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As a common transportation facility, speed humps can control the speed of vehicles on special road sections to reduce
traffic risks. At the same time, they also cause instantaneous traffic emissions. Based on the classic instantaneous traffic
emission model and the limited deceleration capacity microscopic traffic flow model with slow-to-start rules, this paper
has investigated the impact of speed humps on traffic flow and the instantaneous emissions of vehicle pollutants in a single
lane situation. The numerical simulation results have shown that speed humps have significant effects on traffic flow and
traffic emissions. In a free-flow region, the increase of speed humps leads to the continuous rise of CO2, NOX and PM
emissions. Within some density ranges, one finds that these pollutant emissions can evolve into some higher values under
some random seeds. Under other random seeds, they can evolve into some lower values. In a wide moving jam region, the
emission values of these pollutants sometimes appear as continuous or intermittent phenomenon. Compared to the refined
NaSch model, the present model has lower instantaneous emissions such as CO2, NOX and PM and higher volatile organic
components (VOC) emissions. Compared to the limited deceleration capacity model without slow-to-start rules, the present
model also has lower instantaneous emissions such as CO2, NOX and PM and higher VOC emissions in a wide moving jam
region. These results can also be confirmed or explained by the statistical values of vehicle velocity and acceleration.

Keywords: traffic emissions, speed humps, slow-to-start rules, deceleration capacity
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1. Introduction

In recent years, with the rapid development of the na-
tional economy and the steady advancement of urbanization,
the transportation system has been continuously improved,
which has greatly facilitated people’s ability to travel and has
improved road traffic capacity. At the same time, due to the
long-term existence of problems such as lagging construc-
tion of related transportation facilities and unreasonable road
planning, its negative effects are becoming increasingly seri-
ous. The continuous increase of vehicles on the road leads
to the emission of motor vehicle pollutants becoming one of
the main sources of air pollution in major and medium-sized
cities, which poses a great threat to human health and the eco-
logical environment.[1–5]

It is well-known that the power of a vehicle comes from
the fuel combustion within the engine; this process is not per-
fect. Therefore, exhaust gas is inevitably discharged. The
emission of automobile pollutants has become a hot issue in
the field of environmental research. Contaminants include
carbon dioxide (CO2), hydrocarbons (HC), particulate mat-
ter (PM), nitrogen oxides (NOX ), volatile organic components
(VOC), etc. In fact, PM concentration is a key parameter
to characterize air quality. The exhaust emissions of road

vehicles account for more than half of the total PM emis-
sions in urban areas, and in some metropolises in developed
countries, the proportion even exceeds 80%.[5–7] CO2 is also
one of the main gases that cause global warming; automo-
bile exhaust emissions account for about 17% of HC and 23%
of CO2 emissions, anthropogenic carbon emissions behaviors
have accelerated the process of global warming and seriously
threaten the sustainable development of human society and
ecosystems.[8–11] In addition, a large amount of NOX pro-
duced by automobile exhaust emissions forms ozone (O3) af-
ter chemical reaction with VOC, which is an important factor
causing regional composite pollution.[11–13]

Speed humps are traffic facilities installed on the road to
force vehicles to slow down and they are widely used, being
easy to install and low cost.[14] Installing a speed hump is an
effective measure to adjust vehicle speed and improve pedes-
trian and driving safety. At present, there are some studies on
the impact of speed humps on road traffic accidents and ve-
hicle energy consumption. Obeng et al.[15] explored whether
speed humps play a role in the deceleration behavior of ve-
hicles by using some of the main roads of the expressway,
and proved that the accident rate can be effectively reduced by
setting its position and distribution spacing reasonably. Has-
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souna et al.[16] used the energy-harvesting speed hump sys-
tem as an alternative to traditional speed humps, hoping to
reduce greenhouse gas emissions. Zhou et al.[17] established
a nonlinear vehicle dynamics model, which provides a new
speed optimization method for autonomous vehicles to allevi-
ate the reduction of driving comfort caused by the installation
of road speed humps. Obregón-Biosca[18] reduces the max-
imum speed of vehicles between speed humps by redesign-
ing the shape, size and height of the speed humps, effectively
reducing the fuel consumption of vehicles. However, there
are few studies on the impact of speed humps on road vehicle
emissions.[18–20] Based on a refined limited deceleration ca-
pacity microscopic traffic flow model with slow-to-start rules,
this paper examines the effects of different numbers of speed
humps on vehicle pollutant emissions, including CO2, NOX ,
PM and VOC, road traffic flow and so on.

