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Abstract: Traffic emission is one of the most severe issues in our modern societies. A large part
of emissions occurs in cities and especially at intersections due to the high interactions between
vehicles. In this paper, we proposed a cellular automata model to investigate the different traffic
emissions (CO2, PM, VOC, and NOx) and speeds at a two-lane signalized intersection. The model is
designed to analyze the effects of signalization by isolating the parameters involved in vehicle-vehicle
interactions (lane changing, speed, density, and traffic heterogeneity). It was found that the traffic
emission increases (decreases) with the increasing of green lights duration (Tg) at low (high) values
of vehicles injection rate (α). Moreover, by taking CO2 as the order parameter, the phase diagram
shows that the system can be in four different phases (I, II, III, and IV) depending on α and Tg. The
transition from phase II (I) to phase III (II) is second order, while the transition from phase II to phase
IV is first order. To reduce the traffic emission and enhance the speed, two strategies were proposed.
Simulation results show a maximum reduction of 13.6% in vehicles’ emissions and an increase of
9.5% in the mean speed when adopting self-organizing intersection (second strategy) at low and
intermediate α. However, the first strategy enhances the mean speed up to 28.8% and reduces the
traffic emissions by 3.6% at high α. Therefore, the combination of both strategies is recommended to
promote the traffic efficiency in all traffic states. Finally, the model results illustrate that the system
shows low traffic emission adopting symmetric lane-changing rules than asymmetric rules.

Keywords: CO2 emission; traffic control; optimization; traffic lights; self-organizing; phase diagram

1. Introduction

Vehicular traffic is considered as a source of many problems, namely, congestion,
car accidents, and pollution. According to the United Nations Sustainable Development
Goals (SDGs), greenhouse gases concentrations must be reduced to reach net-zero emission.
In recent decades, the investigation of vehicular traffic and their related problems have
received the attention of several scholars in the fields of statistical physics and applied
mathematics. In this context, various traffic models have been proposed [1–6].

Recently, vehicular emission has become a critical issue and a great threat to our
environment [7,8], where 25% of global carbon dioxide emissions are due to the transport
sector [9]. Hoek et al. [10] studied the relationship between mortality and atmospheric
particle pollution. They found that living near to a major road increases the cardiopul-
monary mortality in The Netherlands. Fine particle air pollution can increase the risk
of all-cause, lung cancer and cardiopulmonary mortality by approximately 4%, 8%, and
6%, respectively [11]. In this context, a lot of works have been realized to study the fuel
consumption and vehicle emission [12–14]. De Vlieger et al. [15,16] showed that the fuel
consumption, VOC, and NOx can increase up to 40%, 400%, and 150%, respectively, because
of the aggressive driving.

Numerous models have been developed to describe the traffic emission in real-life [17,18].
Based on the average speed, macroscopic models have been used for many years to study
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vehicle emissions [19]. However, the main disadvantage of these models is that they do not
consider the instantaneous speed fluctuations that have an important effect on vehicular
emissions in real traffic. Later, numerous efforts were devoted to deal with this problem,
taking into account the speed fluctuations to calculate the instantaneous emission [20–23].

In real traffic, the severity of vehicles emissions rises at intersections due to the
processes of deceleration, acceleration, and idling that lead to a high variation in vehicles’
speeds. There are different kinds of intersections, such as roundabout, unsignalized, and
signalized. In light traffic conditions, roundabouts perform better; however, when traffic is
dense, signalized intersections are preferred [24].

Traffic lights at intersections reduce the conflict among vehicles and therefore enhance
road safety. Nevertheless, improper traffic lights control may lead to congestion and
increase the rear-end collisions [25].

