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Environmental pollution and energy conservation in urban tunnels have become important issues that affect the scientific design
and sustainable development of urban tunnels. +e carbon monoxide (CO) concentration in urban road tunnels is regarded as a
direct reflection and a useful tracer of the intensity of anthropogenic transportation activities. Previous studies in recent years have
paid more attention to pollutant emission factors, but less to the calculation parameters of ventilation design for tunnels. +is
paper aims to study a reasonable annual reduction rate of CO base emission factors. +erefore, a detailed field measurement was
carried out in the four typical urban road tunnels, Henglongshan Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and Dameisha
Tunnel in Shenzhen, China, from March 29 to September 16, 2014. Measurement results showed that the traffic flow of the four
urban tunnels had been approaching the design value, or even beyond the limit. +e average daily air velocities in the four tunnels
were all within 5m/s, whereas the maximum air velocity had exceeded the limit of 10m/s. +e CO concentrations in Hen-
glongshan Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and Dameisha Tunnel were 17 ppm, 7 ppm, 39 ppm, and 8 ppm, re-
spectively. Moreover, it was found that the average CO emission factors of Henglongshan Tunnel, Cejiexian Tunnel, Jiuweiling
Tunnel, and Dameisha Tunnel were 1.075 g/(km·veh), 1.245 g/(km·veh), 4.154 g/(km·veh), and 1.739 g/(km·veh), respectively.
Based on the statistical data, the CO emission factors of mixed traffic and passenger cars decrease by an average of 16.4% and
33.3%, respectively, per year through the regression method and by an average of 17.4% and 29.0%, respectively, per year through
the extremummethod. Finally, when considering the safety factor of 20%, it is more reasonable for the CO base emission to adopt
4% as an annual reduction rate for ventilation design in urban tunnels.

1. Introduction

With the rapid development of economic construction and
transportation infrastructure in China, a large number of
tunnels have been or will be constructed in the coming years
[1–11]. However, the in-tunnel environmental pollution
during the tunnel service period has become an important
problem restricting the development of tunnels, especially
urban tunnels. In the past few decades, the vehicle pop-
ulation in China has been experiencing explosive growth, for
example, from 231.63 million in 2013 to 307.447 million in
2018, with an average annual growth of 5.8% [12]. Mean-
while, China has been experiencing increasing air pollution

with the rapid industrialization and urbanization, especially
in the densely populated southeast areas, such as the Yangtze
River Delta economic zone and the Pearl River Delta
Economic Zone. As a kind of urban linear structure, urban
road tunnel is regarded as the chimney of urban air pol-
lution, and the environmental pollution issue in the urban
road tunnel has been increasingly arising great concern. +e
air pollutants in urban tunnels mainly come from the vehicle
exhaust in anthropogenic transport activities, and CO gas is
one of the most influential pollutants. +e vehicle tailpipe
emissions contain many harmful components, including
CO, NO2, Pb, CO2, SO2, HCHO, and smoke, among which
CO is considered to be the highest content and the most
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harmful pollutant to human health. CO is a kind of colorless,
odorless, and toxic gas produced by incomplete combustion
of fossil fuel. Due to the semiclosed structure of the tunnel,
CO is not easy to be discharged quickly from the tunnel, but
it is easy to accumulate. Once the CO concentration ac-
cumulates to a certain extent, drivers and passengers in the
tunnel will suffer from physical discomfort or even suffo-
cation death.

CO concentration is a significant controlling factor for
the calculation of fresh air demand in tunnels. Especially in
the ventilation calculation for urban road tunnels, due to the
traffic features of large traffic flow, low vehicle speed, and
dominant proportion of light-duty vehicles, the fresh air
demand is basically determined by CO concentration among
many pollutants.+e fresh air demand for tunnel ventilation
directly affects the ventilation scheme, the scale of the
ventilation system, and the cost of construction and oper-
ation. China’s current tunnel ventilation design code stip-
ulates that the CO concentration should adopt 100 ppm as
the design limit in normal conditions for the tunnel whose
length is not less than 3000m and 150 ppm for congested
condition within 20min exposure time [13]. However,
ample research studies have shown that the CO concen-
trations in operating tunnels are far below the design level
[14–22]. +e high design standard makes a considerable
number of tunnels equipped with large-scale or even lux-
urious ventilation facilities in China, while the in-tunnel low
pollutant concentrations, especially the CO concentration,
make managers operate fewer or no ventilation equipment.
+is contradiction makes the ventilation equipment have
failed to play their due role since being put into use, which
inevitably results in a waste of facility resources and go
against the concepts of energy-saving and sustainable de-
velopment. +erefore, the overdesign of the ventilation
system has been a universal and serious problem. +e
reasons behind the overdesign of the tunnel ventilation
system are the excessive calculation of pollutant emissions
and irrationality of calculation parameters. And a reasonable
time factor of base emissions, also known as annual re-
duction rate in China, may effectively prevent the waste and
contradiction.

In essence, the calculation of fresh air demand is a
prediction of air demand for diluting the pollutants in
tunnels for future years. +ere are differences on the air
demand calculation between China and PIARC. In China, a
fixed base emission factor in a base year (such as the base
year 2000 specified in the current ventilation specification)
and a fixed annual reduction rate (such as 2% specified in the
current ventilation specification) are used to calculate the
total pollutant emissions and fresh air demands for future
years [13]. +e base emission factor usually refers to the
pollutant emission from a passenger car when the driving
speed remains 60 km/h and the road gradient is 0%. In
PIARC, the total pollutant emissions are calculated based on
the base emission factors and influence factors (variables
provided in the PIARC report) for years differing from the
base year, and the base emission factor varies with the av-
erage traffic speed and road gradient [23, 24]. +erefore, it is
indicated that the annual reduction rate is of great

significance to tunnel ventilation calculation in China; it
represents the average reduction rate of CO base emission
factors. And whether the annual reduction rate is reasonable
or not directly affects the calculation accuracy of total CO
emissions and fresh air demand.