2. Previous works
Cellular automata is one of the mainstream methods to

study the characteristics of road traffic flow. In 1992, Nagel
and Schreckenberg[21] proposed the classical NaSch model.
Afterward, researchers extended many complex new models
based on its update rules and applied them to study various
characteristics of traffic flow.[22–30] The cellular automata traf-
fic flow model is suitable for the simulation of a real road traf-
fic system because of its flexible evolution rules, high compu-
tational efficiency and the ability to reproduce many dynamic
characteristics of complex traffic flow systems.[31–34]

Nowadays, an investigation using the cellular automata
model to simulate vehicle pollutant emissions is mainly based
on the combination of the NaSch model[35–38] and the instan-
taneous traffic emission model.[39–43] Madani and Moussa[35]

simulated the fuel consumption and gas emissions of the
NaSch model and its improved model under periodic bound-
ary conditions. Xue et al.[37] studied the emission of various
pollutants based on the NaSch model and instantaneous emis-
sion formula, considering different driving conditions, vehicle
mixing ratio, maximum speed and other factors. Pan et al.[38]

simulated the energy consumption and particulate matter emis-
sions at a road traffic bottleneck of the NaSch model. Xue
et al.[42] also studied the particulate matter emissions of two
cellular automata models with slow-to-start rules. However,
there are few studies on the cellular automata model consid-
ering the effect of speed humps on air quality and pollutant
emissions[43,44] In 2006, Meng and Zhang[43] introduced the
concept of speed humps into the cellular automata model. By
modifying the deceleration rule of the NaSch model, they sim-
ulated the negative impact of installing speed humps on traffic
flow and vehicle speed under a fixed road length. On this ba-
sis, Pérez-Sansalvadoret al.[44] further explored the impact of

setting different numbers of speed humps on vehicle pollutant
emissions on a single lane. These studies on speed humps
were carried out under the NaSch model update rules, which
are easy to understand but are indeed too simple. Is the effec-
tiveness of speed humps still obvious when simulating vehicle
pollution emissions in other more complex cellular automata
models?

Moreover, based on the Lee model,[28] Pottmeier et al.[29]

set more rigorous conditions for the establishment of man-
made overreaction, introduced brake lights,[26,27] and pro-
posed a new Pottmeier model. Due to the fact that the ve-
hicle engine starts slowly, the complex urban road conditions,
and the driver’s inattention in the actual traffic, a certain type
of slow-to-start rule in the cellular automata model is consid-
ered to be applied to the deceleration model. Slow-to-start
rules can cause phase transition in the metastable traffic flow
with a certain probability, which makes the traffic flow sponta-
neously change from metastable free flow or synchronous flow
to clogged flow.[30,45] In order to simulate the delay when ve-
hicles restart, that is, due to the loss of the driver’s attention or
the slow start of the engine, Li et al.[46] proposed a traffic flow
model with limited deceleration capacity considering the slow-
to-start rules of the Takayasu and Takayasu (TT) model[23,24]

on the basis of the Pottmeier’s model, emphasizing that the
limited dynamic capacity of vehicles and human overreaction
are the root causes of traffic congestion. In general, the tradi-
tional cellular automata traffic flow model cannot reproduce
the synchronous flow in the three-phase traffic flow theory,
but this model can well reproduce the three different phases
of traffic flow (free flow, synchronous flow and wide mov-
ing jam) and two first-order phase transitions (phase transition
from free flow to synchronous flow and phase transition from
synchronous flow to wide moving jam) under periodic bound-
ary conditions, and the phase transition from synchronous flow
to wide moving jam is very obvious. In this paper, the lim-
ited deceleration capacity microscopic traffic flow model with
slow-to-start rules is further proposed.

