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To analyze the impact of different proportions of connected automated vehicles (CAVs) on fuel consumption and traffic
emissions, this paper studies fuel consumption and traffic emissions of mixed traffic flow with CAVs at different traffic scenarios.
Firstly, the car-following modes and proportional relationship of vehicles in the mixed traffic flow are analyzed. On this basis,
different car-following models are applied to capture the corresponding car-following modes. +en, Virginia Tech microscopic
(VT-micro) model is adopted to calculate the instantaneous fuel consumption and traffic emissions. Finally, based on three typical
traffic scenarios, a basic segment with bottleneck zone, ramp of the freeway, and signalized intersection, a simulation platform is
built based on Python and SUMO to obtain vehicle trajectory data, and the fuel consumption and traffic emissions in different
scenarios are obtained. +e results show that (1) In different traffic scenarios, the application of CAVs can reduce fuel con-
sumption and traffic emissions.+e higher the penetration rate, the more significant the reduction in fuel consumption and traffic
emissions. (2) In the three typical traffic scenarios, the advantages of CAVs are more evident in the signalized intersection. When
the penetration rate of CAVs is 100%, the fuel consumption and traffic emissions reduction ratio is as high as 32%. It is noteworthy
that the application of CAVs in urban transportation will significantly reduce fuel consumption and traffic emissions.

1. Introduction

With the development of the urban economy, the number of
vehicles has increased rapidly. Traffic congestion has become
more and more serious [1, 2], and also caused massive fuel
consumption and traffic emissions [3]. In 2018, the United
States consumed approximately 143 billion gallons of motor
gasoline, with a daily average of 391 million gallons [4].
+ence, it is a top priority to reduce fuel consumption and
emissions of traffic systems.

Autonomous driving technology is a comprehensive
application of traffic monitoring, route navigation, and
artificial intelligence technology. +e development of

connected automated transportation systems has shown a
trend of integrating with autonomous driving technology.
+erefore, CAVs [5, 6] will cause the transformation of
intelligent transportation systems [7]. In the connected
automated transportation system, the preceding vehicle can
transmit position, speed, acceleration, and other informa-
tion to the following vehicle in real-time through Vehicle-to-
Vehicle (V2V) communication technology. At this time,
CAVs can drive in cooperative adaptive cruise control
(CACC) mode through V2V communication technology
[8]. In addition, if V2V communication conditions are not
met, CAVs will drive in adaptive cruise control (ACC) mode
[9]. To sum up, the widespread application of CAVs will
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effectively reduce the response delay of vehicles to changes in
surrounding traffic conditions and shorten the car-following
time between vehicles. +erefore, CAVs can improve the
inherent characteristics of traffic flow, and achieve a com-
prehensive breakthrough in alleviating traffic system con-
gestion, energy-saving, and traffic emission reduction. Many
scholars generally believe that the CAVs are expected to
improve the quality of traffic flow from the microscopic
traffic flow level [10, 11], and provide an effective way to
bring down fuel consumption and traffic emissions.

In recent years, lots of studies have been focused on fuel
consumption and emissions of the traffic system [12]. How to
calculate the fuel consumption and emission of vehicles have
always been a significant research topic. +erefore, some re-
search focused on fuel consumption and emission models.

As the earliest generation of fuel consumption and
emission factor model of motor vehicles, the Emission
Factors (EMFAC) model [13] is developed by the California
Air Resources Bureau. In addition, the European Envi-
ronment Agency also funded the development of the
computer program to calculate emissions from the road
transport (COPERT) model [14]. Compared with EMFAC,
the COPERTmodel has lower requirements on parameters,
including 15 parameters such as fleet composition, average
driving speed, average journey length, and fuel parameters,
but its coverage is not as wide as EMFAC. Due to the design
requirements for emissions, micro fuel consumption and
emission models appeared. +e Parametric Analytical
Model of Vehicle Energy Consumption (PAMVEC) [15]
calculates vehicle energy consumption based on total ve-
hicle mass, parameter driving cycle description, and other
attributes of the vehicle platform. +e most intuitive de-
scription of the driving state of a motor vehicle is to es-
tablish a speed-acceleration matrix. +e value of the matrix
is the average fuel consumption level corresponding to the
speed and acceleration. On this basis, Cernuschi et al. [16]
divided the data into five types: high deceleration, low
deceleration, uniform speed, high acceleration, and low
acceleration. Meanwhile, the regression analysis method is
used to fit best the emission speed curve of each type of
acceleration mode, and the idle fuel consumption and
emission are analyzed. Subsequently, under the premise of
combining speed and acceleration with different power
products, Ahn [17] proposed the VT-micro model, which
determines the value of fuel consumption and different
emission indicators based on the combination of different
power products of speed and acceleration. With the de-
velopment of CAVs, many researchers have begun to study
the impact of CAVs on fuel consumption and traffic
emissions. On this basis, Zegeye et al. provided a general
framework to integrate macroscopic traffic flow models
with microscopic fuel consumption and emission models,
and extended the VT-micro model to the macroscopic
traffic flow model to further shorten the simulation time
and carry out fairly accurate estimates of the emissions and
fuel consumption. Chandra and Camal [18] used simula-
tion methods to calculate the fuel consumption and
emissions of connected vehicle technology (CVT). +e
results indicated that the CVT reduces fuel consumption