Previous studies in recent years have focused more on
vehicle emission factors in China. Yang et al., Yao et al., and
He et al. studied the vehicle exhaust emission characteristics
at different speeds through bench test and road test [25–27].
Ho et al.,, Liu and Gao, and Deng et al. investigated the
pollutant emission performance of various vehicle types by
the tunnel measurementmethod [28–30]. Based on emission
models and investigations of relevant fundamental data,
Song and Xie, Cai and Xie, and Lang et al. established ve-
hicular emission inventories and contribution rates in
typical cities [31–33]. Fu et al., He et al., and Xie et al.
systemically analyzed the structures of emission models and
attempted to develop a method of localization for emission
models, such as mobile, CEME, and COPERT [34–36].
However, limited research studies have been reported at this
point concerning the annual reduction rate of base emis-
sions. +e old version of tunnel ventilation specification
released in 2000 by the “Ministry of Communications of the
People’s Republic of China” stipulated that the CO base
emission used 1995 as the base year and took 1%∼2% as the
annual reduction rate [37]. Wang et al. studied the CO
emission characteristics at different vehicle speeds through
bench experiment and road testing, and the test results
showed that the CO base emission of 0.01m3/(km·veh) in
the base year 1995 specified in the old ventilation specifi-
cation was relatively high [38]. However, the research did
not take annual reduction rate into account to avoid
overdesign of the base emission for the design year. Based on
the analysis of vehicle exhaust pollutant components and the
EU automobile emission standard limits, Guo et al. pointed
out that the CO emissions of diesel and gasoline vehicles
would cumulatively reduce by 81.62% and 63.24%, respec-
tively, from 2000 to 2025, with an average annual decrease
of 6.31% and 3.78%, respectively, and it tended to be
conservative in terms of the reduction factor of 1%∼2%,
which was stipulated in the previous ventilation specifi-
cation for tunnels [39]. +e new version of ventilation
specification released in 2014 by the “Ministry of Transport
of the People’s Republic of China” specified that the CO
base emission used 2000 as the base year and took 2% as the
annual reduction rate [13]. Under the conditions of 60 km/
h and 0 gradient, the CO base emission factor for a gasoline
passenger car given by PIARC decreased by 85% from
68.2 g/h in 2010 to 18.2 g/h in 2018, with an average annual
reduction rate of 15% [23, 24]. +e average annual re-
duction rates of CO emission factors for the gasoline
passenger car and diesel passenger car are 4.5% and 2.8%,
respectively, by 2030 with a base year being defined as 2010,
and they are 2.5% and 2.2%, respectively, by 2035 with a
base year being defined as 2018 [23, 24]. Based on the
environmental measurement in the urban tunnels of
Shenzhen, Luo et al. recommended using 8% as the annual
reduction rate of CO emission factors through the back-
calculation method [40].
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As the front window of China’s reform and opening up,
Shenzhen has been maintaining a rapid and healthy de-
velopment of the economy, and the number of motor ve-
hicles has increased rapidly. By the end of 2014, the vehicle
population of Shenzhen had exceeded 3 million, coupled
with 200 thousand temporary transit vehicles through the
downtown of Shenzhen. A huge number of vehicles have
become the main source of urban air pollution.+erefore, in
order to determine the environmental pollution inside urban
tunnels and CO emission factors of motor vehicles, four
typical urban road tunnels were carefully selected for en-
vironmental monitoring from March 29 to September 16,
2014, in Shenzhen. +e results of this paper could provide
data support for further studies on the emission charac-
teristics of pollutants from motor vehicle exhaust and
emission inventories of air pollutants in urban areas and
offer references for the reasonable annual reduction rate of
CO base emissions by comparing CO emission factors in
different years.

2. Methodology

2.1. Tunnel Description. Based on the field surveys and
material collection of more than 30 urban road tunnels in
Shenzhen, the four representative tunnels of Henglongshan
Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and Dameisha
Tunnel were carefully selected to collect data on traffic
volume, air velocity, and CO concentration. +ese four
urban road tunnels represent the urban arterial road,
Shenzhen-Hong Kong transit corridor, urban expressway,
and urban tourism area expressway, respectively. +ey are
located in different areas of Shenzhen with various vehicle
fleet composition characteristics and play different roles in
the urban traffic network (Figure 1). +e main technical
parameters of the four tunnels are listed in Table 1.

2.2. Sampling and Instruments. +e traffic survey was carried
out by setting up amonitoring station at the entrance or inside
of each tunnel. 9 or 10 fixed stations were positioned along the
traffic direction for air velocity monitoring. +e CO con-
centration sampling sites were arranged near the tunnel exit
instead of the whole tunnel because the CO concentrations
were basically 0 ppm at the entrance sites at the beginning of
measurement. +e air velocity and CO concentration shared a
monitoring station at the same position, and the monitoring
stations were 1.5m above the maintenance path and 0.2m
away from the pavement. +e station position in cross section
is shown in Figure 2. +e temperature and atmospheric
pressure were measured inside and outside of each tunnel,
respectively. +e air velocity measurement and CO concen-
tration measurement performed synchronously and sampled
data every 3 minutes automatically. +e sampling sites of four
tunnels are shown in Figure 3. Each tunnel was continuously
monitored for 2–7 days, and the whole test lasted fromMarch
29 to September 16, 2014.