3. Description of the present model
3.1. The limited deceleration capacity model with slow-to-

start rules

The specific vehicle update rules of the limited decelera-
tion capacity model with slow-to-start rules are as follows:

1. The randomization parameter p:

p = max
{

pd, p0− vt
n(p0− pd)/vslow

}
.

2. Deceleration caused by speed humps: If the driver
finds that there is a speed hump on the road ahead, and the
vehicle can reach the position of the speed hump at least in
one time step, this vehicle will start to slow down and move
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upstream closest to the speed hump. When the vehicle is par-
tially through the speed hump or completely on it, the speed of
the vehicle will be reduced to a fixed minimum. If another ve-
hicle does not pass and occupy the speed hump in the next time
step, the deceleration behavior of this vehicle is not related to
this speed hump.

vt+1
n = min(Dd,dn−Lvehicle) if Dd > 4 and Dd ≤ vt

n;

vt+1
n = min(5,dn−Lvehicle) if 1≤ Dd ≤ 4 or Dd = 0;

vt+1
n = min(vt

n,dn−Lvehicle) otherwise.

3. The maximal safe velocity: c̃t+1
n = max{ct+1

n | ct+1
n

satisfies Eqs. (1)–(3) }.
4. Velocity update: if vt

n = 0 and its gap= 1, then ṽt+1
n = 0

with pt = 0.75. For other cases, ṽt+1
n = min(vmax,vt+1

n +

a,max
{

0,vt+1
n −D, c̃t+1

n
}
).

5. Randomization: vt+1
n = max

{
0,vt

n−D, ṽt+1
n −η

}
, if

rand()< p,η = 1, otherwise η = 0.
6. Vehicle movement: xt+1

n = xt
n + vt+1

n .
Here, the values of each parameter are consistent with the

setting in Ref. [29]. The stochastic parameter p (< 1) in step
(i) linearly interpolates between p0 and pd. The parameters
p0 = 0.32, pd = 0.11 and vslow = 5. vt

n and xt
n represent the

speed and headway position of the nth vehicle (the current ve-
hicle) at time step t, vmax represents the maximum speed al-
lowed by the road vehicle, Lvehicle represents the length of the
vehicle, gap represents the distance between the nth car and
the n+ 1th car (the front car) at time t, pt is the probability
that the vehicle stays in place in the next time step in the up-
date rule of the extended TT model.[24] Pérez-Sansalvador et
al.[44] take a fixed value of 1 when vmax = 4, while vmax = 20
in the Pottmeier model, so the value is 5 in our study. Dd rep-
resents the distance between the current vehicle and the near-
est speed hump l in front of it (Dd = xt

l − xt
n). dn denotes the

distance between the nth vehicle and the n+ 1th vehicle (the
preceding vehicle) at time t, which includes the length of the
vehicle (dn = xt

n+1− xt
n). D is the maximum deceleration.

