distributions of Op mode ID
BJ taxi between 20 km/h and 22 km/h. (b) VSP distributions of Op mode ID BJ taxi between 40 km/h
and 42 km/h. (c) VSP distributions of Op mode ID BJ taxi between 60 km/h and 62 km /h. (d) VSP
distributions of Op mode ID B]J taxi between 80 km/h and 82 km/h.

3.2. VSP Distribution Analysis with Different Cars

In previous studies [23], limited by the development of information technology, col-
lecting data from car samples was the only way to collect the traffic data of an industry, and
the total activity data of all samples were summarized as a representative of the operating
mode characteristics. Now, with the innovation of technology, the collected data volume of
a single car may be larger than all the data volume collected in a previous survey. Therefore,
it can be studied whether the characteristics of a single car can reflect the overall operating
mode of the industry and whether it has its own characteristics in the existing technology.

The frequencies of VSP distribution cannot be analyzed as the same bin unit because
each VSP interval has its own characteristics. In order to analyze the influencing factors of
a single car and all cars to VSP distribution, this paper uses the Coefficient of Variation as
the index to measure the uncertainty of VSP distribution. The Coefficient of Variation is the
ratio of standard deviation to its mean. When comparing the dispersion degrees of the two
sets of data, the Coefficient of Variation can eliminate the influence of measurement scale
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and dimension. The equation for the consistency of traffic index and velocity distribution
is as follows: o
1
a% " ®)
where

CV; is the Coefficient of Variation of ith VSP bin ID;

0; is the standard deviation of the frequency distribution of the ith VSP bin ID;

u; is the average of the frequency distributions of the ith VSP bin ID.

The Coefficient of Variation of the data in each operating mode divided by month and
car is calculated, and the results are shown in Figure 5. It is found that the Coefficient of
Variation in each operating mode divided by month is very low, which is 7.3% on average.
The Coefficient of Variation of a single car is 56.8%. Moreover, the Coefficient of Variation
in the high-speed interval (Op Mode ID 33, 35, 37, 38, 39, 40) is more than 100%, and in
Op Mode ID 40 is even more than 150%. This reveals that the distribution of the operating
mode divided by a single car has high uncertainty in high-speed intervals, which also has a
significant impact on the results.

2.0 -

—0—Month —A—Car

1.6 -

1.2 A

0.8 -

Coefficient of Variation

04 -

0.0 -

T

0 1 111213

14 15 16 21 22 23 24 25 27 28
Op Mode (VSP bin) ID

T T T T T

29 30 33 35 37 38 39 40
Figure 5. Coefficient of Variation in Op Mode divided by month and car.

3.3. Emission Factors Analysis with Different Cars and Cycles

In order to evaluate the emissions, the speed-specific emission factors of the above
operating modes data need to be transformed, which are calculated by using Equation (6).

1 .
EF, = 3600 - 5; ER;-VSP bin; (6)

where

EF, is the emission factor in the average speed of v, in the unit of g/km;

v is the average speed in the unit of km/h;

ER; is the mean emission rate of the ith VSP bin in the unit of g/s;

V'SP bin; is the time fraction in the ith VSP bin.

The mean emission rate is a fixed input parameter, in this study, the emission rate of a
2-year-old taxi with China V emission standard will be used. As shown in Figure 6, the
final correction data of the mean emission rate is gathered from PEMS test in Beijing taxi.
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Figure 6. NOx emission rate of two-year-old BJ taxi.

The typical operating modes of each region have the corresponding characteristics.
The researchers used four typical light vehicle test cycles compared with the operating
modes of BJ Taxi. The New European Driving Cycle (NEDC) is mainly used in Europe,
China, Australia, and other countries. Federal Test Procedure 75(FTP75) is mainly used in
the United States, Canada, South America, and other countries. Japanese Cycle 08 (JC08) is
only used by Japan. The worldwide harmonized Light duty driving Test Cycle (WLTC)
is developed by the UN ECE GRPE, which is the newest test cycle for Euro6. The typical
operating modes are calculated in accordance with the division mode of VSPbin, and the
results are obtained as shown in Figure 7. It can be seen that each typical operating modes
and the operating mode of Beijing taxi vary greatly. Namely, the characteristics of each
operating mode are very different, which reflects that there may be a large difference in
the emissions.