Madireddy et al. [26] studied the impact of traffic light coordination and speed limit
reduction on the CO2 and NOx emissions using Paramics simulation model and VERSIT
(The Netherlands organization for applied scientific research state of the art traffic emission
model). They found that CO2 and NOx emissions can be reduced by 25% if the speed limit is
reduced from 50 km/h to 30 km/h. Moreover, the traffic light coordination can decrease the
emission up to 10%. Lv and Zhang [27] investigated the impact of traffic lights coordination
on emissions, and they compared their effect on delays and stops. In another work, using
VISSIM (traffic in cities simulation model), they examined how the emission is affected by
cycle length, fraction of turning vehicles, and delay [28]. The emission decreases; however,
the delay increase as the cycle length rises. Qian et al. [29] proposed a model to optimize
traffic characteristics at intersections, where it was applied in Shenzhen, China. The rsults
showed that the model can enhance the road capacityp; nevertheless, emission and delay
remained without improvements. Jin and Lei [30] used VISSIM and SUMO (Simulation
of Urban Mobility) to optimize traffic signals at intersections using actuated fixed times
and vehicles. Both signal control schemes were optimized for several policy objectives.
They found that the traffic mobility was enhanced but improvement in traffic emissions
was less evident. Huang et al. [31] studied the relationship between fuel consumption,
number of vehicles arriving, and signal control parameters at intersections. However, in
this study, they used the following assumptions: fixed signal timings, vehicles had the same
speed, and the vehicles’ left rate was constant. Zhao et al. [32] analyzed the effect of signal
timing on the CO2 emission of vehicular traffic with fuel vehicles and electric vehicles.
They found that the optimization of signal timing from the perspective of CO2 emission is
different from that of the delay control. Optimizing timing can reduce the CO2 emission
when the rate of electric vehicles and the speed are low. However, the timing results can
reduce the stop rate of vehicles when these two parameters are high. Furthermore, there are
extensive studies from different perspectives with the aim of reducing vehicle emissions.
Sharma et al. [33] used the multiobjective response surface methodology (MORSM) to
obtain the best performance with the least emission of algae biodiesel-powered diesel
engines. Rajamoorthy et al. [34] combined the intelligent transport system and electric
vehicles for an optimal charging scheduling using the Grey Sail Fish Optimization (GSFO).

In the 1990s, the Cellular Automata (CA) appears as one of the famous dynamical
models thanks to its efficiency and simplicity in modeling and simulation of complex sys-
tems [35–37]. In the traffic research, the road, time, and vehicles’ velocities are discretized.
The state of every cell of the road is updated depending on the rules’ model, which leads to
a dynamic evolution of the system. Based on CA, numerous models have been proposed to
study different traffic problems [38–45].

On the other hand, various efforts have been dedicated to study traffic emissions.
Using CA, Yang et al. [46] studied the fuel consumption and vehicular emissions under
three models: Nagel-Schreckenberg (NaSch), finite deceleration (FD), and adaptive cruise
control (ACC). It was found that the efficiency of models depends on the density. The ACC
was the most fuel efficient at low densities, yet, at high densities, the FD model showed the
best results. Salcido and Carreón [47] studied the traffic emission with the cellular automata
models Fukui-Ishibashi (FI) and Nagel-Schreckenberg (NaSch). They obseved that the FI
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model produces more emissions as compared to the NaSch model, with a difference of
up to 45% in HC, 56% in CO, and 77% in NOx. Pan et al. [48] analyzed the PM emission
and fuel consumption under open and periodic boundaries conditions. Results show
that the high-speed limit presented low emission and was energy conservative until the
congested phase, but for free flow, the low speed was better. The impact of injection and
extraction rates was also analyzed. The extraction rate had a more significant impact on
PM emission and fuel consumption than the injection rate. Xue et al. [49] investigated the
fuel consumption based on the CA and the Kerner–Klenov–Wolf three-phase model. The
simulation findings indicate that the fuel consumption is highly influenced by injection and
extraction rates. Furthermore, the fuel consumption is maximized by the congestion phase
and maximum current phases. Xue et al. [50] investigated the traffic emission based on the
NaSch model with heterogeneous traffic and different movement conditions. They found
that increasing the maximum speed of short vehicles increased the emissions; however,
the maximum speed of long vehicles did not have a significant effect on the emissions.
Likewise, augmenting the vehicle length reduced emissions.

In many of the developed traffic flow models for intersections, there is a lack of studies
on vehicular emissions, and, according to the literature, very few works have modeled the
traffic emission at intersection with CA [51]. From the studies mentioned above, and from
most of those existing in the literature, the following limitations can be drawn:

• In various works, it is assumed that the arrival traffic flow at the intersection remains
constant in each cycle light. However, in reality, traffic demand widely changes
depending on time, day, month, and weather.

• The traffic is homogeneous; hence, the emission rate is the same for all vehicles.
• Several models studied the traffic emission using only a single-lane. Nevertheless, in

real traffic, most roads are multi-lane. Likewise, the lane-changing maneuver has a
significant effect on the traffic characteristics.

• The traffic emissions were studied without any improvement suggestion.
• The proposed optimization methods can reduce the traffic emissions at low or high

densities and not at both. Additionally, some algorithms can improve the flow and do
not reduce emissions, and vice versa.

• In the framework of cellular automata, there is a lack of modeling the traffic emission
at intersections.

In this paper, all these limitations are taken into consideration. The objective of this
work is to study the relationship between vehicular emissions behavior and different
traffic-related parameters at a signalized intersection.