and emissions in different traffic conditions. Aiming at
signalized intersections, Han et al. [19] used the trajectory
optimization method, PTO-GFC, to study the fuel con-
sumption and emissions of CAVs passing intersections
under smooth trajectories. Research results showed that
fuel consumption and emissions will be reduced to varying
degrees under the proposed method. Yao et al. [6] studied
the impact of mixed traffic flow at a single intersection on
fuel consumption and emissions, and proposed a joint
optimization framework for traffic signals and vehicle
trajectories at a single intersection, including HDVs and
CAVs. +e results showed that this method could reduce
fuel consumption and emissions. Yao and Li [20] applied a
more detailed micro-fuel model (e.g., VT-micro model) in
the study of CAVs trajectory optimization at an isolated
signalized intersection with a single-lane road. +en, a joint
objective of travel time, fuel consumption, and safety is
implemented to improve traffic mobility, energy efficiency,
and safety simultaneously. Aiming at the expressway ramp,
Qin et al. [21] proposed a stability analysis method applied
to mixed traffic flow, which simulates the mixed traffic flow
of the expressway ramp segment to evaluate the impact of
stability on fuel consumption and traffic emissions. Sub-
sequently, the correlation between CACC vehicles im-
proving traffic flow stability and reducing traffic emissions
and fuel consumption was further studied. A simulation
was applied to evaluate the changes in fuel consumption
and emissions under traffic oscillation. +e results showed
that stability could qualitatively affect the reduction of fuel
consumption and emissions, and provide new ideas for
reducing fuel consumption and traffic emissions [22].

+e above analysis indicated that the current research on
fuel consumption and emission models is relatively mature.
With the development of CAVs, related scholars have made
useful explorations on the fuel consumption and emissions
of the transportation system. However, to our best knowl-
edge, there are some issues that need to be further discussed:
(1) Some studies only focus on fuel consumption or emis-
sions, and did not discuss the relationship between fuel
consumption and traffic emissions under the same scenario.
(2) Most researches on traffic scenarios are relatively single,
and the impact mechanism of CAVs on fuel consumption
and traffic emission under different traffic scenarios is not
deeply discussed. (3) Most studies only focus on single-lane
freeways. +e scenarios do not involve lane-changing be-
havior, and the impact of vehicle lane-changing on fuel
consumption and emission is not considered. +erefore, the
impact of CAVs on the fuel consumption and traffic
emissions of mixed traffic flows in different traffic scenarios
remains to be revealed.

To address these issues, this paper is dedicated to
evaluating the impact of the penetration rate of CAVs on
the fuel consumption and traffic emission of mixed traffic
flow under three classic traffic scenarios: basic road seg-
ment with bottleneck zone, a ramp of the freeway, and a
signalized intersection. Firstly, the microscopic driving
behavior and three car-following modes of mixed traffic
flow are analyzed. Secondly, three car-following models
were applied to describe these three car-following modes,
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and the lane-changing model LC2013 [23] was adopted for
different traffic scenarios. +en, the VT-micro fuel con-
sumption and emission model is introduced to calculate
fuel consumption and traffic emissions in different traffic
scenarios. Finally, based on a simulation experiment with
SUMO, three traffic scenarios are simulated, and trajectory
data are obtained. Based on the VT-micro model, fuel
consumption and traffic emissions in different scenarios
are calculated and analyzed. +ence, the main contribu-
tions of this work are as follows.

