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The increase of traffic flow in cities causes traffic congestion and accidents as well as air pollution. Traffic problems have attracted
the interest of many researchers from the perspective of theory and engineering. In order to provide a simple and practical method
formeasuring the exhaust emission and assessing the effect of pollution control, a model is based on the relationship between traffic
flow and vehicle exhaust emission under a certain level of road capacity constraints. In the proposedmodel, the hydrocarbons (HC),
carbon monoxide (CO), and nitrogen oxides (NOx) are considered as the indexes of total exhaust emission, and the speed is used
as an intermediate variable. To verify the rationality and practicality of the model, a case study for Beijing, China, is provided in
which the effects of taxi fare regulation and the specific vehicle emission reduction policy are analyzed.

1. Introduction

The negative impact of urban road traffic is mainly on
air quality [1], ecosystem, and noise level [2]. Due to the
continuing increase of motor vehicles, human health [3] and
environment have been severely impacted. According to the
classification of air pollutant sources in urban area, motor
vehicle emission accounts for more than 80% of the air
pollution in major cities [4]. The statistics of Beijing show
that the level of carbon monoxide (CO) and nitrogen oxides
(NO
𝑥
) exceeds national standard even in the city’s fourth and

fifth ring roads where the average speed of vehicles is high.
Since the concept of sustainable development has been

adopted into the theory and methods of urban transport
systems planning, the coordination between transportation
development and urban environment becomes the focus of
the urban transportation research in the 21st century. In
recent years, many scholars have studied vehicle exhaust
emission for environment protection [5].

In order to reduce air pollution caused by motor vehi-
cles, several control measures have been imposed in the
last decade including upgradation of gasoline quality, strict
environmental standards, and the promotion of new energy

vehicles. Schifter et al. studied the trends of exhaust emissions
from gasoline motor vehicles in the metropolitan area of
MexicoCity [6].Theypresented results on brandnewvehicles
which indicated that NO

𝑥
emission factors, though they

were within the Tier I standard, deteriorated rapidly with
the travel distance. Alkurdi et al. determined the profile and
concentration of PAH in exhaust emissions of light- and
heavy-duty vehicles running on the roads of Damascus city
[7].

Ropkins et al. provided a comprehensive critical review of
the techniques utilized to monitor real-world vehicle exhaust
emissions [8]. Real-world measurements (measurements of
exhaust emissions from vehicles in operation on the high-
way network) differ from laboratory-based measurements
(typically using test cycles) because they have a more real-
istic potential to capture the range of variability typically
encountered in real-world driving, including variability in
driver behaviour, interactions with other road users, and
interactions with highway infrastructure, all of which have
the potential to influence exhaust emissions. May et al. used
four independent yet complementary approaches to inves-
tigate POA gas-particle partitioning [9]: sampling artifact
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correction of quartz filter data, dilution from the constant
volume sampler into a portable environmental chamber,
heating in a thermodenuder, and thermal desorption/gas
chromatography/mass spectrometry analysis of quartz filter
samples.This combination of techniques allowed gas-particle
partitioningmeasurements to be made across a wide range of
atmospherically relevant conditions. Mikulcic et al. analyzed
the influence of different amounts of fuel, mass flow of
the tertiary air, and the adiabatic wall condition on the
decomposition rate of limestone particles, burnout rate of
coal particles, and pollutant emissions of a newly designed
cement calciner. Numerical models of calcination process
and pulverized coal combustion were developed and imple-
mented into a commercial computational fluid dynamics
code, which was then used for the analysis [10].

These studies covered themeasurement of vehicle exhaust
emission factors [11, 12], the analysis or model of pollutant
emission on traffic corridors [13], and so forth. However, the
required variables and detection methods were complicated,
and the conclusions were significant only to the sample.
Due to the lack of rapid and effective macrodetection and
calculation methods for overall pollution throughout the city
roads, these studies cannot provide effective support to traffic
regulation departments to develop policies or take interim
control measures.