A CA model was designed to isolate the relevant parameters involved in vehicle-
vehicle interactions, such as the acceleration due to the tendency to improve their speed,
deceleration to avoid collisions, and the random nature of the acceleration/deceleration pro-
cess. Moreover, the model mimics the lane-changing maneuver by considering both criteria,
enhancing the individual situation and the safety, as well as the involved stochastic process.

Additionally, we proposed two strategies that can enhance the mean speed and reduce
traffic emissions at low and high densities.

2. Model

Three main elements were considered in the model of this paper: vehicle movement,
traffic control at intersection, and particle emission.

2.1. Vehicles’ Movement

We adopted the Nagel Shreckengberg (NaSch) model to describe the movement of
vehicles in the system. It is a stochastic cellular automata model, where the space and time
are discretized.

We consider two perpendicular roads, R1 and R2, that cross in the middle with the
same length L (Figure 1a). Each road consists of two lanes. Each lane is divided into
identical cells with the same size. Each cell can be either empty or occupied by one vehicle.
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Vehicles have integer valued speeds: 0, 1, . . . , vmax, where vmax is the maximum speed.
In this study, we consider two kinds of vehicles: fast vehicles with vmax = v f max and
slow vehicles with vmax = vsmax (v f max > vsmax). The fraction of slow and fast vehicles is
denoted by: Fs and Ff , respectively (Fs = 1 − Ff ).

The position of each vehicle at the next time step (t + 1) is determined according to a
parallel dynamic and using the four following rules of a NaSch model [3]:

1. Acceleration: vi(t + 1) = min(vi(t) + 1, vmax).
2. Deceleration: vi(t + 1) = min(di, vi(t + 1)).
3. Randomization: vi(t + 1) = max(vi(t + 1)− 1, 0), with a braking probability Pb.
4. Movement: xi(t + 1) = xi(t) + vi(t + 1).

where vi(t) and xi(t) denote the speed and position of the i-th vehicle, respectively, at the
time-step t. di is the number of empty sites in front of the i-th vehicle.

(a) (b)

Figure 1. (a) The scheme of the intersection; (b) the variables related to lane change.

Furthermore, open boundary conditions are used, where vehicles can move into or
get out of each road with an injection rate α and extraction rate β, respectively. At the first
cell, a vehicle with speed 0 is created with the rate α. At the end of the system, if the new
position of the vehicle exceeds the length of the road, the vehicle leaves the system with a
rate of β, otherwise, the vehicle reduces its speed to stay in the system. Furthermore, at the
entry, slow (fast) vehicles firstly choose the first cell of the right (left) lane. If it is occupied,
they choose the first cell of the left (right) lane if it is empty. Otherwise, they are deleted.

Moreover, the lane-changing process and the absence of lane discipline is an important
characteristic of heterogeneous traffic [52], where drivers often change lanes to keep their
speed as high as possible or to avoid some incidents on the road.

In the lane-changing model, the rules can be symmetric or asymmetric. The symmetric
model considers both lanes, left and right, and all vehicles, slow and fast, equally. Nonethe-
less, in the asymmetric model, the lane-changing depends on the lane (left and right) and
the vehicle (fast or slow). Indeed, in this paper, vehicles can change the lane if the following
criteria are satisfied [53]:

For the symmetric model (which corresponds to all vehicles and both lanes):

1. gapc
f < vi + 1,

2. gapo
f > gc

f ,

3. The adjacent cell in the other lane is empty,
4. v(i − 1)o < gapo

b,

where gapo
f and gapc

f are the gaps in front of the vehicle in the other lane (left or right) and
the current lane, respectively. gapo

b denotes the back gap in the other lane. vo
(i−1) refers to

the maximum speed of the vehicle behind in the other lane (see Figure 1b).
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In the asymmetric model, the lane-changing rules depend on the vehicle kind (fast or
slow) and the lane (left or right):

• Changing from the left lane to the right lane:
In addition to the symmetric conditions, a slow vehicle can change the lane if the gap
in front on the right lane is higher than its speed. For a fast vehicle, we adopt the same
rules as those of slow vehicles, but it does not shift to the right lane if there is a slow
vehicle in front within a distance of v f max in the right lane.

• Changing from the right lane to the left lane:
For a slow vehicle, lane-changing rules are the same as those of the symmetric model.
Nevertheless, for a fast vehicle, in addition to the symmetric conditions, it can shift to
the left lane if there is a slow vehicle within a distance of v f max.

Thus, vehicles can change the lane with the probability Pchg if the above lane-changing
conditions are satisfied.