(1) +e car-following behavior of vehicles in the mixed
traffic flow is discussed, and different car-following
models are used to describe the car-following
characteristics in the mixed traffic flow.

(2) +e impact of lane changing on fuel consumption and
emission is considered, and lane-changing model
LC2013 [23] is applied to different traffic scenarios.

(3) +e influence of the penetration rate of CAVs on the
fuel consumption and emission of mixed traffic flow
under different traffic scenarios is studied.

+e remainder of this paper is as follows.+emicro-driving
behavior, the car-followingmodel, the car-followingmodel, and
the lane-changing model are analyzed in Section 2. Section 3
describes fuel consumption and emission models. Simulation
analysis was conducted in Section 4, including simulation
environment construction and simulation results analysis under
different traffic scenarios. Finally, Section 5 summarizes the
whole paper and proposes future work.

2. Micro Driving Behavior Analysis

2.1. Mixed Traffic Flow

2.1.1. Car-Following Modes. Considering that it will take a
long time to upgrade and deploy CAVs, there will be a
mixture of CAVs and HDVs on the road in the future
[5, 24, 25]. As shown in Figure 1, there are four car-following
modes: (i) HDV-HDV, (ii) HDV-CAV, (iii) CAV-HDV, and
(iv) CAV-CAV.

(1) Modes 1 and 2. As shown in Figure 1, the current vehicle
of modes 1 and 2 is an HDV.When the front vehicle changes
driving behavior (e.g., acceleration and deceleration), the
driver of the current vehicle needs to perceive, identify,
judge, and take action. +ence, car-following behavior is
determined by the human driver.

(2)Mode 3. In thismode, the current and front vehicles are CAV
andHDV, respectively.+e current vehicle is equipped with the
onboard sensing systems (e.g., laser, radar, camera), which can
quickly and accurately capture the front vehicle’s driving be-
havior. +is mode is called adaptive cruise control (ACC). +e
ACC system makes the current vehicle closely follow the front
vehicle via controlling the accelerator and brake of the vehicle
based on the advanced driving assistance system (ADAS).

(3) Mode 4. In this mode, the current and front vehicles are
CAVs.+e current vehicle can interact with the front vehicle

via V2V communication. +erefore, the current vehicle can
make synchronous driving behavior changes with the front
vehicle. +is mode is called cooperative adaptive cruise
control (CACC). CACC system can shorten the distance
between vehicles as much as possible on the premise of
ensuring safety, to improve the traffic capacity of the
transportation system.

2.1.2. Proportional Analysis. If it is assumed that the pen-
etration rate of CAVs in the mixed traffic flow is p, then the
proportion of HDVs is 1 − p. +us, the proportions of car-
following modes 1 and 2 are 1 − p. According to probability
theory, the proportions of car-following modes 3 and 4 are
p(1 − p) and p2, respectively. To sum up, the proportions of
different car-following modes are shown in Table 1.

2.2. Car-Following Model. In this paper, the intelligent
driver model (IDM) [26], ACC, and CACC models [27, 28]
are applied to describe the car-following behaviors of HDVs
and CAVs. As shown in Figure 1, the IDM is utilized to
simulate modes 1 and 2, and the ACC and CACC are applied
to capture modes 3 and 4, respectively. +e detailed de-
scription of the three car-following models is as follows.

2.2.1. Intelligent Driver Model. In the existing research, the
models describing the driver’s car-following behavior
mainly include stimulus-response model, safety distance
model, social force model, and optimal speed model. As a
kind of social force model, the IDM [26] can accurately
describe the car-following behavior of drivers, and is widely
used in the study of micro traffic flow. +erefore, the IDM
model is adopted in this paper to describe the car-following
behavior of HDVs. +e model is defined by equation.

ai,k+1 � ai 1 −
vi,k

vf

 

δ

−
s∗ vi,k,Δvi,k 

si

⎛⎝ ⎞⎠

2
⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦, (1)

where ai,k+1 is the acceleration of the i-th vehicle at k + 1 time
step; ai is the desired acceleration of the i-th vehicle; vf is the
free flow velocity; s∗ is the expected distance between the
i − 1-th and -th vehicles; vi,k is the speed of the i-th vehicle at
k time step; Δvi,k is the speed difference between the i − 1-th
and i-th vehicles at the k time step; Δvi,k � vi,k − vi−1,k; si is
the actual distance between the i − 1-th and i-th vehicles.