This paper puts forward a vehicle exhaust emissionmodel
based on the speed which is taken as an intermediate variable
and the exhaust emission of hydrocarbons (HC), carbon
monoxide (CO), and nitrogen oxides (NO

𝑥
) as indexes

of exhaust emission. This model provides a simple and
easy method to measure and effectively control the exhaust
emission.

2. An Analysis of Motor Vehicle
Exhaust Emissions

2.1. Factors of Vehicle Exhaust Emissions. Motor vehicle
exhaust emissions are known to contain carbon monoxide
(CO), nitrogen oxides (NO

𝑥
), hydrocarbons (HC), sus-

pended particulate matter, and a small amount of sulfur
dioxide (SO

2
). Since carbonmonoxide (CO), nitrogen oxides

(NO
𝑥
), and hydrocarbons (HC) are tested as pollutants by

two Chinese national standards, namely, Emission Standard
for Exhaust Pollutants from Light-duty Vehicle (GB 14761.1-
93) and Emission Standard for Exhaust Pollutants fromGaso-
line Engine of Vehicle (GB 14761.2-93); in this paper carbon
monoxide (CO), nitrogen oxides (NO

𝑥
), and hydrocarbons

(HC) are selected as assessment indexes of road traffic exhaust
emissions.

The emission factor is a key parameter in the calculation
of vehicle pollutant emission, which is also called emission of
unit mass, and it is the average emission under the influence
of various factors according to the Chinese national stan-
dard, namely, Automotive Emission-Terms and Definitions
(GB5181-2001). Vehicle exhaust emission is affected by many
factors, including the features of vehicles (such as vehicle
type, technical level, emission control devices, and operation
condition), urban road conditions, maintenance frequency,

fuel type, the levels and effect of maintenance, and the
characteristics of roads (altitude, temperature and humidity,
road conditions, and traffic conditions). The motor vehicle
operation conditions are different between urban roads and
highways. The former conform to the standard conditions
while the latter conform to the constant speed condition.
The differences between two emission factors for different
operation conditions are relatively large, so it is necessary to
consider the average speed of vehicles for the calculation of
vehicle emission factors.

2.2. The Selection of Testing Routes and Testing Method. The
selection of testing routes was a result of consideration of
the features of Beijing traffic network. Representative types
of roads were chosen for testing, including the Second Ring
Road, the Third Ring Road, the Fourth Ring Road, the
Fifth Ring Road, the Changan Avenue, and the Jingtong
Expressway. Testing time covered morning and evening rush
hours as well as nonrush hour daytime period. Motorists’
driving habits were also considered.

The main device for vehicle exhaust emission testing was
the SEMTECHDS gas analysis system made by the Sensor
Company, USA. Five automotive brands were selected as test-
ing vehicles due to their higher market share, including Volk-
swagen,Honda,GM, Ford, andNissan.GPS speedometer and
slope meter auxiliary equipment were used for continuous
record of each vehicle’s speed and road conditions. Data were
collected for ten hours of steady driving without accidents for
each vehicle under testing. Vehicle’s exhaust emissions were
measured under the operation speed: 0 km/h ∼ 90 km/h.The
impact caused by the installation position of testing device on
vehicles was eliminated.

3. Speed and Pollutant Emission Model

Researchers such as RichardAnthonyMargiotta believed that
emission factors were sensitive to the vehicle speed and their
relation function could be expressed as EF

𝑗𝑘
= 𝑔(𝑢) [14].

3.1. The Relationship between the Pollutant and Vehicle Speed.
In order to quantify the relationship between the vehicle
speed and the vehicle pollutant exhaust, the impacts of slope,
sudden acceleration, and deceleration were eliminated first.
That is, the data of vehicles operated at constant speeds
on smooth roads were studied first. The method of data
collection generated noise fluctuations in data. Therefore,
high frequency of noise components was removed through
curve-fitting techniques [15]. By comparing the continuous
data recorded by kilometers with the corresponding time of
SEMTECHDSgaseous analysis system, the exhaust emissions
at each time and the corresponding data can be obtained.
Figures 1, 2, and 3 reveal the relation curve between the
vehicle speeds and the emission factors of CH, CO, and NO

𝑥
,

respectively.
From Figure 1 to Figure 3, we can see that the trend of

comprehensive emission factors of HC, CO, and NO
𝑥
is

changing with the mean vehicle speed. There are several
points worth noticing.
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Table 1: Interval division of acceleration.