2.2. Vehicles’ Emissions

In the literature, there are many traffic emissions models. Some of them use only
the speed and vehicle power to calculate the emission [54,55]. Whereas, other models
need a lot of vehicle parameters (e.g., engine speed, engine displacement, the coefficient
of drag, frontal surface area [56,57]). In this study, we chose the model proposed by
Panis et al. [23] for many reasons. Firstly, data of this model take into consideration the
traffic heterogeneity: cars, buses, and trucks. Moreover, it allows us to calculate the emission
of each vehicle at each iteration based on both its acceleration (positive or negative) and its
instantaneous speed. Additionally, Panis et al. [23] showed that this model is appropriate
for vehicles’ traffic emission in cities, with a 95% of confidence. Based on empirical
measurement and using the non-linear regression technique, they proposed the following
general emission function:

Et = max(E0, f1 + f2vi(t) + f3vi(t)2 + f4ai(t) + f5ai(t)2 + f6vi(t)ai(t)), (1)

where Ei(t) is the instantaneous emission (g/s) of vehicle i. E0 is a lower limit of emission
(g/s) for pollutant type and each vehicle. vi(t) and ai(t) denote the instantaneous speed
(m/s) and instantaneous acceleration (m/s2) of the i-th vehicle, respectively. f1 to f6 are
the constants of the emission function calculated by the regression analysis, as shown in
Table 1. For simplicity, we consider that fast vehicles are petrol cars and slow vehicles are
heavy duty vehicles (HDV, diesel) [23].

Table 1. The constants of the emission function calculated by the regression analysis [23].

Pollutant Vehicle Type E0 f1 f2 f3 f4 f5 f6

CO2 Petrol Car 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

HDV 0 1.52 1.88 −6.95 × 10−2 4.71 5.88 2.09

NOx
Petrol car

(a ≥ −0.5 m/s2) 0 6.19 × 10−4 8 × 10−5 −4.03 × 10−6 −4.13 × 10−4 3.810−4 1.77 × 10−4

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

HDV 0 3.56 × 10−2 9.71 × 10−3 −2.4 × 10−4 3.26 × 10−2 1.33 × 10−2 1.15 × 10−2

VOC Petrol car
(a ≥ −0.5 m/s2) 0 4.74 × 10−3 7.32 × 10−7 −2.87 × 10−8 −3.41 × 10−6 4.94 × 10−6 1.66 × 10−6

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

HDV 0 1.04 × 10−3 4.87 × 10−4 −1.49 × 10−5 1.27 × 10−3 2.1 × 10−4 1 × 10−4

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

HDV 0 2.14 × 10−4 3.35 × 10−4 −2.22 × 10−5 2.07 × 10−3 1.8 × 10−3 2.27 × 10−4
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2.3. Traffic Intersection and Control Strategies

Generally, at urban intersections, vehicles movement is controlled by traffic lights to
ensure safety and smooth traffic flow. In this paper, the traffic intersection is controlled
as follows: On the first road R1, vehicles move from the north to the south, while, on the
second road R2, vehicles move from the east to the west. At the intersection, the traffic flow
is controlled by traffic lights. For a period Tg1, the road R1 has the priority (green light) and
simultaneously R2 receives red light. Afterwards, the light turns green (priority) on R2 for
a period Tg2 (simultaneously, a red light for R1). Near the intersection, vehicles without
priority reduce their speeds to vi =

L
2 − xi, where L

2 is the position of the intersection.

2.3.1. The First Strategy:

The first strategy is based on double traffic lights in both roads R1 and R2, located at a
position X prior to the intersection (see Figure 1a). This deployment is intended to control
the incoming flux. Here, both traffic lights (at the position X and at the intersection) are
synchronized, i.e., they have the same period and switch at the same time. On R1, vehicles
arriving at the first traffic light (position X) have priority during a period Tg1. Here, the
traffic light is in the red period at position X on R2. Afterwards, the light turns red on R1
and green on R2 at positions X, for the period Tg2.

2.3.2. The Second Strategy

The coordination of traffic lights is an EXP-complete problem; therefore, the optimal
control of large traffic network is intractable. The mean problem is the non-stationarity of
the traffic, where the number of vehicles arriving at intersections changes with the time.
This implies that finding optimal control will be effective for a short time [58]. Therefore,
self-organizing (adaptation) appears as an alternative solution to this problem [59]. In this
work, traffic lights change depending on the traffic characteristics. Thus, the intersection
follows the subsequent rules to have an optimal control:

• The number of vehicles within the distance D before the intersection in each road
is calculated.