+e expected distance s∗ is determined by the speed of
the i-th vehicle and the speed difference of the preceding car,
and the calculation equation is:

s
∗

vi,k,Δvi,k  � s0 + Tvi,k +
vi,kΔvi,k

2
���

aibi

 , (2)

where s0 is the minimum headway when stationary; T is the
safe time headway; bi is the comfortable deceleration of the
i-th vehicle. Referring to Treiber et al. [26], the parameters of
IDM are: ai � 1 m/s2, bi � 2 m/s2, T � 1.5 s, vf � 33.3 m/s,
and s0 � 2 m.
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2.2.2. Adaptive Cruise Control Model. +e ACC system
makes the current vehicle closely follow the front vehicle via
controlling the accelerator and brake of the vehicle based on
the advanced driving assistance system (ADAS). Generally,
the ACC system will be equipped with sensing devices, such
as laser, radar, camera, etc. +ese can measure the speed and
position difference between the current vehicle and the front
vehicle. +e ACC system adjusts the current vehicle’s speed
to keep the desired headway between it and the front vehicle.
In particular, when there is no front vehicle, the ACC system
will cruise at the designed speed.

+e ACC car-following model [27, 28] developed and
validated with field data is adopted in this paper. +e in-
tegrated ACC car-following model is divided into four
modes: (i) speed control, (ii) gap control, (iii) gap-closing
control, and (iv) collision avoidance. +e fourth mode (i.e.,
collision avoidance) is developed by TransAID [23], which
tries to avoid rear-end collisions between adjacent vehicles.
+e details of the four control modes are discussed below.

(1) Speed Control. +e speed control mode aims to keep the
preset speed of the vehicle. When the vehicle has no pre-
ceding vehicle within the coverage of the sensor or the
distance from the preceding vehicle is more significant than
120m, the speed control mode is activated [28]. +e speed
control mode calculates the acceleration of the i-th vehicle at
k time step and is given by the following equation.

ai,k+1 � β1 vd − vi,k , (3)

where vd is the ideal velocity; vi,k is the velocity of the i th
vehicle at k time step; and β1 is the control gain, which
determines the speed deviation rate of acceleration. Xiao
et al. [28] suggested that the value is 0.3-0.4 s−1. In this paper,
the value of 0.4 s−1 was selected.

(2) Gap Control. +e gap control mode keeps a constant time
gap between the vehicle equipped with ACC and the vehicle

ahead. +is mode is activated when the gap and speed
deviations (vehicle in front) are, respectively, less than 0.2m
and 0.1m/s. +e acceleration of the i-th vehicle at time step
k + 1 is described by the second-order function based on the
velocity and gap error with the leading vehicle, which is
defined in the following equation.

ai,k+1 � β2ei,k + β3 vi−1,k − vi,k , (4)

where ei,k is the gap error of the i th vehicle at k time step; β2
and β3 are the control gain for position and velocity devi-
ations. Referring to Xiao et al. [28], the calibration values of
control parameters in equation (4) are β2 � 0.23 s−1 and
β3 � 0.07 s−1. Furthermore, the gap error ei,k is given by

ei,k � xi−1,k − xi,k − τavi,k, (5)

where xi−1,k and xi,k are the positions of the i − 1-th and the
i-th vehicles at time step k, and the τd is the desired time gap
for the ACC system; its value range is generally 1.1 to 2.2 s. In
this study, the value of τa is set to 1.3 s.

(3) Closed Gap Control. +e gap closure controller realizes the
stable transition from speed control mode to gap control mode.
+is mode is activated when the distance to the vehicle in front
is less than 100 m. According to Xiao et al. [28], the gap closure
control mode can be presented by setting parameters of
equation (4) as β2 � 0.04 s−1 and β3 � 0.8 s−1. Specially, if the
distance is between 100m and 120m, ACC-equipped vehicles
will retain the fore control mode to supply hysteresis in the
control loop and stable transition between the two modes.

(4) Collision Avoidance Control. +e collision avoidance con-
troller is developed by the TransAID team to prevent vehicle
rear-end collision under safe conditions. When the distance to
the preceding vehicle is less than 100m, and the position gap
deviation is negative, this mode is activated. Similar to gap-
closing control, the collision avoidance control mode can be
presented by setting parameters of equation (4) as β2 � 0.8 s−1

and β3 � 0.23 s−1. In simulation, these parameters can ensure
the safe operation of ACC vehicles, even in critical events [23].