Slowdown Constant speed speedup

Interval index Interval range
(m/s2) Interval index Interval range

(m/s2) Interval index Interval range
(m/s2)

𝑁
1 −0.3 < 𝑎 ≤ −0.1 0 −0.1 < 𝑎 ≤ 0.1 𝑃

1 0.1 < 𝑎 ≤ 0.3

𝑁
2 −0.6 < 𝑎 ≤ −0.3 𝑃

2 0.3 < 𝑎 ≤ 0.6

𝑁
3 −1.0 < 𝑎 ≤ −0.6 𝑃

3 0.6 < 𝑎 ≤ 1.0

𝑁
4 𝑎 ≤ −1.0 𝑃

4 𝑎 > 1.0
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Figure 1: The change curve of CO comprehensive emission factor.
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Figure 2: The change curve of CH comprehensive emission factor.

Firstly, along with the increase of mean vehicle speed,
vehicle emission of CH comprehensive factor decreases. Sec-
ondly, along with the increase of mean vehicle speed, vehicle
emission of CO comprehensive factor gradually decreases.
Thirdly, along with the increase of the mean vehicle speed,
comprehensive NO

𝑥
emission factor decreases at first and

then increases gradually, with 50 km/h and 60 km/h being the
minimum value.

3.2. The Relationship between the Acceleration and Exhaust
Emissions. As shown in Table 1, the vehicle running state
could be divided into eight kinds according to the acceler-
ation frequency under all kinds of driving conditions.

In addition, the authors selected speed ranges in the
condition of low speed, medium speed, and high speed to
analyze the relationship between the acceleration and exhaust
emissions in order to eliminate the impact of the speed. The
division of speed range is as follows: low speed was defined as
within the interval (10, 20] h/km,medium speed as within the
interval (40, 50] h/km, and high speed as within the interval
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Figure 3:The change curve of NO

𝑥
comprehensive emission factor.

(60, 70] h/km. In each speed range, the authors analyzed the
relationship between the acceleration and exhaust emissions.

The data show that HC, CO, NO
𝑥
, and CO

2
emission

factors increase quickly with the increasing acceleration,
especially in the range of high speed. When 𝑎 < −0.6m/s2
(𝑎 denotes acceleration), the amplitude of emission factors
increases slowly with increasing acceleration; when −0.6 <
𝑎 ≤ 0.3m/s2, the amplitude of emission factor increases
rapidly with the increasing acceleration; when 0.3 < 𝑎 ≤
1.0m/s2, the amplitude of emission factor decreases rapidly
with the increasing acceleration; when 𝑎 > 1m/s2, the
amplitude of emission factor increases with the increasing
acceleration.

3.3. Fitting and Correction of the Speed and Exhaust Emission
Function. In addition to the speed and acceleration, the
vehicle exhaust emission is also closely related to the slope of
road.Therefore, vehicle specific power (VSP) was introduced
to fit exhaust emission curve.

VSP was put forward by Palacios and Luis and applied to
analyze remote sensing data [16]. VSP is one of the parameters
most close to the actual conditions, and it has been one of
the core parameters of the next generation mobile emission
model. 𝑃VPS denotes the ratio of the motor vehicle output
power and its quality (in kW/t). 𝑃VPS combines parameters
such as speed, acceleration, slope, and wind resistance, so it
can greatly improve the accuracy of the fitting.
𝑉 denotes speed, 𝑎 denotes acceleration, and 𝜃 denotes

a road gradient expressed in radians, and the following
functions are obtained:

𝐸NO
𝑥

= 2.0164 + [1.1𝑎 + 9.81 (𝑎 tan (sin 𝜃)) − 0.0142] 𝑉

+ 0.0001𝑉
2

+ 0.00000053𝑉
3

,



4 Mathematical Problems in Engineering

𝐸CO = 167.154 + [1.1𝑎 + 9.81 (𝑎 tan (sin 𝜃)) − 5.2911] 𝑉

+ 0.0662𝑉
2

+ 0.0003𝑉
3

,

𝐸HC = 68.7252𝑉
1.1𝑎+9.81(𝑎 tan(sin 𝜃))−0.7760

.