+e traffic flow and vehicle speed were continuously
measured by photographic counting equipment. Traffic
survey includes the traffic volume, traffic speed, traffic

composition, and proportion of gasoline and diesel vehicles.
+e air velocity inside the tunnel was monitored continu-
ously by using the AZ9871 anemometer with the sensitivity
of 0.1m/s and 3min time resolution. +e anemometer
provides a brief and user-friendly operation interface and
can be used for long-term automatic monitoring. +e
temperature and the atmospheric pressure inside and out-
side the tunnel were measured by the DYM3-type empty-
box barometer with 1.0°C temperature resolution and
1.0 hPa pressure resolution. +e instrument has the ad-
vantages of high accuracy, wide measuring range, and
portability. +e CO detector (TES-1372R) was used for
continuously monitoring CO concentration with the sen-
sitivity of 1 ppm and 3min time resolution. +e instrument
works via a high-stability electrochemical CO sensor and
supports automatic recording or manual recording. All
instruments were calibrated by the professional organiza-
tions before and after measurement.

2.3. Analysis Method

2.3.1. Vehicle Emission Factor. +e relationship between
concentration distribution and emission rate of pollutants,
emitted into the air by the automobile engine in tunnels, can
be analyzed by the one-dimensional steady-state transport
equation. +e direction of air flow in the tunnel is taken as
the x-axis, and the air inlet of the tunnel is defined as the
starting point of the x-axis. +us, without considering the
chemical reaction decay process of pollutants from vehicle
emissions, the average vehicle emission factor can be
expressed as the following equation:

EFj � 3600AV
zCj/zx


n
i�1 Ni

≈ 3600AV
ΔCj/Δx


n
i�1 Ni

, (1)

where EFj is the average vehicle emission factor of pollutant
j, g/(km·veh); A is the cross-sectional area, m2; V is the mean
air velocity in the x-axis direction, m/s; Cj(x) is the con-
centration of pollutant j, mg/m3; and Ni is the number of
vehicle i, veh/h.

+e average emission factor reflects the mean level of the
vehicle tailpipe emission for a specific pollutant in the case of
overall considering the traffic speed, traffic composition,
vehicle age distribution, and vehicle mileage distribution.

2.3.2. Estimated Total Emissions. +e weight mean of av-
erage annual vehicle mileage is expressed by the following
equation:

M �
1
100


i

mi · pi( , (2)

where M is the average annual vehicle kilometers traveled,
km/year; mi is the average annual kilometers of vehicle i
traveled, km/year; and pi is the traffic composition of vehicle
i, %.

And the estimated total vehicle emissions of pollutant j
are expressed by the following equation:
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Qj � M · Pj · EFj · 10−6
, (3)

where Qj is the total vehicle emissions of pollutant j, ton/
year; Pj is the vehicle population in the statistic year; and
EFj is the average vehicle emission factor for pollutant j,
g/(km·veh).

2.3.3. Annual Reduction Rate. As the CO emission pro-
jections for future years are influenced by fleet renewal of
vehicles with more stringent emission standards taken into
account, the CO base emission factor in the design year is
calculated by the base emission factor of the base year at a
fixed annual reduction rate in China, as shown in the fol-
lowing equation:

qCO,n0
· (1 − ω)

ni− n0 � qCO,ni
, (4)
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Figure 1: +e study area and case tunnel locations.

Table 1: Main design parameters of the four tunnels.

Tunnel name Location Length (m) Design speed
(km/h) Road grade Ventilation design

Henglongshan
Tunnel Fulong Road

Left bore:
2330 60 Urban expressway (two-bore

six-lane)

Main tunnels: 24 jet fans

Right bore:
2275 Ramps: 6 jet fans

Cejiexian Tunnel Shenzhen Western
Corridor

Main bore:
4480 80 Highway (two-bore six-lane) Left bore: 100 jet fans

Right bore: 66 jet fans

Jiuweiling Tunnel Danping Expressway

Left bore:
1472 80 Urban expressway (two-bore

six-lane)

Left bore: 1 shaft and 6 jet
fans

Right bore:
1447 Right bore: 22 jet fans

Dameisha Tunnel Dameisha Road

Left bore:
1521 60 Highway (two-bore six-lane)

Left bore: 12 jet fans

Right bore:
1540 Right bore: 6 jet fans
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Figure 2: +e monitoring station position in cross section (unit:
mm).
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Figure 3: Continued.
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where qCO,n0
is the CO base emission factor in the base year,

m3/(km·veh); ω is the annual reduction rate for the years
differing from the base year; qCO,ni

is the CO base emission
factor in the design year, m3/(km·veh); n0 is the base year;
and ni is the future design year.