2.2.3. Cooperative Adaptive Cruise Model. Compared with
the ACC system, the CACC system can communicate with
each other through V2V communication. +erefore, the
CACC system can further improve traffic safety and traffic

Mode 3 Mode 2

Mode 1Mode 4

HDV

CAV

Figure 1: Four car-following modes of the mixed traffic flow.

Table 1: +e ratio of the four modes.

Modes Car-following models Proportion
1 HDV-HDV HDV 1 − p2 HDV-CAV
3 CAV-HDV ACC p(1 − p)

4 CAV-CAV CACC p2
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efficiency. +e integrated CACC car-following model is
verified by the actual data based on the work of Milanés et al.
[29] and Xiao et al. [28, 30]. Similar to the ACC system, the
developed control algorithm in the CACC system is divided
into four modes: (i) speed control, (ii) gap control, (iii)
closed gap control, and (iv) collision avoidance control.

(1) Speed Control. +e speed control mode aims to keep the
desired speed predefined by the driver. +is mode is activated
when there are no preceding vehicles in the sensor coverage area
or the time gap is greater than 2 seconds.+e acceleration of the
i-th vehicle at time step k + 1 can be obtained by equation.

ai,k+1 � β4 vd − vi,k , (6)

where β4 is the speed control gain. Referring to Milanés and
Shladover [27], the value of β4 is set as 0.4 s−1.

(2) Gap Control. +e gap control mode keeps a constant time
gap between the vehicle equipped with CACC and the ve-
hicle ahead.+is mode is activated when the gap and velocity
deviations (vehicle in front) are, respectively, less than 0.2m
and 0.1m/s. +e gap control of the CACC model is based on
the first-order transfer function of velocity and gap error,
which can be defined in the following equation.

vi,k � vi,k + β5ei,k + β6 _ei,k, (7)

where _ei,k is the first derivative of the gap error ei,k.+e values of
β5 and β6 are set to β5 � 0.45 s− 1 and β6 � 0.0125 s− 1, re-
spectively [31]. +e first derivative of the gap error is given by

_ei,k � vi−1,k − vi,k − τdai,k, (8)

where ai,t is the acceleration at time t, and τd is the required
time gap defined by the CACC controller. +e value is 0.6 to
2.2 s, and the value of τd in this study is set to 1.0 s.

(3) Closed Gap Control. +e gap closure control mode
realizes a stable transition from the speed control mode to
the gap control mode. +is mode is activated when the
time distance to the front of the vehicle is less than 1.5 s.
+e control formula is consistent with equation (7), but
the value of the gain coefficient parameter is inconsistent.
Referring to Reference [23], the gain coefficient param-
eter values are β5 � 0.005 s−1 and β6 � 0.05 s−1.

(4) Collision Avoidance Control. +e collision avoidance
mode prevents vehicle rear-end collision under safe
conditions. When the time gap is less than 1.5 s, and the
position gap deviation is negative, this mode is activated.
+e controller’s logic is consistent with the gap control
and could be expressed by changing the gain coefficients,
which are β5 � 0.45 s−1 and β6 � 0.05 s−1 [23].

In summary, both ACC and CACC car-following models
contain four control modes, and the parameter values of dif-
ferent control modes can be summarized as shown in Figure 2.

2.3. Lane-Change Model. +e lane-change model built-in
sumo, namely LC2013 [23], is adopted in this study. +e
LC2013 model shows three main reasons (strategy,

cooperation, and tactics) for changing lanes (right or left) in
each simulation time step. +e self-vehicle initially checks
whether the right lane change is mandatory or required
according to the logic described in Figure 3. If the right lane
change is not mandatory or unnecessary, the motivation for
the left lane change is determined according to the same
rules. For details of LC2013, refer to Mintsis [23].