(1)

Thus, the basic functional relationship between exhaust
emission and speed has been obtained. In order to more
accurately reflect the actual urban road conditions of Beijing,
the authors calculated the mean value of VSP for many types
of motor vehicles. If the accurate VSP of a particular type of
vehicle is to be obtained, more samples are needed to correct
the specific parameters.

4. Speed and Traffic Flow Model

4.1. Traffic Features Analysis. Urban roads are the main
infrastructure of urban transportation. Urban roads should
not only satisfy the requirement of the traffic but alsomeet the
requirement of urban land [17]. Features of urban road traffic
are related to urban road grade and urban area. In general,
urban road traffic at different levels has different features.The
composition of urban road traffic is complicated. Generally,
urban road traffic covers all sorts of motor vehicles, and the
ratio of motor vehicles is related to the road grades and urban
area. The traffic flow is normally distributed to time. If the
influence of road intersections is not considered, vehicle’s
speed on main lines is mainly related to the traffic flow. In
this paper, the research was conducted in Beijing area. Since
the main lines in Beijing are the city’s ring roads and there
are no traffic lights on these ring roads, consideration of the
influence of the intersections is not needed.

4.2. The Relationship between Speed and Traffic Flow. Based
on the Greenshields model, the function of the relationship
between speed and flow can be obtained as follows:

𝑈
𝑖
= 𝑁
𝑖
𝐾
𝑗
(V −

V2

V
) . (2)

Here 𝑈
𝑖
denotes the standard traffic flow through road 𝑖

per unit time, pcu/h;𝑁
𝑖
denotes the number of lanes on road

𝑖; 𝐾
𝑖
denotes the traffic density of road 𝑖, pcu/km; V denotes

the average speed on road 𝑖, km/h; V denotes the free flow
speed of road 𝑖, km/h.

Therefore, when the traffic flow is in a steady state, the
function of the relationship between speed and traffic flow
can be obtained from the above function as follows:

V = 𝑓 (𝑈
𝑖
) = V(
1

2
± √
1

4
−
𝑈
𝑖

𝑁
𝑖
V𝐾
𝑗

) . (3)

4.3. Discussion. As for transportation system which has
reached a balance between supply and demand [18], traffic
density and the relationship between vehicle speed and traffic
flow will change while adding new traffic flow into traffic
system (Figure 4). InAB area, as vehicle traffic flow is smooth,
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Figure 4: The relationship between speed and traffic flow.

vehicle’s speed is always of highest level. With new vehicles
entering into the transportation system, the density of traffic
flow increases and enters into BC area. Gradually, traffic
density increases with the spaces among vehicles reduced;
Interference among vehicles increases and as a result vehicles’
speed declines. As new vehicles continue to enter into the
transportation system, the volume of vehicles increases and
so does the traffic density until the road eventually becomes
saturated. When 𝑞

𝑐
= 𝑄, the transportation system is in the

state of saturation [19, 20]. At this time, if timely effective
measures are not taken to restrict new cars from entering
into the system, the speed and traffic flow will fall further,
and road traffic efficiency continues to decrease. Eventually,
serious traffic congestion will happen, transportation system
will be paralyzed, and traffic flow will drop to zero.

From the above analysis, it can be seen that, for a given
traffic flow 𝑄

1
, (𝑄
1
< 𝑄
0
), there will be two corresponding

speeds𝑉
𝐵
and𝑉
𝐷
.Thus, in the following case of Beijing traffic

where 𝑄 = 𝑄
1
(𝑄
1
< 𝑄
0
) is given, it can be concluded that

𝑉 = 𝑉
𝐷
, as Beijing’s road is very congested.