+erefore, the annual reduction rate of the CO base
emission factor in the future design year can be determined
by the following equation:

ω � 1 −
qCO,ni

qCO,n0

 

1/ ni− n0( )

. (5)

3. Results and Discussion

3.1. Measurement Results

3.1.1. Traffic Characteristics. Based on the continuous ob-
servation of traffic flow in the four urban tunnels, the survey
results were statistically analyzed and compared with the
original design data. Table 2 reveals a fact that the traffic
volume of the four tunnels has been approaching the original
design values, even beyond the limits. +e average daily
traffic volume had already exceeded the design limits, except
the Cejiexian Tunnel. In particular, the daily traffic volume
of the left bore and right bore of Henglongshan Tunnel was
far in excess of 41,000 pcu/d, beyond the design value by 57%
and 74%, respectively. And due to the dramatic increase in
traffic flow during the official holidays, the left bore of
Dameisha Tunnel had reached the upper limit of its traffic
capacity during the Mid-Autumn Festival. +e average peak
traffic volume was closing to their design limits, especially
Henglongshan Tunnel. Urban tunnels had become the
bottlenecks of urban transportation and showed saturated
condition frequently. For instance, the cars had to stop and
go in rush hours when passing through the Henglongshan
Tunnel; during the holidays, the number of tourist vehicles,
traveling from and to Dameisha Beach (a famous tourist
attraction in Shenzhen) through the Dameisha Tunnel, rose
explosively with daily traffic growth of 12,759 pcu/d and
11,820 pcu/d for the left and right bores, respectively, which

led to the phenomenal congestion in Dameisha Tunnel; and
about 300m from the south outlet of the Jiuweiling Tunnel
was a junction, and one of the three lanes in the left bore was
closed as a rescue channel, all of which restricted its traffic
capacity. +erefore, a considerable number of urban tunnels
with congested traffic have greatly affected the comfort of
driving, deteriorated the level of road service, and reduced
the traffic capacity.

Figure 4 shows that the passenger cars contribute a large
proportion to the traffic flow of urban tunnels, and it ac-
counts for 75%∼81% of the total traffic. Due to the differ-
ences of the geographical location and transportation
function of urban tunnels, the traffic composition of each
tunnel was different, even two bores of one tunnel had
considerable differences. As illustrated in Figure 5, the
number of gasoline vehicles was far more than that of diesel
vehicles; the former comprised about 70% of the total traffic
fleet and the latter only 30%.

3.1.2. Air Velocity. +e meteorological parameters were
measured at various sampling sites for at least 2 days in each
tunnel, which included the air velocity, temperature, and
atmospheric pressure. Table 3 shows the statistical results of
meteorological parameters. During the sampling period, the
main wind direction was consistent with the vehicle moving
direction. +e average air velocities of four tunnels were all
within 5m/s. +ere were notable differences between the left
bore and right bore of a tunnel, which mainly resulted from
the differences in the traffic volume and natural wind. +e
maximum air velocities of Henglongshan Tunnel, Cejiexian
Tunnel, and Dameisha Tunnel were beyond the limit of
10m/s, the biggest of which peaked at 11.0m/s. +e air
velocities of Henglongshan Tunnel and Dameisha Tunnel
had a larger fluctuation over time without fans opened.
Under the condition of opening fans only at the peak hours,
the air velocities of Cejiexian Tunnel and the right bore of
Jiuweiling Tunnel fluctuated greatly, and the air velocities of
the left bore of Jiuweiling Tunnel varied relatively gently.+e
diurnal variation curves of air velocity in tunnels are shown
in Figures 6 and 7. +e air velocity fluctuated greatly at
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Figure 3: +e sampling point distribution in the four tunnels. (a) Henglongshan Tunnel. (b) Cejiexian Tunnel. (c) Jiuweiling Tunnel.
(d) Dameisha Tunnel.
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daytime and relatively smoothly at nighttime periodically.
+e air velocity increased with the rapid rise of traffic volume
in the period of about 6 a.m. to 7 a.m.+ere was a significant
positive correlation between the air velocity and the traffic
volume. However, when the traffic volume accumulated to
the saturated state or oversaturated state, the wind speed
begun to decrease, such as the period of about 7 a.m. to 8
a.m. in Henglongshan Tunnel. +e air velocity presented a
negative correlation with the traffic volume. Affected by the
testing time, altitude of the tunnel, and weather, the tem-
perature and atmospheric pressure in each tunnel had been
changing constantly, but the range was relatively narrow.

All four urban tunnels are unidirectional traffic tunnels.
+e piston wind formed by the movement of motor vehicles
in a tunnel was very significant and had a profound influence
on pushing airflow forward. +e air velocity in the tunnel
depends on the combined actions of natural wind, piston
wind, and mechanical wind. Shenzhen is located on the

South China Sea and the east coast of the Pearl River Delta of
China.+e vast sea area connects to the South China Sea and
Pacific Ocean. Shenzhen has a subtropical climate with
remarkable effect of sea-land breeze. +erefore, the change
of wind speed in the tunnel was greatly influenced by the
external environmental meteorological conditions and the
uneven distribution of traffic flow.

3.1.3. In-Tunnel CO Concentrations. CO concentrations
were obtained through all-weather field monitoring, and
each tunnel had been monitored continuously for more than
two days. As can be seen from Table 4, the CO concen-
trations of four tunnels were relatively low and all within the
maximum limit by comparison with the admissible con-
centration. +e original design value of CO concentration is
150 ppm under normal working condition and 250 ppm
within 20 minutes under congested condition. For the
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Figure 4: Traffic composition of the four tunnels.

Table 2: Traffic survey results of the four tunnels.

Tunnel name
Daily traffic volume (pcu/d) Peak traffic volume (pcu/h)

Remarks
Measured value Designed value Measured value Designed value

Henglongshan Tunnel 64,314 41,000 4679 5000
71,535 4708

Cejiexian Tunnel 20,776 39,000 1886 4757
20,780 2228

Jiuweiling Tunnel 32,753 — 1967 — One lane of the left bore was closed37,641 2237

Dameisha Tunnel

32,626 44,405 2667 5400 Nonholiday period31,884 2756
45,385 4119 During holidays43,704 3438

Note. Measured data consist of traffic volume of both left bore and right bore; designed data refer to one-way traffic for a single hole.
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ventilation environment of tunnels in operation, the peak
values of pollutant concentrations are worthy for more
attention than the mean value. +e peak or maximum value
can better reflect the pollution degree of vehicle emissions
than using the mean value. +e maximum concentration of

four tunnels was 39 ppm, from the left bore of Jiuweiling
Tunnel, and about 26% and 16% of the design limits, re-
spectively, under the normal condition and congested
condition. +e CO concentrations of the other three tunnels
were below 20 ppm, far less than the admissible values.
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Figure 5: Proportion of gasoline to diesel vehicles in the four tunnels.