The safe driving speed of the next time step (t + 1 time
step) is represented by ct+1

n , which satisfies the following for-
mula:

xt
n +∆ +

τ f (ct+1
n )

∑
i=0

(ct+1
n −Di)≤ xt

n+1 +

τl(vt
n+1)

∑
i=1

(vt
n+1−Di), (1)

where τ f and τl represent the time steps required for the nth
vehicle and the n+ 1th vehicle to continue to decelerate until
they stop completely, respectively. Accumulation represents
the sum of the vehicles at time steps i = 0,1, . . . ,τ f /τl . ∆ rep-
resents the minimum distance between the current vehicle and
the preceding vehicle, which is at least the length of the vehi-

cle. The expressions of τ f , τl and ∆ are as follows:
∆ = l + γ

t
n×max

{
0,min

[
gadd,vt

n−gadd
]}

,

τ f (v) = γ
t
n× v/D+(1− γ

t
n)×max{0,min [v/D, tsafe]−1} ,

τl(v) = γ
t
n× v/D+(1− γ

t
n)×min{v/D, tsafe} ,

(2)

where gadd represents the additional safety distance required
when the following vehicle (current vehicle) is in a pessimistic
state. tsafe represents the maximum time steps that the follow-
ing vehicle can predict that it is in a safe state when driving
optimistically. The binary variable γ t

n reflects the driver’s bi-
ased behavior towards local traffic conditions. γ t

n = 0 indicates
that the driver is optimistic about the road condition because
the vehicle in front is accelerating, γ t

n = 1 means that the driver
is pessimistic, and the vehicle needs to drive below the safe
speed. The definition of γ t

n is as follows:

γ
t
n =


0, for (vt

n ≤ vt
n+1 < vt

n+2) or

(vt
n+2 ≥ vfast∩ vt

n− vt
n+1 ≤ D∩bt

n+2 = 0),

1, otherwise.

(3)

3.2. The instantaneous traffic emission model

This study will adopt the instantaneous traffic emission
model proposed by Panis et al.[39] By using the nonlinear mul-
tivariate regression technique and the measured data of road
vehicles, an empirical emission model related to vehicle speed
and acceleration is obtained, which describes instantaneous
traffic emissions as a function of pollutant emissions under
different vehicle types. The formula of the emission model
is

En(t) = max
[
E0, f1 + f2vn(t)+ f3v2

n(t)

+ f4an(t)+ f5a2
n(t)+ f6vn(t)an(t)

]
, (4)

where vn(t) in Eq. (4) is the speed of the nth vehicle after
randomization in the present model shown in step v in Sub-
section 3.1 (namely, vt+1

n ), an(t) is the acceleration, that is,
the difference between the speed of the vehicle after random-
ization and the speed of the vehicle in the previous time step
(an(t) = vt+1

n − vt
n). The unit of speed and acceleration is

m/s and m/s2, and the unit of pollutant emission is g/s. E0

represents the minimum emission of pollutants from different
types of vehicles, which is usually zero. f1 to f6 represent
the emission coefficients. For the emission of various pol-
lutants from different types of vehicles, the emission coeffi-
cients are different.[43,44] Since the vast majority of vehicles
in actual traffic are gasoline vehicles, for the sake of simplic-
ity, only gasoline vehicles are considered in this study, which
can effectively avoid the differences caused by different types
of vehicles.[44] Table 1 lists the emission coefficient values of
gasoline vehicles.
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Table 1. Gasoline vehicle emission coefficients are selected from Ref. [39].

Pollutant E0 f1 f2 f3 f4 f5 f6

CO2 0 5.53×10−1 1.61×10−1 −2.89×10−3 2.66×10−1 5.11×10−1 1.83×10−1

NOX (a≥−0.5 m/s2) 0 6.19×10−4 8.00×10−5 −4.03×10−6 −4.13×10−4 3.80×10−4 1.77×10−4

NOX (a <−0.5 m/s2) 0 2.17×10−4 0 0 0 0 0

VOC (a≥−0.5 m/s2) 0 4.47×10−3 7.32×10−7 −2.87×10−8 −3.41×10−6 4.94×10−6 1.66×10−6