• Then, light must turn green for the road with a higher number of vehicles (simultane-
ously red for the other road).

• This light remains green for the period Tg.
• If both roads have the same number of vehicles within the distance D, then the priority

(green light) is given to one road randomly (i.e., with the probability 0.5).

We called this strategy the self-organizing intersection.
These two strategies are proposed to improve the traffic characteristics, namely, traffic

emission and mean speed. Figure 2 depicts the flow chart of this study.

Figure 2. Flow chart of the experimental design.

The simulation of traffic characteristics was performed using open boundary condition
with the following parameters:

• L = 300 cells,
• v f max = 3 and vsmax = 2,
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• Pb = 0.1 and Pchg = 0.8,
• β = 0.8 and Ff = 0.8.

The system ran for 50,000 iterations, and we discard the first 40,000 iterations as
transient time with 30 independent simulations. The model was programmed using
MATLAB 2021b.

3. Results

Let’s start with the first case, where the intersection was controlled by conventional
traffic lights.

3.1. Conventional Traffic Lights

Different traffic emissions (CO2, PM, VOC, and NOx) and vehicle state ratios (stopping
vi(t) = 0, following vi(t) = vi(t + 1), deceleration and acceleration), are plotted against
the corresponding α and Tg in Figure 3.

For low values of Tg, CO2, and PM, emission increases with α until it reaches a
maximum value at high injection rates, then it keeps constant. For intermediate and high
Tg, this emission exhibits a maximum at intermediate values of α, then it shrinks and
keeps a constant value. Furthermore, NOx emission has the same behavior but presents a
maximum at an intermediate value of α for all Tg values. In the case of VOC, the emission
augments almost linearly with a further increase of α until α = 0.11, then it keeps a constant
maximum when 0.26 < α < 0.5. Afterwards, it shrinks a little, conserving a constant value.

At low values of Tg, when the injection rate increases (increasing the vehicle number),
the interactions among vehicles increase ad well, and the stop and go process takes place,
then, the ratio of acceleration and deceleration rises, leading to maximum traffic emission.

Moreover, at low values of α, most vehicles follow each other at high speed without
congestion. That is why the ratio of following is higher, whereas, the ratios of acceleration,
deceleration, and stopping are low (Figure 3e–h), thereby declining traffic emission.

Additionally, for low and intermediate injection rates (α < 0.56), the headway between
vehicles is high. As Tg increases, the maximum of CO2, PM, and NOx emission is situated
at intermediate α. Here, the headway is reduced because of the stopped vehicles at the
intersection, then, acceleration and deceleration ratios exhibit a maximum while the ratio of
following shrinks remarkably. Thus, traffic emission increases in increments. Nevertheless,
when traffic is dense (α ≥ 0.56), most vehicles stop because of the high density. The
augmenting of Tg for one road augments the waiting time of the other road (increases the
red light) and makes vehicles stop for more time before the intersection on the other road
(vi = 0). As shown in Figure 3h, the ratio of stopped cars augments. Thus, traffic emission
drops. Moreover, vehicles through the intersection can move with a constant speed because
of the high free space created after the intersection, hence, traffic emission diminishes. On
the other hand, at low and intermediate values of α, VOC emission keeps almost the same
values with increasing Tg. Nevertheless, the augment of Tg results in a slim increment in
VOC emission in the range of large values of α (Figure 3d).

Therefore, when traffic is dense, it is better to use large periods of green lights. Other-
wise, in the light traffic condition, it is better to reduce the period of switching traffic lights.

From Figure 3a, we can draw the phase diagram of CO2 emission as a function of α
and Tg, as shown in Figure 4. The system can be in four different phases depending on
the feature changes of the CO2 emission. In the first phase, the CO2 emission increases
linearly, together with the augment of injection rate. The second phase is characterized
by a quasilinear increase of CO2 emission up to the maximum value with a slop smaller
than that of phase I. In phase III, the system keeps constant the maximum value of the CO2
emission even if with a further increment of α. Different from phase III, CO2 emission first
drops and then keeps constant in phase IV. It is worth noticing that the transition from
phase II to phase III is the second order, while the transition is the first order from phase II
to phase IV.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. Different traffic emissions (a–d); acceleration (e–h); deceleration; following and stopping
ratios, respectively.
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Figure 4. Phase diagram of the system in the space parameters (Tg, α).

As mentioned before, the lane-changing rules can be symmetric or asymmetric. In the
following paragraph, we will discuss the impact of the symmetric model on the traffic emission.