Table 3: Meteorological parameters in the four tunnels.

Tunnel name Air velocity (m/s)
Temperature (°C) Atmospheric pressure (kPa)

Change range Average Standard deviation

Henglongshan Tunnel Left bore 0∼9.2 3.85 1.15 21∼23 100.24∼101.06
Right bore 0∼10.3 4.63 0.98 25∼30 100.79∼101.23

Cejiexian Tunnel Left bore 0∼8.4 2.94 0.96 25∼29 100.98∼101.46
Right bore 0∼10.1 3.66 1.46 25∼28 101.31∼101.54

Jiuweiling Tunnel Left bore 0∼4.8 2.06 0.67 25∼27 100.27∼100.79
Right bore 0∼7.2 3.37 0.90 25∼28 100.34∼100.88

Dameisha Tunnel Left bore 0∼8.1 4.31 1.03 28∼37 100.55∼101.08
Right bore 0∼11.0 2.83 1.31 29∼32 100.22∼100.65
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Figure 6: Diurnal profile of air velocity in the left bore of Henglongshan Tunnel (Apr 4, 2014).
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+erefore, as the in-tunnel health controlling factor, CO
concentration has lost its true meaning, and its more
prominent role is to improve the comfortableness of driving.
In other words, the CO gas of vehicle exhaust emissions is
within the safety limit and does not pose a risk to human
health under normal ventilation condition. +ere are two
main reasons for the result: first, with the demand for energy
conservation and environmental protection increasing,
more and more new energy-saving and environment-
friendly vehicles are being put into service; second, with the
progress of the automobile industry, the tightening of the
national automobile emission regulations, and the im-
provement of the fuel quality, the pollutant gases of vehicle
exhaust emissions are decreasing year by year. In the aspects
of the implementation of vehicle emission regulations and
environmental governance, Shenzhen is at the forefront of
China. It had been four years since the implementation of
China IV emission standard till the measurement, which
efficiently controlled vehicle pollutant emissions.

As illustrated in Figures 8 and 9, the CO concentrations
of four tunnels were about 0 ppm from 0 a.m. to 6 a.m.
during the night. +e reason was that the traffic volume
decreases to the minimum, and CO emissions emitted by
motor vehicles were easily diluted by natural air. +ere were
usually two peaks in the changing curve of CO concen-
tration. +e peaks usually occurred about 1 hour after the
rush hour, and they did not coincide with each other
(Figures 10 and 11).+e CO concentrations had been greatly
influenced by the traffic flow and varied with the changes of
traffic volume. +e time-space effect of CO concentration
was remarkable. +e longer the tunnel was, the more time it
took CO gas to move in the traffic direction. During rush
hours, the traffic volume increased to a saturated or

oversaturated state, resulting in a sharp increase in vehicle
density and a decrease in traffic speed (as listed in Table 5).
+e slow speed made the piston effect weakened, and even
the congested vehicle fleet had a negative effect on the
movement of air flow in tunnels. As illustrated by Figure 12,
the CO concentrations of various tunnels decreased with the
increase of corresponding average hourly air velocities. All
these factors led to a sharp rise in the CO concentration,
which further resulted in the rapid deterioration of air
quality in tunnels.

3.2. CO Emission Factors of In-Use Fleet

3.2.1. Average CO Emission Factors. In accordance with the
geometric parameters of the four tunnels and a large amount
of measured data, including the CO concentration, air ve-
locity, traffic speed, and traffic volume obtained from various
sampling sites, 50 groups of experimental data were selected
as statistical samples for each tunnel. +e average CO
emission factors could be calculated from statistical samples
by using equation (1). As listed in Table 6, there are dif-
ferences in the average CO emission factors among the four
urban tunnels. +e average emission factors of Henglong-
shan Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and
Dameisha Tunnel were 1.075 g/(km·veh), 1.245 g/(km·veh),
4.154 g/(km·veh), and 1.739 g/(km·veh), respectively. +e
average CO emission factor of the left bore of Jiuweiling
Tunnel was the largest among the four tunnels, which was
4.416 g/(km·veh). +e average CO emission factor of the
right bore of Dameisha Tunnel was the smallest among the
four tunnels, which was 0.713 g/(km·veh). Among the four
tunnels, the CO emission factors derived from Jiuweiling

A
ir 

ve
lo

ci
ty

 (m
/s

)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 240
Time (h)

0

1

2

3

4

5

6

Figure 7: Diurnal profile of air velocity in the left bore of Cejiexian Tunnel (Apr 18, 2014).

Table 4: CO concentrations in the four tunnels (unit: ppm).