VOC (a <−0.5 m/s2) 0 2.63×10−3 0 0 0 0 0

PM 0 0 1.57×10−5 −9.21×10−7 0 3.75×10−5 1.89×10−5

4. Simulation result of the present model

In the present model, the single lane Lroad is composed of
40000 cells and the length of each cell is 1.5 m. Thus, this
single lane is equivalent to an actual road length of 60 km.
Moreover, the length of the vehicle and the speed hump are
both 7.5 m, that is, each vehicle and speed hump occupy five
consecutive cells. The total number of vehicles remains un-
changed under the periodic boundary condition. At first, all
the vehicles are evenly distributed on single-lane roads. A
total of 50 independent tests are carried out. Each test run
has 40000 time steps, and the last 10000 time steps are taken
to calculate the corresponding values. Each time step corre-
sponds to 1 s in reality. The speed humps are also evenly dis-
tributed on the road. The distance between any two adjacent
speed humps is Lroad/Ndec, where Ndec represents the number
of speed humps.

4.1. The impact of speed humps on traffic flow and vehicle
velocity

This section will study the effect of speed humps on the
traffic flow and vehicle speed. Figure 1(a) presents the funda-
mental diagram (FD) under different numbers of speed humps.
In this figure, it can be seen that there are three typical phases:
free flow, synchronized flow and wide moving jam. In the free-
flow region (0 < d < dFS), it can be noted that the graph of the
flow with the density under different numbers of speed humps
overlaps and increases linearly. The movement of vehicles
does not affect each other, and they have enough spatial dis-
tance to maintain high speed, as shown in Fig. 1(b). Whether
the distribution of speed humps is dense or not has little effect
on the overall traffic flow; the traffic flow is almost unchanged
under different numbers of speed humps. In the density range
(dFS ≤ d < dSJB), the system can self-organize and evolve into
a synchronized flow. In this synchronized flow region, almost
all vehicles can still maintain medium or high speed move-
ment while driving. With the increase of density, especially in
the density range (dSJF ≤ d < dSJB), these flow curves under
different speed humps ultimately reach the same peak value
of 1450 veh/h under some random seeds. Under other random
seeds, the system can also self-organize and evolve into a wide

moving jam. In a wide moving jam, the difference between the
normal speed of a vehicle and its speed when passing through
a speed hump will decrease as the density increases. That is
to say, speed humps have little effect on the speed of vehicles
passing through them in this region. In short, speed humps
only have an impact on the traffic flow and speed within the
synchronous flow region.

0 20 40 60 80 100 120 140
0

200

400

600

800

1000

1200

1400

1600

dSJBdSJFdFS

(a)  Speed humps=10
 Speed humps=20
 Speed humps=50
 Speed humps=80
 Speed humps=100

F
lo

w
 (

v
e
h
ic

le
s/

h
)

Density (vehicles/km)

0 20 40 60 80 100 120 140
0

20

40

60

80

100

120
(b)  Speed humps=10

 Speed humps=20
 Speed humps=50
 Speed humps=80
 Speed humps=100

V
e
lo

c
it
y
 (

k
m

/
h
)

Density (vehicles/km)

Fig. 1. Fundamental diagram of the present model.

4.2. The impact of speed humps on instantaneous traffic
emission

This section shows the impact of speed humps on the
emission of various pollutants. Figures 2(a)–2(c) show the re-
lationship between CO2, NOX and PM emissions and density
under different numbers of speed humps. In a free-flow re-
gion, when a certain number of speed humps are set on the
road, these emissions slightly increase or remain unchanged
with the increase of vehicle density, that is, the increase in
emissions caused by the increase in density is very limited.
However, one finds that the value of these pollutant emissions
is increased by the increase in the number of speed humps. In
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a synchronous flow region, except for the fewer speed humps
in Fig. 2(a), the CO2, NOX and PM emissions under differ-
ent speed humps first increase, gradually reach their respective
maximum values, and finally gradually decrease to the same
value as the vehicle density increases. One also finds that the
value of these pollutant emissions is increased by the increase
in the number of speed humps for some given density. Within
this range dSJF≤ d < dSJB, the system can evolve into synchro-
nized flow under some random seeds; one finds that there are
high emission values of various pollutants in Figs. 2(a)–2(c).
This is because speed humps have an inhibiting effect on the
speed of vehicles on the road, and these vehicles have to ac-