45.0% 9
40.0% Jcos FTP75 - = = WLTC = BJ Taxi (2021)
35.0% 4
30.0% -
25.0% A
20.0% A
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Figure 7. VSP distributions of typical driving cycle.

In order to analyze the emission factor of different driving cycles, this study developed
an emission factor curve with the average speed of BJ taxi, and the emission factors of
cars and the emission factors of typical test cycles are also calculated according to the
above equations. As shown in Figure 8, the correlation coefficients of regression curves
for BJ taxi NOx emission factors collected by VSP and speed distribution are very high;
correlation coefficient reached 0.9963. In addition, the NOx emission factors for each car
and comprehensive taxi industry also have a nice distribution which is distributed around
the regression curves for BJ taxi emission factors. The different emission factors are shown
in the other four typical test cycles. NEDC and FTP75 are similar to the BJ taxi emission
factors, but JCO8 is less emission factor than BJ taxi, and WLTC is more emissions in the
same test-cycles.
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Figure 8. NOx emission factors of average speed, single car, and correction curve in BJ taxi and
typical driving cycles.

Based on the above situation, the researchers counted CO, HC, and NOx emission
factor situations in different cycles. The final statistical results are shown in Table 4. The
description of the speed-idle ratio is mainly to reflect the actual working condition, the
speed is lower than the typical working condition, and the idle ratio is higher than the
typical working condition. The emission factors of NOx and HC are often underestimated
in the typical operating modes, NOx emission factors in JC08, FTP75, WLTC, and NEDC
are 17%, 23%, 17%, and 25% less than BJ Taxi cycle, and HC emission factor in JC08, FTP75,
WLTC, and NEDC are 38%, 37%, 3% and 17% less than BJ Taxi cycle. That is to say, the
emissions on the real road cannot be reflected well. However, the emissions of CO are
overvalued sometimes. CO emission factors in WLTC and NEDC are 37% and 4% more than
BJ Taxi cycle. To sum up, the operating modes cannot represent the actual characteristics.
Therefore, when conducting a traffic emission assessment, the emission characteristics of
the local conditions should be used.

Table 4. Variation of emission factor in different cycles compared with BJ taxi.

Cycles Cycles Information Emission Factor (g/km) Compared with B] Real-World
Speed Idle
Fraction NOx co HC NOx cOo HC
(km/h) o
(%)

JCo8 244 29.7 0.054 0.28 0.014 —11% —27% —33%
FTP75 34.1 19.4 0.051 0.37 0.014 —17% —2% —32%
WLTC 46.5 13.0 0.055 0.61 0.022 —10% 62% 5%
NEDC 33.6 24.8 0.050 0.46 0.019 —19% 22% —9%
BJ Taxi 19.2 41.3 0.061 0.38 0.021 0% 0% 0%

4. Conclusions and Recommendations

This study develops and compares the speed specific VSP distributions of a different
month, as well as those in a different vehicle in Beijing. Statistical analysis such as CV and
RMSE is used to quantify the differences in the VSP distribution. The main findings are
summarized as follows:

(i) The study of Beijing indicates that the distributions of the VSP, velocity, and the Op
mode at a time interval within the annual level have superior correlations. In addition,
driving conditions in 2021 are more eco-friendly; in contrast, the behaviors 10 years
ago were more competitive. This is likely because of the improvement of driving
customs and digital development.
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(if) With the information development, the acquired data of operating mode distribution
can be used for a wider range of purposes. The study in units of cars demonstrates
that the operating mode of the car has individual characteristics. The distributions
of different cars in the same month are quite different. Despite the amount of data
reaching a certain order of magnitude, it still cannot meet the demand for studying
characteristics of the industry. However, the data of cars can be used for the evaluation
of dynamic emissions of vehicles, such as estimating monthly emissions factors,
evaluating the impact of driving behavior on emissions, and so on.

(iii) Although typical operating modes can restrict the emission requirements of new
cars in different areas, they cannot reflect the actual road emissions. Namely, such
data cannot be used for the evaluation of actual road conditions, such as establishing
localized emissions inventories, evaluating traffic policy emissions, and calculating
other emissions that are sensitive to local operating modes.