In the asymmetric model (Figure 3a), the augment of Tg results in a high CO2 emission
when 0.11 < α < 0.56. This effect disappears in the case of symmetric model, where the
curve of CO2 emission keeps almost unchanged, as we can see in Figure 5a.

(a) (b)

Figure 5. (a) CO2 emission as a function of α for two values of Tg using the symmetric model. (b) CO2

emission using the symmetric and asymmetric models, with Tg = 20 s.

At high injection rates, as Tg increases, CO2 emission drops. Furthermore, Figure 5b
provides a comparison, in terms of CO2 emissions, between symmetric and asymmet-
ric models.

In both cases, CO2 emission shared a similar qualitative trend curve and they reached
almost the same maximum. Moreover, CO2 emission is higher using the asymmetric model
at low and intermediate α. Here, vehicles (slow and fast) changed lanes more frequently
than in the symmetric model [53]. In other words, the acceleration and deceleration
processes are presented more frequently in the asymmetric model, which leads to more
CO2 emissions. Nevertheless, at jamming level, the number of lane-changing is almost
identical because the headway between vehicles in both lanes is low. Thus, the type of lane
changing rules (symmetric or asymmetric) does not affect the CO2 emission.

Now we raise the question: how we can reduce the CO2 emissions and enhance the
speed, simultaneously?
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For this purpose, in the following, we investigate the impact of both strategies pro-
posed in the model.

3.2. Double Traffic Lights

The use of a traffic light before the intersection notably changes the behavior of traffic
emission, as shown in Figure 6.

In the first strategy, CO2 emission exhibits a maximum at intermediates values of α
and high Tg, whereas, in the conventional intersection, the maximum is presented at the
high values of α and low Tg. Moreover, the minimum is presented when 12 s < Tg < 25 s.
It corresponds to the interval with the least acceleration and deceleration process, as
illustrated in Figure 7.

The same behavior is observed with the PM emission. The NOx emission presents
a maximum at high α and low Tg, while the maximum is observed at intermediate α
and high Tg in the conventional intersection. However, this strategy does not affect the
VOC emission. The ratio of following cars is almost the same in both cases (Figure 6c).
At intermediates and high α, this strategy keeps almost constant the number of stopped
vehicles in the system. Therefore, this strategy reduces the speed fluctuations (reduces
the acceleration and deceleration process), which makes the system more stable, thus, the
traffic emission drops.

(a) (b)

(c) (d)

Figure 6. Different traffic emissions as a function of Tg and α, (a) CO2, (b) PM, (c) VOC, (d) NOx.
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(a) (b)

(c) (d)

Figure 7. (a) Acceleration, (b) deceleration, (c) following, and (d) stopping ratios, as a function of Tg

and α.

It is noteworthy that using this strategy augments the number of stooped vehicles
and the acceleration deceleration process when traffic is low. Consequently, this strategy
can enhance the traffic characteristics only in high traffic conditions in comparison with
conventional intersection.

In the following, we discuss the second strategy that can enhance the traffic character-
istics in low and intermediates densities.

3.3. Self-Organizing Intersection

This strategy is based on traffic control over a distance D near the intersection.
To choose the best Distance D, the different emissions (CO2, VOC, NOX, and PM)

were plotted against α and D.
As observed in Figure 8, for small distances (D < 7 sites), the system shows low

emissions of PM and high emissions of CO2 and NOx. For D > 7 sites, these emissions
remain the same. Furthermore, the variation of D has no effect on the VOC emission,
where it stays in the same state even if D increases. It is worth noticing that, when
D = 7 sites, the CO2 and NOx emissions can be reduced with 1 g/s and 1.5 × 10−3 g/s,
respectively. Meanwhile, the small distance D = 3 sites, reduces only the PM emission with
≈ 1.9 × 10−3 g/s; however, NOx and CO2 emissions increase. In other words, the choice of
D should neither be too small nor too much. For this reason, the distance D = 7 sites are
used in the rest of the paper.
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(a) (b)

(c) (d)

Figure 8. Different traffic emissions as a function of D and α, (a) CO2, (b) PM, (c) VOC, (d) NOx.

To compare both strategies with conventional intersection, the average speed and CO2
emissions are plotted against the injection rate in the three cases (see Figure 9).

Figure 9. CO2 emission and speed as a function of α using both strategies and conventional traffic
lights. Tg = 20 s and D = 7 sites.