celerate or slow down frequently when passing through speed
humps, which leads to an increase in pollutant emissions in the
system. Under other random seeds, the system can evolve into
a wide moving jam and there are relatively low emission val-
ues of various pollutants, as shown in Figs. 2(a)–2(c). The ve-
hicles that form a wide moving jam in the system do not need
to accelerate or decelerate frequently when passing through
speed humps. This is because these vehicles themselves have
very low speeds. In addition, it can be noted that the emission
values of these pollutants appear sometimes as continuous or
intermittent phenomenon in a high density wide moving jam
region.
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Fig. 2. Instantaneous emissions of the present model with different pollutants. (a) CO2, (b) NOX , (c) PM, (d) VOC.

Figure 2(d) shows the relationship between VOC emis-
sion and density under a different number of speed humps.
It can be found that the emission characteristics of pollutant
VOC are the opposite of the three emission characteristics dis-
cussed above. In a free-flow region, the value of these pollu-
tant emissions is decreased by the increase in the number of
speed humps for some given density. In a synchronous flow
region, the VOC emissions under different speed humps first
decrease, gradually reach their respective minimum values,
and finally gradually increase to the same value as the vehicle
density increases. It should be noted that there are two mini-
mum values for pollutant emissions in the system. Similarly,
in this region (dSJF ≤ d < dSJB) where synchronized flow and
wide moving jam coexist, the emission value of pollutants has
two values depending on the random seeds, and these emis-
sion values are also decreased by the increase in the number

of speed humps for some given density. In a wide moving jam,
the VOC emissions under different speed humps gradually in-
crease to the same value as the vehicle density increases. It
can be noted that the emission values of these pollutants also
appear sometimes as continuous or intermittent phenomenon
in high density regions.

4.3. Statistical distribution of velocity and acceleration

Due to the fact that the changing trend of the curve of
instantaneous emissions with vehicle density is basically the
same under various numbers of speed humps, we take speed
humps= 10 as an example. Figure 3 shows the statistical
distribution of vehicle speed and acceleration in synchronous
flow and a wide moving jam region. In these two regions, the
proportion of these vehicles where their speeds are equal to
zero rapidly increases with the increase of density, as shown
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in Figs. 3(a), 3(c) and 3(e). Meanwhile, the proportion of
these vehicles with their speeds equal to zero has exceeded
half the total number of vehicles in Figs. 3(c) and 3(e). Simi-
larly, the proportion of these vehicles whose acceleration val-
ues are equal to zero increases rapidly with increasing density,
as shown in Figs. 3(b), 3(d) and 3(f). According to Eq. (4) of
the instantaneous emission model, the instantaneous emissions
of pollutants such as CO2, NOX , and PM are simultaneously

reduced, as shown in Figs. 2(a), 2(b) and (c). This is because

there are more and more vehicles whose speed and accelera-

tion values are equal to zero, and their local traffic jams can

gradually evolve into large-scale traffic jams. Meanwhile, the

increasingly serious road congestion leads to the increase of

local air circulation and the increase of VOC emissions inside

the vehicle, as shown in Fig. 2(d).
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Fig. 3. Histogram of statistical distribution of velocity and acceleration of the present model. (a) Density = 35 vehicles/km. (b) Density=
35 vehicles/km. (c) Density= 40 vehicles/km. (d) Density= 40 vehicles/km. (e) Density= 40 vehicles/km. (f) Density= 40 vehicles/km.