Tunnel name
Left bore Right bore

Ventilation equipment condition
Change range Maximum Change range Maximum

Henglongshan Tunnel 0～17 17 0～9 9 Closed
Cejiexian Tunnel 0～7 7 0～6 6 Open during peak hours
Jiuweiling Tunnel 0～39 39 0～9 9 Open during peak hours
Dameisha Tunnel 0～6 6 0～8 8 Closed
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H
ou

rly
 tr

af
fic

 v
ol

um
e (

pc
u/

h)

1h

0

1000

2000

3000

4000

5000

6000

0

4

8

12

16

20

M
ax

im
um

 C
O

 co
nc

en
tr

at
io

n 
(p

pm
)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 240
Time (h)

Hourly traffic volume
Maximum CO concentraion

Figure 10: Relative variation of CO concentration and traffic flow in the left bore of Henglongshan Tunnel.
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Figure 8: Diurnal profile of CO concentration in the left bore of Henglongshan Tunnel (ZK1+081).
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Tunnel were 1.4∼6.2 times that of the other three tunnels
with large standard deviation. +e calculation results of
Henglongshan Tunnel and Cejiexian Tunnel were close to
each other, whose CO emission factors were between 0.9 and
1.5 g/(km·veh). Except for the Dameisha Tunnel, the average
emission factors were relatively close between the left and
right holes of the other three tunnels, and there is a big gap
on the average CO emission factors between the left and
right holes of the Dameisha Tunnel, among which the av-
erage CO emission factor of the left hole was about 3.9 times
that of the right hole.

Motor vehicle emissions are mainly affected by two kinds
of factors: internal factors (motor vehicle itself ) and external
factors. +e aforementioned characteristics of average CO
emission factors were mainly caused by the differences of
traffic volume and driving speed in the four tunnels. +e
traffic volume and traffic environment of the four tunnels
were different from each other, resulting in the differences of
traffic speed in the tunnels. +e CO emission factor is a

function of traffic speed and road gradient. Different speeds
make different emission factors. Deng and Liao et al. pointed
out that the vehicle CO emission factor showed the par-
abolic changes with the increase of vehicle speed and fell to
the lowest level when the speed increased to 60 km/h
[41, 42]. +ere were one or more orders of magnitude
differences between idle-speed condition and high-speed
condition. Tunnel measurement showed that the average
daily traffic volumes of the left bore and right bore of
Henglongshan Tunnel were 64,314 pcu/d and 71,535 pcu/d,
respectively. +e average daily traffic volumes of the left bore
and right bore of Dameisha Tunnel during the nonofficial
holiday period were 38,094 pcu/d and 37,054 pcu/d, respec-
tively, accounting for 59% and 52% of those of Henglongshan
Tunnel.+e smaller traffic flowmade the vehicle speed higher.
+e traffic speed in Dameisha Tunnel usually remained be-
tween 30 km/h and 60 km/h, rarely showing the speed lower
than 30 km/h or blocked condition. +us, the vehicle CO
emission factors in Dameisha Tunnel were relatively small.
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Figure 11: Relative variation of CO concentration and traffic flow in the left bore of Cejiexian Tunnel.

Table 5: Maximum CO concentrations and the corresponding measured data.

Tunnel name Maximum CO
concentration (ppm)

Occurrence
time

Hourly average air
velocity (m/s)

Hourly traffic
volume (pcu/h)

Average traffic
speed (km/h)

Henglongshan
Tunnel

Left
bore 17 8:33 2.8 3660 10

Right
bore 9 11:26 2.9 4458 10

Cejiexian Tunnel

Left
bore 7 19:08 1.5 1004 20

Right
bore 6 16:11 2.6 1601 10

Jiuweiling Tunnel

Left
bore 39 18:25 0.3 1774 10

Right
bore 9 22:21 3.9 1801 30

Dameisha Tunnel

Left
bore 6 17:45 4.9 2408 30

Right
bore 8 11:59 3.8 2253 30
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+e average daily traffic volumes of the left bore and right
bore of Jiuweiling Tunnel were 32,753 pcu/d and 37,641 pcu/
d, respectively, and close to those of Dameisha Tunnel.
However, a junction and a traffic light were located at the
south outlet of the tunnel about 300m, so the vehicles had to
queue up to pass through the tunnel and the traffic light
during rush hours. Traffic jams often lasted for more than an
hour with full length congested in the tunnel, and vehicle
speed was all below 30 km/h. Under the low-speed condition
or idle condition, the incomplete fuel combustion brought
about a sharp rise in the vehicle CO emission factor.
+erefore, the calculation results of vehicle CO emission
factors in Jiuweiling Tunnel were relatively high.

3.2.2. Comparison of CO Emission Factors. Based on the
field measurement in the four typical tunnels in Shenzhen,
the average CO emission factors of mixed traffic were

obtained by means of theoretical analysis and calculation,
and they could represent vehicle emission level in Shenzhen
in 2014. Table 7 lists the research results of vehicle CO
emission factors in different regions and years. Due to the
influence of many factors, such as the operating condition,
test year, traffic composition, automotive emission stan-
dards, and fuel quality, the vehicle CO emission factors
show significant differences among different years and
present a decreasing trend and characteristic. Compared
with Hong Kong and Taiwan in China, it is found that the
average CO emission factors from motor vehicles in
Shenzhen in 2014 are similar to those of Hong Kong Shing
Mun Tunnel and Taipei tunnel in 2000∼2003. Higher
economic and technological level, more advanced auto-
mobile engine technology and exhaust control technology,
and earlier introduction of Western emission regulations
make vehicle emission factors in Hong Kong and Taiwan
far less than those of the mainland and close to the level of
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Table 6: Average vehicle CO emission factors (unit: g/(km·veh).