It can be inferred that the speed and CO2 emissions shared a similar trend curve in the
three cases; however, the quantitative behavior is different. There is a critical injection rate,
above and after which the effect of each strategy changes. When α < 0.6, it is noticeable that
the self-organizing traffic lights strategy impacts on the traffic characteristics and shows
the best results in terms of CO2 emissions and the speed. This strategy enhances the speed
and reduces the CO2 emission simultaneously, which represents a maximum reduction
of 13.6% in vehicles’ emission and an increase of 9.5% in the mean speed (comparing the
maximum of CO2 and V with those of the conventional intersection). However, using
double traffic lights, the system has the lower speed and higher CO2 emission. In addition,
intersection with conventional traffic lights shows intermediate values of speed and CO2
emissions in comparison to two other strategies. When traffic is dense (α ≥ 0.6), this
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situation changes. Intersection with double traffic lights exhibits the best results, because it
minimizes CO2 emissions and maximizes the speed, which represent a mean speed increase
up to 28.8% and a reduction in the traffic emissions of 3.6%. Nonetheless, self-organizing
traffic lights and conventional traffic lights reduce the speed and slightly increase the CO2
emissions. Therefore, to promote the traffic efficiency in light and dense traffic conditions,
the combination of self-organizing traffic lights and double traffic lights can be used.

To get some further insight into this result, we plotted the average speed in each road
site in the three cases (Figure 10).

Figure 10. Speed profile as a function of road sites for two values of α using conventional traffic lights
and both strategies.

The comparison between the self-organizing intersection and conventional intersection
shows that the mean speed in both cases is the same in all sites until site 91 before the
intersection. On the one hand, we can observe a clear difference, where the speed with
conventional intersection drops noticeably. Nonetheless, the speed keeps high values using
the second strategy. On the other hand, the intersection with double traffic lights shows the
lower speed profile. One can see that the speed exhibits two drops corresponding to the
traffic lights positions. Nevertheless, the situation changes in high densities. The speed
profile exhibits lower value, adopting the second strategy.

For a deeper explanation of the CO2 emission distribution all over the system,
Figures 11 and 12 depicts the heatmap of the intersection in the three cases with two values
of α.

In all cases, the high CO2 emissions are presented before the intersection. However,
the emissions after the intersection are low and are due the congestion caused by vehicle
density. At low injection rates (Figure 11), the red spots (i.e., indicating high emissions)
are a little bit larger in the case of conventional traffic lights compared to the conventional
traffic lights and the second strategy. Nonetheless, at high injection rates (Figure 12), using
the first strategy, the system shows low CO2 emission, especially before the intersection.
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(a)

(b)

(c)

Figure 11. Heatmap of the intersection: (a) with conventional traffic lights and α = 0.2, (b) with the
first strategy and α = 0.2 and (c) with the second strategy and α = 0.2.
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(a)

(b)

(c)

Figure 12. Heatmap of the intersection: (a) with conventional traffic lights and α = 0.8, (b) with the
first strategy and α = 0.8 and (c) with the second strategy and α = 0.8.

4. Discussion

Zhao et al. [60] studied the vehicle emissions at an unsaturated intersection using a
single-lane road. They found that the increase of the green light duration Tg has a positive
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effect on reducing traffic emissions. The same result was found by Lv et al. [28]. It is shown
that the emission decreases, while the delay increases as the cycle length rises.

However, in our study, for low densities (low injection rate), Tg has no effect. The
traffic emission is almost the same for all values of Tg. At intermediate injection rates, traffic
emission increases with augmenting Tg. Nonetheless, when the traffic is dense, augmenting
Tg can reduce the traffic emissions. Thus, the effect of green signal length strongly depends
on the traffic density.

This difference is due to the fact that, in the previous models, they used a single-lane
road and the density effect was not considered. Moreover, they calculated the vehicle
emissions in only one road of the intersection. However, in our model, we take into
consideration all cases of traffic state; from the very low densities to saturated intersection,
the impact of lane-changing, and the traffic state in the four legs of the intersection, which
gives us a better idea about traffic emission behavior as a function of different traffic
related parameters.

The optimization of the traffic lights cycle is widely used to decrease vehicular emis-
sions at intersections. Jin and Lei [30] showed that the optimized model based on fixed
time can enhance only the traffic mobility. Zhao et al. [32] showed that the optimization
of signal timing from the perspective of CO2 emission is different from that of the delay
control. Optimized fixed cycle time of traffic lights cannot enhance the traffic flow and
reduce emissions at the same time. Nevertheless, in our model, the proposed strategies
have a positive impact on both perspectives.

It is very difficult to use only one strategy to optimize traffic characteristics for all
traffic states. The traffic control at the intersection must be adapted depending on traffic
related parameter and especially the density.