Formula (3) yields that

V = 𝑓 (𝑈
𝑖
) = V(
1

2
− √
1

4
−
𝑈
𝑖

𝑁
𝑖
V𝐾
𝑗

) . (4)

5. The Model of Traffic Flow and Vehicle
Exhaust Emission

If𝐸
𝑘
= 𝐸
𝑘
(V), thus𝐸

𝑘
= 𝐸
𝑘
(𝑓(𝑈
𝑖
)) from V = 𝑓(𝑈

𝑖
).Therefore,

the model of traffic flow and vehicle exhaust emission is
obtained.

In this model, carbon monoxide (CO), nitrogen oxides
(NO
𝑥
), and hydrocarbons (CH) are selected as three final

indexes for vehicle exhaust emission evaluation. Based on
the relationship between vehicle speed and vehicle exhaust
emission factors, a mathematical model of total emission
and road speed is established. And based on the relationship
between speed and traffic flow under a certain level of road
capacity, the mathematical model of speed and traffic flow
is established. Then, with speed as an intermediate variable
a model is established to describe the relationship between
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traffic flow and vehicle exhaust emissions under certain level
of urban road capacity constraints. Although the model is
based on a single road, as long as the speed of vehicles remains
the same on the section road network or the entire road
network, the model still applies. Thus, this model provides
a theoretical basis to measure the exhaust emission within a
certain region and effectively to control them.

6. Case Study

Based on the proposed model, with the given road capacity
and given traffic volume (through a standard equivalent
conversion), road vehicle exhaust emissions (CO, HC, and
NOx) can be analyzed for urban transportation planning and
environmental impact assessment.

6.1. Background. Statistics of Beijing Municipal Bureau show
that, by the end of 2012, there are 5.2 million motor vehicles
in Beijing, while taxis in Beijing are about 66,000, accounting
for a very small proportion. However, taxis in Beijing are
exempt from the city’s vehicle restriction based on the last
digit on the license plate and they spend much longer hours
on the road than other vehicles every day; their high level
of utilization on the road and exhaust emissions have been
severely criticized by people. Therefore, based on this model
taxi exhaust emissions in Beijing are analyzed.

6.2. The Equivalent Conversion for Taxis and Private Cars.
According to the data of the Beijing Transportation Research
Center, at present, the average kilometrage of private cars is
15,000 km per year while a taxi’s kilometrage reached 90,000
kilometers, which indicates that a taxi is equivalent to six
standard private cars based on kilometrage. In addition, as
40% kilometrage of private cars is spent for weekend and
holiday vacation travels and is spent out of the city’s Sixth
Ring Road, that is, out of the urban area of Beijing, the ratio of
road utilization is 1 : 10 between taxis and private cars within
the Sixth Ring Road area, that is, the urban area of Beijing.

According to “the hearing of dynamic adjustmentmecha-
nism on Beijing’s taxi rents adjustment and the fuel surcharge
improvement” the empty-loaded rate of taxis in Beijing was
about 31% in 2012, which means for an average taxi in Beijing
in 31% of the time when it was running on the streets there
was no customer. Because of this, the efficiency of taxis is
much lower than that of private cars. Taxi meter record data
and the cost survey fromBeijingMunicipalDevelopment and
Reform Commission also show that taxi service efficiency is
only about 70% of that of private motor vehicles.

Combining the input and output together, the authors
concluded that the ratio of urban road utilization between
taxies and private cars within the Sixth Ring Road is about
1 : 14. Therefore, the actual pollution effect of the 66,000 taxis
in Beijing is equivalent to that of 924,000 standard private
cars.

The data from Beijing Bureau of Statistics showed that
there were 5.2 million vehicles in Beijing by the end of 2012,
and the private cars were 4.16 million. Due to the vehicle
restriction based on the last digit on the license plate in

Beijing, only 3.32 million vehicles are allowed to travel per
day. In addition, 80% of these 3.32 million vehicles are mostly
running within the Sixth Ring Road while almost all the taxis
are running in the same area. Thus, the actual ratio of road
utilization between taxis and private vehicles is 92.4 : 265,
namely, 1 : 2.9; that is, among every four cars running in the
streets in Beijing, at least one is a taxi. According to themodel
proposed in this paper, it can be deduced that a quarter of
vehicle exhaust emissions are discharged by taxis. Given that
private vehicles are mostly used for commuting to work, the
proportion of the exhaust emissions of taxi is much higher
during noncommuting hours.