Category
Henglongshan Tunnel Cejiexian Tunnel Jiuweiling Tunnel Dameisha Tunnel
Left bore Right bore Left bore Right bore Left bore Right bore Left bore Right bore

Average 1.241 0.909 1.022 1.467 4.416 3.892 2.765 0.713
Standard deviation 0.512 0.277 0.650 0.468 1.348 1.264 1.239 0.311
Minimum 0.515 0.474 0.680 0.874 2.357 2.527 1.166 0.309
Maximum 2.954 1.951 4.190 2.831 8.072 9.268 6.531 1.703
Sample number (group) 50 50 50 50 50 50 50 28
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developed countries [55, 56]. Compared with the other
regions of the Chinese mainland, the average vehicle CO
emission factors in Shenzhen in 2014 are of the same order
of magnitude compared with other research results after
2006, while they are one order of magnitude smaller than
those before 2006. 2006 can be regarded as an important
dividing point of vehicle CO emission factors. From 2001
to 2005, China began to implement the emission standard
“China I” of motor vehicles for the first time nationwide,
which means that the vehicle exhaust emission before 2001
was unlimited. Before 2006, the new cars produced and put
into use according to the emission standard “China I”
accounted for only a part of the vehicle ownership at that
time. +erefore, the average CO emission factors of motor
vehicles were all beyond 20 g/(km·veh) before 2006, far
greater than the “China I” emission limit of 2.72 g/km.
With the implementation of the “China II” emission
standard and continuous fleet renewal, the average CO
emission factors of motor vehicles decreased sharply after
2006, and they were one order of magnitude smaller than
those before 2006.

3.2.3. Total CO Emissions from Vehicles. As the average CO
emission factor of motor vehicles in Dameisha Tunnel is
close to the average level of the four tunnels and con-
sidering that the traffic operation condition of the whole
city is better than that of the tunnel, it is considered that
the vehicle CO emission factor derived from the Dameisha
Tunnel could represent the average emission level of
motor vehicles in Shenzhen in 2014 and be used to esti-
mate the total CO emissions of motor vehicles in the
whole year. According to the Shenzhen Statistical Year-
book, the vehicle population of Shenzhen reached
3,153,902 by the end of 2014, ranking 4th in China [57].
Without directly available data, the average annual vehicle
kilometers traveled in Shenzhen referred to those of
Guangzhou [42]. +e two cities are adjacent to each other
in the Pearl River Delta region, and the automobile

technology level is consistent with each other.+erefore, it
is considered that there are no significant differences in
vehicle mileage. +e annual vehicle kilometers traveled in
Guangzhou are listed in Table 8. +e fleet composition is
determined according to the measurement results in this
study and the statistical data of motor vehicles in
Shenzhen in 2014 [57, 58]. And the weight mean of av-
erage annual vehicle mileage was 27,440 km/year in 2014,
calculated by using equation (2).

According to the average vehicle CO emission factor, the
vehicle population, and average annual vehicle mileage data,
the total vehicle CO emissions in urban areas of Shenzhen in
2014 could be estimated by equation (3):

QCO � 3153902 × 27440 × 2.028 × 10− 6
� 175509t. (6)

+e calculation result shows that the total CO emissions
from motor vehicles reached 175,509 tons throughout the
year 2014 in Shenzhen, resulting in a huge threat to the
urban environment. Wang pointed out that motor vehicles
contributed 91% for the total CO emissions in urban areas of
Shenzhen [59]. Both the huge motor vehicle CO emissions
and the high contribution rate indicated that vehicle exhaust
pollution had become the main source of urban air
pollution.

3.3. Annual Reduction Rate of CO Emission Factors.
Figure 13 indicates the development process of vehicle
emission factors and emission regulations in China in the
recent past 20 years. It can be seen from Figure 13 that,
with the great progress of automobile engine technology
and exhaust control technology, the successive imple-
mentations of stricter national vehicle emission regula-
tions, and the continuous improvement of fuel quality, the
vehicle CO emission factors decreased year by year and
presented a first fast and then slow-down change trend.
Vehicle CO emission factors have also gradually shrunk
from far exceeding the vehicle emission limit to

Table 7: Average CO emission factors of motor vehicles (mixed traffic) in different regions of China.

Tunnel/test method City Test year Traffic speed
(km/h)

EF
(g/(km·veh)) Test condition Reference

Xi’an North Road Tunnel Xi’an 1996 40∼60 33.279 Urban road tunnel [43]
Tanyugou tunnel Beijing 1999 10∼70 23.467 Urban road tunnel [44]
Bench test Beijing 2000 19.98 26.100 Urban comprehensive condition [45]
Taipei tunnel Taipei 2000 60–70 3.64 Urban road tunnel [46]
Road calculation model Shanghai 2003 26.9524 31.4395 Urban hypo-artery road [47]
Shing Mun Tunnel Hong Kong 2003 60∼70 1.845 Urban road tunnel [48]
Bench test Ningbo 2005 20∼30 21.220 Ningbo road condition [49]
Tunnel measurement Xi’an 2006 43.3 6.89 Urban road tunnel [50]
Road calculation model Beijing 2010 — 3.75 Urban arterial road [51]
Yingpan road tunnel Changsha 2013 30 3.22 Urban road tunnel [30]
Wenchang Gate-Peace Gate Tunnel Xi’an 2014 40∼60 1.097 Urban road tunnel [52]
Henglongshan Tunnel

Shenzhen 2014

10∼40 1.075

Urban road tunnel +is studyJiuweiling Tunnel 10∼40 4.154
Cejiexian Tunnel 10∼40 1.245
Dameisha Tunnel 30∼60 2.028
Wenchang Gate-Peace Gate Tunnel Xi’an 2015 33.18 1.097 Urban road tunnel [53]
East Yan’an Road Tunnel Shanghai 2016 33.5 1.84 Urban road tunnel [54]
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approaching it. In order to quantitatively evaluate the
development and improvement process of vehicle emis-
sion factors, the following fitting functions are established
with reference to equation (4) for nonlinear fitting of
vehicle emission factors:

A · (1 − ω)
x− 2000

� y, (7)

where A and ω are coefficients of the function and 2000 is a
constant term, which is the base year with reference to the
current specification.