5. Comparative analysis of three relevant mod-
els
The NaSch model is a classic model widely adopted by

scholars. In this model, the limiting braking capacity of ve-
hicles is not considered. Some vehicles often suddenly brake
due to speed humps or their own front distance being less than
their velocities. In the Pottmeier’s model, the limiting braking
capacity of vehicles is considered. In the improved Pottmeier’s
model (the present model), slow-to-start rules are introduced.
Compared to the original Pottmeier’s model, it can be noted
that the phase transition from synchronous flow to wide mov-
ing jam is obvious for the improved Pottmeier’s model. In this
section, we discuss the emission results of these three rele-
vant models, which are specifically the present model adopted
in this paper,[46] the Pottmeier’s model without slow-to-start
rules,[29] and the refined NaSch model.[44] The pollutant emis-
sion simulation calculation of these three models is calculated
under the same conditions, including the same road length, lat-
tice length, and the location and number of speed humps, etc.
The only difference is that the vehicle updates its velocity and
position according to the rules of the model used.

For some given density, regardless of the number of
speed humps, the refined NaSch model has higher CO2, NOX ,
and PM emissions compared to the present model adopted
in this paper[46] and the Pottmeier’s model without slow-to-
start rules,[29] as shown in Figs. 4(a)–4(f). This is because
the refined Nasch model does not take into account the vehi-
cle’s limited deceleration capacity. Vehicles in the system fre-
quently accelerate or decelerate, resulting in high CO2, NOX ,
and PM emission values. In a free-flow and synchronized flow
region, the present model adopted in this paper and the model
without slow-to-start rules have the same emissions values
such as CO2, NOX , and PM. However, in a wide moving jam
region (dSJF ≤ d < dSJB), compared to the Pottmeier model,
the present model adopted in this paper has lower emissions
values such as CO2, NOX , and PM. This is because slow-to-
start rules in the present model adopted in this paper result in
more and more vehicles parking in place, resulting in more ve-
hicles with their values of acceleration equal to zero compared
to the Pottmeier’s model without slow-to-start rules. Thus, the
present model adopted in this paper also has higher VOC emis-
sions values in this region.
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Fig. 4. Comparison of pollutant emissions of three models with different pollutants and speed humps. (a) CO2 (speed humps= 20), (b) CO2
(speed humps= 80), (c) NOX (speed humps= 20), (d) NOX (speed humps= 80), (e) PM (speed humps= 20), (f) PM (speed humps= 80),
(g) VOC (speed humps= 20).

6. Conclusion

Based on the classic instantaneous traffic emission model
and the limited deceleration capacity model with slow-to-start
rules, this paper has investigated the impact of speed humps
on the traffic flow system and the instantaneous emissions
of vehicle pollutants in a single lane situation. The numeri-
cal simulation results have shown that the value of these pol-
lutant emissions such as CO2, NOX and PM is increased by
the increase in the number of speed humps in free-flow region

(0 < d < dFS). However, the opposite situation has occurred
for VOC emissions. Moreover, these four pollutant emissions
slightly increase or remain unchanged with the increase of ve-
hicle density. Within this range (dSJF ≤ d < dSJB), these pollu-
tant emissions can evolve into some higher values under some
random seeds. Meanwhile, under other random seeds, they
can evolve into some lower values. In the wide moving jam re-
gion, the emission values of these pollutants appear sometimes
as continuous or intermittent phenomenon. These results can
be confirmed or explained by the statistical values of velocity
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and acceleration.
Compared to the refined NaSch model, the present model

(the limited deceleration capacity model with slow-to-start
rules) has lower instantaneous emissions such as CO2, NOX

and PM and higher VOC emissions. Compared to the lim-
ited deceleration capacity model without slow-to-start rules,
the present model also has lower instantaneous emissions such
as CO2, NOX and PM and higher VOC emissions in a wide
moving jam region. In general, the present model is superior
to the two models mentioned. In future research, it can be
considered that the limited deceleration capacity model with
slow-to-start rules can also be applied to multi-lanes situations
and /or heterogeneous traffic flow to better simulate actual in-
stantaneous traffic emissions.
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