The first strategy proposed in this paper (double traffic lights) was used in the con-
gested phase, while the self-organizing intersection (second strategy) was used for the free
flow phase.

The self-organizing intersection takes into consideration the short interactions among
vehicles of both roads at the intersection and gives the priority to the road with high density
at a distance D before the intersection, thus, it helps to reduce the vehicle queues.

At low injection rates, vehicles are separated by large distances (high headway) and
they can move at high speeds. Using double traffic lights leads to the formation of platoons
behind each one, thus the speed decreases. Nonetheless, at high injection rates, using the
first strategy, the first traffic lights reduce the number of arriving vehicles at the intersection,
which is beneficial to clear the vehicle queues behind the intersection and avoid large
congestion. Consequently, at high traffic volume, forcing vehicles to wait for more time
can enhance traffic characteristics; slower has a faster effect [61,62]. A similar effect was
observed with the speed limit. Pan et al. [48] showed that the impact of speed limit depends
strongly on the density. High speed limit has a positive effect on the vehicular emission at
low densities. However, low speed limit is better as the traffic becomes more congested.

Most vehicular emissions are produced before the intersection because of the accelera-
tion and deceleration processes due to the traffic lights.

At low injection rates, CO2 emissions are a little bit larger in the case of conventional
traffic lights compared to the second strategy. Nonetheless, the difference is more noticeable
with double traffic lights, where high emissions are localized at both traffic lights (on both
roads), which indicate that this strategy is not appropriate for low densities. At high
injection rates, the second strategy and conventional traffic lights show almost the same
CO2 emission level. Furthermore, all sites before the intersection are characterized by high
CO2 emissions. Nevertheless, using the first strategy, legs before the intersection exhibit
generally low CO2 emission and especially between both traffic lights, due to the free space
created by the first traffic lights. Moreover, the investigation of vehicular traffic using
autonomous vehicles has received the attention of many scholars. They have been looked
at as an effective way to solve traffic-related problems. Li et al. [63] studied the control
of traffic intersections with autonomous vehicles using a Genetic algorithm. Simulation
results showed that the algorithm can reduce the intersection average travel time delay
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by 16.3% to 79.3%, depending on the demand scenario. Moreover, connected vehicles can
reduce greenhouse gas emissions by 35% [64]. We believe that autonomous vehicles have a
significant effect on traffic characteristics and can reduce vehicle emissions at intersections.
One of the advantages of this study is that the autonomous vehicles can be implemented in
the proposed model to investigate their effect on the traffic characteristics at the intersection.

5. Conclusions

We proposed a cellular automata model to simulate the traffic characteristics, namely
traffic emissions and mean speed, at a signalized intersection. The model is intended to
isolate the parameters involved in vehicle-vehicle interactions (lane changing, acceleration,
speed, density, and traffic heterogeneity) to improve the comprehension of the signalization
effects by analyzing the resultant emissions. Three main elements were considered in
this model: vehicle movement (NaSch model and lane-changing rules), traffic control at
intersection, and vehicle emission. The results suggest that to decrease the traffic emissions
at conventional intersection, the green light duration should be increased when traffic is
dense and reduced in light traffic conditions. Moreover, the phase diagram in the space
parameters (α, Tg) shows that the system can be in four different phases. The transition
from phase II (I) to phase III (II) is the second order, while the transition is the first order
from phase II to phase IV.

This paper is an attempt at trying to overcome the following limitations, among others,
existing in the previous works:

• The traffic emissions were studied without any improvement suggestion.
• The proposed optimization methods can reduce the traffic emissions at low or high

densities and not at both. Additionally, some algorithms can improve the flow and do
not reduce emissions and vice versa.

• In the framework of cellular automata, there is a lack of models of traffic emission
at intersections.

For this reason, we proposed two strategies, double traffic lights and self-organizing
traffic lights, to optimize traffic characteristics. The first strategy was based on the use of
traffic lights before the intersection to control the traffic arriving flux at the intersection.
The second strategy was the self-organizing traffic lights, where the traffic lights switch
depending on the traffic state of each road near the intersection. The first strategy can
enhance the mean speed up to 28.8% and reduce the traffic emissions by 3.6% at high values
of α. However, at low and intermediate α, the second strategy shows a maximum reduction
of 13.6% in vehicles’ emission and an increase of 9.5% in the mean speed. Therefore, the
combination of both strategies can promote the traffic efficiency at all traffic conditions.
Finally, it is found that the traffic emission is likely to decrease using the symmetric
lane-changing rules. The finding results can be used to better understand how different
traffic-related parameters can affect vehicular emission for better optimization.
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