6.3. The Taxi Planning. According to statistics, the monthly
income of an average taxi in Beijing is about 16,300 Yuan,
and the kilometrage is 7480 km. Taking the standard of New
York City as reference, the daily kilometrage of taxi is 113 km;
the present kilometrage of taxi in Beijing could be reduced
by 55%. At the same time, in order to ensure the income
of taxi drivers, the flag-fall price should increase by 100%,
reaching 20 Yuan. According to the price elasticity of taxi
demand in Beijing, the number of people using taxi will be
reduced by 30%. Meanwhile, due to the wide application
of the taxi reservation program, the empty-loaded rate of
taxi can be controlled below 10%. Therefore, the standard
equivalent quantity ratio of the taxis and private vehicles
will be increased from 1 : 14 to 1 : 5. At this point, the 66,000
taxis are equivalent to 330,000 average private vehicles. The
number of average vehicles within the Sixth Ring Road area
is reduced to 2.6 million, which is a decrease of 27%.

6.4. The Planning Effect. According to the model, if the
volume of vehicles is reduced by 27%, the speed of vehicles
in the whole road network can be improved by 24%, while
the average commuting time can be reduced by 19.4%. This
conclusion is in accordance with the statistical data which
show that; by a decrease of 12% in vehicle volume, the speed
of vehicles in the whole road network can be increased by 10%
in Beijing.

Furthermore, according to calculations, the exhaust emis-
sions will be dropped as follows:

𝐸NO
𝑥

emissions will be reduced by 29.3%;
𝐸CO emissions will be reduced by 42.2%;
𝐸HC emissions will be reduced by 40.9%.

7. Conclusions

The objective of this paper is to find the relationship between
vehicle exhaust emission and traffic flow under a certain
level of urban road capacity constraints. The authors used
speed as a bridge to describe the relationship between the
two variables and established a model accordingly. The case
analysis presented in the paper is to simulate the situation of
taxi fare regulation in Beijing, of which the authors deduce
the knock-on effects and calculate the city’s vehicle exhaust
emission reductions. In short, it is obvious that the impact of
traffic flow on vehicle exhaust emission can be measured in
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China’s congested cities. Therefore the model is an effective
way to control the volume of vehicles on urban roads and
improve the speed and efficiency of vehicles to reduce the
excessive pollution caused by vehicle emission in China.

Limitations and improvements of this model of traffic
flow and vehicle exhaust emission include the following. (i) If
more accurate results are required, a larger sample is required
to calculate the parameters of different models to simulate
actual road conditions, because emission performance of
different vehicles is different (the types and ages of different
vehicles determine different parameters), and (ii) in Beijing,
the political center of China, traffic control based on political
reasons is taken frequently and causes traffic speeds to reduce
drastically or even to zero. Due to this considerable impact,
the vehicle speed is too low to fit the curve, as the emissions
of vehicles increased sharply. Therefore, in order to make
the results more accurate, the stagnant traffic flow (speed of
10 km/h or less) should be taken into account into the model,
and (iii) exhaust gas contains 150 to 200 different compounds.
In addition to carbonmonoxide, hydrocarbons, and nitrogen
oxide compounds, particulate matter (PM) measured as
either PM10 or PM2.5 (i.e., PM less than 10 𝜇m or 2.5𝜇m
in diameter, resp.) is also quite harmful to human body. PM
is a mixture of liquid and solid particles of different sizes
and chemicals that varies in composition both spatially and
temporally. Epidemiological studies spanning five continents
have demonstrated an association between mortality and
morbidity and daily, multiday, or long-term (a period of
more than a year) exposure to concentrations of pollutants,
including PM. The estimated mortality impacts are likely to
occur predominantly among elderly people with preexisting
cardiovascular and respiratory disease and among infants. It
is necessary to put PM emission into model detection range,
thereby increasing the credibility of the model in the future.
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