+e fitting functions of CO emission factor distribution for
mixed traffic andpassenger cars are EFMX� 24.39·(1–16.4%)x−2000
and EFPC � 159.40·(1–33.3%)x−2000, respectively. Corre-
spondingly, the fitted annual reduction rates of the CO
emission factors for passenger cars and mixed traffic are
16.4% and 33.3%, respectively, which are 8 and 17 times of
the 2% stipulated in the current specification. Furthermore,
based on the gap between the maximum and minimum
values of statistical data, the annual reduction rate of vehicle
CO emission factors can also be calculated by using equation
(5). When ignoring obvious regional differences in the same
period in China, the CO emission factors of mixed traffic,
from 33.279 g/(km·veh) tested in Xi’an North Road Tunnel
in 1996 to 1.075 g/(km·veh) tested in Shenzhen Henglong-
shan Tunnel in 2014, decreased by 96.8% over a span of 18
years and reduced by 17.4% per year on average. +e
emission factors of passenger cars (Table 9) reduced by

96.7% over the past decade from 2004 to 2014 and by 29.0%
annually on average. +e numerical calculation indicates the
annual reduction rates of the CO emission factors for mixed
traffic and passenger cars are 17.4% and 29.0%, respectively,
which are 9 and 15 times of the current in-use annual re-
duction rate of 2%. +e reduction results obtained by the
above two methods are pretty close, and the annual re-
duction rates from numerical calculation are a subset of the
fitting results and within the fitting range. +us, it could
effectively reduce vehicle CO emission factors in the aspects
of increasing investment on the research of automobile
engine technology and exhaust control technology, pro-
moting higher quality fuel and stricter emission regulations,
accelerating elimination of “yellow label cars” (heavy-pol-
luting vehicles), and taking effective measures to improve
road traffic conditions. Based on the comprehensive con-
sideration of unbalanced economic and technological de-
velopment among cities in China, it is necessary to consider
the safety factor (approximately 20%) for the reduction
results from fitting regression and numerical calculation
with reference to the current ventilation specification [13].
+erefore, the annual reduction rate of CO base emissions
can be optimized from the intersection set of the two results
obtained by two different methods, which ranges from 3.5%
to 5.8%, and the conservative value of 4% may be more
reasonable for ventilation calculation.

Table 8: Annual vehicle kilometers traveled.

Traffic fleet Passenger car Taxi Bus Coach Light-duty truck Heavy-duty truck Motorcycle
AVKT (km/year) 24,719 145,894 71,947 164,962 24,748 27,593 4331
Traffic composition (%) 85.42 0.52 0.99 1.11 7.99 3.76 0.21
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4. Conclusions

In this study, a detailed monitoring investigation was
conducted in four tunnels, Henglongshan Tunnel, Cejiexian
Tunnel, Jiuweiling Tunnel, and Dameisha Tunnel in
Shenzhen, China, for collecting data on the traffic flow, air
velocity, and CO concentration. Based on themeasured data,
the average CO emission factors and annual reduction rate
were obtained by calculation and comparison. +e main
conclusions are as follows:

(1) +e traffic flow of the four tunnels had been
approaching the design values of traffic capacity, or
even beyond the limits. Passenger cars accounted for
75%∼81% of the total traffic, and the proportion of
gasoline vehicles varied from 68% to 75%.

(2) +e average daily air velocities of the four tunnels
were all within 5m/s, and themaximum air velocities
were beyond the limit of 10m/s, the largest of which
peaked at 11m/s. Diurnal variation curves of air
velocity in the four tunnels had a larger fluctuation
with time, except for the left bore of Jiuweiling
Tunnel.

(3) +e maximum CO concentrations of Henglongshan
Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and
Dameisha Tunnel were 17 ppm, 7 ppm, 39 ppm, and
8 ppm, respectively. +e CO concentration level was
far less than the admissible value.

(4) +e average CO emission factors of Henglongshan
Tunnel, Cejiexian Tunnel, Jiuweiling Tunnel, and
Dameisha Tunnel were 1.075 g/(km·veh), 1.245
g/(km·veh), 4.154 g/(km·veh), and 1.739 g/(km·veh),
respectively. +e annual reduction rate of CO
emission factors for mixed traffic and passenger cars
is 16.4% and 33.3%, respectively, by fitting regression
and 17.4% and 29.0%, respectively, by extremum
calculation. When considering the safety factor of
20% with reference to the current ventilation spec-
ification in China, it is more reasonable for CO base
emission to adopt 4% as an optimized annual re-
duction rate for ventilation design in urban tunnels.

Tunnel ventilation system is the key to ensure safe and
high-effective operation of urban road tunnels. However,

due to the continuous decline in CO emission factors and
unreasonable calculation parameters in ventilation design,
the overdesign problem of the ventilation system is be-
coming increasingly prominent.+e results of this paper can
effectively reduce energy waste, promote the sustainable
development of urban tunnels, and provide data support and
reference for the ventilation design of other tunnel projects.
On the basis of the results of the previous studies, the re-
search team will further study the pollutant emission factors,
reasonable ventilation design parameters, and ventilation
control indexes and further expand the research samples.
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