This paper focuses on the short-term and long-term consistency analysis of the VSP
distribution of the massive operating modes data collected under the big traffic data in
Beijing, and the analysis of the impact of the actual operating modes and the typical
operating modes on the evaluation of the emission factors. In 2021, the world has become
more ecological/fuel-efficient in terms of driving behavior compared to 9 years ago. There
was more intense driving behavior and cabs had a clear competitive orientation in 2013. We
speculate that this is probably related to the traffic order, civilization, and net-contracting.
Nevertheless, the future needs to explore the impact of the micro-conditions data on
the micro-driving situation and study the analysis method of monthly operating mode
distribution data and emission factors data. We will further apply it to other models in
future research as well.

Author Contributions: Conceptualization, W.H.; Methodology, W.H.; Supervision, Y.C.; Writing—
review & editing, L.D., Z.Z. and X.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is supported by the Beijing Municipal Science and Technology Project
#7131100004213003 and Key Research and Development Plan “Research on the Causes and Control
Technologies of Air Pollution” (Project No. 2016 YFC0201500).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank the support of colleagues from Beijing Transport Institute.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Environmental Protection Agency. User’s Guide to MOBILE6.1 and MOBILE 6.2; Environmental Protection Agency: Washington,
DC, USA, 2003.

2. The Handbook Emission Factors for Road Transport (HBEFA); Infras: Zurich, Switzerland, 2010.

3. Eisinger, D.; Niemeier, D.; Kear, T. The California Department of Transportation/Air Resources Board Modeling Program (CAMP):
New Research to Improve Speed Correction Factors and Mobile Source Emissions Modeling. In Proceedings of the 11th Annual
Emission Inventory Conference, Atlanta, GA, USA, 16-18 April 2002.

4. Brzezinski, D.J.; Enns, P.; Hart, C.J. Final Facility Specific Speed Correction Factors; US Environmental Protection Agency, Air and
Radiation: Washington, DC, USA, 2001.

5. Watson, H.C.; Milkins, E.E.; Braunsteins, J. Development of The Melbourne Peak Cycle. In Proceedings of the Conference on
Traffic Energy & Emissions Melbourne, Melbourne, Australia, 19-21 May 1982.

6. Sun,S.;Sun, L.; Liu, G.; Zou, C.; Wang, Y.; Wu, L.; Mao, H. Developing a vehicle emission inventory with high temporal-spatial

resolution in Tianjin, China. Sci. Total Environ. 2021, 776, 145873. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2021.145873

Sustainability 2022, 14, 11512 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cui, Y.; Xu, H.; Zou, E; Chen, Z.; Gong, K. Optimization based method to develop representative driving cycle for real-world fuel
consumption estimation. Energy 2021, 235, 121434. [CrossRef]

Jimenez-Palacios, J.L. Understanding and Quantifying Motor Vehicle Emissions with Vehicle Specific Power and TILDAS Remote
Sensing. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 1999.

Wang, X.; Song, G.; Zhai, Z.; Wu, Y.; Yin, H.; Yu, L. Effects of Vehicle Load on Emissions of Heavy-Duty Diesel Trucks: A Study
Based on Real-World Data. Int. ]. Environ. Res. Public Health 2021, 18, 3877. [CrossRef]

US-EPA. MOVES2021 Highway Vehicle Population and Activity Data; EPA-420-R-21-004; US Environmental Protection Agency:
Washington, DC, USA, 2021.

Cappiello, A.; Chabini, I.; Nam, EK; Lue, A.; Abou Zeid, M. A statistical model of vehicle emissions and fuel consumption.
In Proceedings of the IEEE International Conference on Intelligent Transportation Systems, Singapore, 6 September 2002;
pp. 801-809.

Yu, L.; Zhang, X.; Qiao, F.; Qi, Y. Genetic Algorithm-Based Approach to Develop Driving Schedules to Evaluate Greenhouse Gas
Emissions from Light-Duty Vehicles. Transp. Res. Rec. |. Transp. Res. Board 2010, 2191, 166-173. [CrossRef]

Zhang, Z.; Song, G.; Zhang, L.; Zhai, Z.; He, W.; Yu, L. How do errors occur when developing speed correction factors for
emission modeling? Transp. Res. Part D Transp. Environ. 2021, 101, 103094. [CrossRef]

Rosero, E; Fonseca, N.; Lopez, ]. M.; Casanova, ]. Effects of passenger load, road grade, and congestion level on real-world fuel
consumption and emissions from compressed natural gas and diesel urban buses. Appl. Energy 2021, 282, 116195. [CrossRef]
Acuto, F; Coelho, M.C.; Fernandes, P; Giuffre, T.; Macioszek, E.; Grana, A. Assessing the Environmental Performances of Urban
Roundabouts Using the VSP Methodology and AIMSUN. Energies 2022, 15, 1371. [CrossRef]

Zhou, X.; Wang, H.; Huang, Z.; Bao, Y.; Zhou, G.; Liu, Y. Identifying spatiotemporal characteristics and driving factors for road
traffic CO2 emissions. Sci. Total Environ. 2022, 834, 155270. [CrossRef]

Madziel, M.; Campisi, T.; Jaworski, A.; Kuszewski, H.; Wo$, P. Assessing Vehicle Emissions from a Multi-Lane to Turbo
Roundabout Conversion Using a Microsimulation Tool. Energies 2021, 14, 4399. [CrossRef]

Jaworski, A.; Madziel, M.; Kuszewski, H. Sustainable Public Transport Strategies—Decomposition of the Bus Fleet and Its
Influence on the Decrease in Greenhouse Gas Emissions. Energies 2022, 15, 2238. [CrossRef]

Zhao, Q.; Chen, Q.; Song, G.; Yu, L. Comparative study of VSP binning methods for estimating fuel consumptions of LDVs on
urban roads. In AIP Conference Proceedings; AIP Publishing LLC: Melville, NY, USA, 2019; Volume 2066, p. 20059.

Oswald, D.; Vu, A.; Williams, N.; Boriboonsomsin, K.; Barth, M.J.; Kunimura, Y.; Nagaya, T.; Yoshimatsu, H.; Fukuoka, N.
Real-world Efficacy of a Haptic Accelerator Pedal-based Eco-driving System. In Proceedings of the 2021 IEEE International
Intelligent Transportation Systems Conference (ITSC), Indianapolis, IN, USA, 19-22 September 2021; IEEE: Piscataway, NJ, USA,
2021; pp. 1541-1546.

Zhai, Z.; Song, G.; Lu, H.; He, W.; Yu, L. Validation of temporal and spatial consistency of facility- and speed-specific vehicle-
specific power distributions for emission estimation: A case study in Beijing, China. J. Air Waste Manag. Assoc. 2017, 67, 949-957.
[CrossRef]

Benesty, J.; Chen, J.; Huang, Y.; Cohen, I. Pearson correlation coefficient. In Noise Reduction in Speech Processing; Springer:
Berlin/Heidelberg, Germany, 2009; pp. 1-4.

Liu, D.; Deng, Q.; Ren, Z.; Zhou, Z.; Song, Z.; Huang, J.; Hu, R. Variation trends and principal component analysis of nitrogen
oxide emissions from motor vehicles in Wuhan City from 2012 to 2017. Sci. Total Environ. 2020, 704, 134987. [CrossRef]


http://doi.org/10.1016/j.energy.2021.121434
http://doi.org/10.3390/ijerph18083877
http://doi.org/10.3141/2191-21
http://doi.org/10.1016/j.trd.2021.103094
http://doi.org/10.1016/j.apenergy.2020.116195
http://doi.org/10.3390/en15041371
http://doi.org/10.1016/j.scitotenv.2022.155270
http://doi.org/10.3390/en14154399
http://doi.org/10.3390/en15062238
http://doi.org/10.1080/10962247.2017.1294545
http://doi.org/10.1016/j.scitotenv.2019.134987

	Introduction 
	Methodology 
	Data Sources 
	VSP Binning Method 

	Results and Discussion 
	VSP Distribution Analysis with Different Years 
	VSP Distribution Analysis with Different Cars 
	Emission Factors Analysis with Different Cars and Cycles 

	Conclusions and Recommendations 
	References