3. Fuel Consumption and Traffic
Emissions Model

A variety of fuel consumption and emissions models of
traffic systems began to develop a hundred years ago
[17, 32, 33]; J. N. [34]. Among them, the VT-Micro model
[17, 32, 35] calculates fuel consumption and emissions based
on the instantaneous speed and acceleration of the vehicle.
In addition, due to the simple structure of the VT-micro
model, it is widely used to evaluate vehicle fuel consumption
and emissions in traffic research [21, 36]. +ence, this paper
selects the VT-micro model to calculate the fuel con-
sumption and emissions in the traffic system.+e model can
be described as follows:

ln MOEe(  � 
3

i�0


3

j�0
K

e
i,jv

i
a

j
, (9)

where MOEe is the fuel consumption and emission rate of the
vehicle. i and j are the exponential coefficients of speed and
acceleration, respectively. Ke

i,j is the regression coefficient
under the power i of speed and the power j of acceleration. v

and a are the vehicle’s speed and acceleration, respectively.
Equation (9) was developed by Ahn et al. [32] to cal-

culate fuel consumption (FC), hydrocarbon (HC), carbon
monoxide (CO), and oxides of nitrogen (NOx) of vehicles
with different regression coefficient Ke

i,j. +e regression
coefficient Ke

i,j was calibrated by Ahn et al. [32] using field
data collected at Oak Ridge National Laboratory. +e cali-
bration regression coefficients have been widely used in a
variety of studies [21, 36] to assess fuel consumption and
transport emissions, as shown in Table 2.

4. Simulation Analysis

+e application of CAVs in different traffic scenarios, and
the improvement of fuel consumption and traffic emissions
is different. +erefore, this section designs three different
traffic scenarios, a basic segment with bottleneck zone, a
ramp of the freeway, and a signalized intersection, to study
the impact of CAVs on fuel consumption and emissions.

4.1. Simulation Settings. To explore the impact of CAVs on
fuel consumption and traffic emissions of different traffic
scenarios, three typical traffic scenarios, including a basic
segment with bottleneck zone（Scenario 1）, a ramp of the
freeway (Scenario 2), and a signalized intersection (Scenario 3),
are selected in this study. A simulation environment is
developed to verify the impact of different penetration rates
of CAVs on the fuel consumption and traffic emissions of
the transportation system. +e penetration rate of CAVs
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varies from 0% to 100% in steps of 10%. +e schematic
diagrams of the three traffic scenarios are shown in Figure 4.
In the simulation experiment, the CAVs environment is
constructed by SUMO and Python. First, three car-following
models with appropriate parameters are built in SUMO, to
describe the car-following behavior of different vehicles.
+en, the trajectory data of all vehicles are obtained based on
Python via the TRACI interface of SUMO. Finally, fuel

consumption and traffic emissions of each scene are cal-
culated based on equation (9). In addition, the simulation
duration of all scenarios is 1200 s, and the time step of the
simulation experiment is 1 s. To avoid the influence of
randomness, the different random seeds are adopted in the
same experiment to simulate ten times, and the average
value of the ten times simulation experiments is taken as the
final result.

Strategic Lane Change
1.

2.

A strategic lane change is initiated
to avoid a dead-end lane
(urgent manoeuver).
The ego vehicle remains on the
current lane to avoid an urgent
strategic lane change later.

Cooperative Lane Change
3. The ego vehicle reduces speed

and/or changes lane to facilitate
another lane change.

Tactical Lane Change
4.

5.

The ego vehicle performs a
tactical lane change to gain speed.
The ego vehicle executes a right
lane change to comply with traffic
rules after overtaking.

Figure 3: Hierarchy of lane change logic.

Table 2: +e regression coefficient Ke
i,j in equation (9).

Parameters Fuel CO HC NOx
Ke

0,0 −0.679439 0.887447 −0.728042 −1.067682
Ke

0,1 0.135273 0.148841 0.012211 0.254363
Ke

0,2 0.015946 0.03055 0.023371 0.008866
Ke

0,3 −0.001189 −0.001348 −0.000093243 −0.000951
Ke

1,0 0.029665 0.070994 0.02495 0.046423
Ke

1,1 0.004808 0.00387 0.010145 0.015482
Ke

1,2 −0.000020535 0.000093228 −0.000103 −0.000131
Ke

1,3 5.5409285E−8 −0.000000706 0.000000618 0.000000328
Ke

2,0 −0.000276 −0.000786 −0.000205 −0.000173
Ke

2,1 0.000083329 −0.000926 −0.000549 0.002876
Ke

2,2 0.000000937 0.000049181 0.000037592 −0.00005866
Ke

2,3 −2.479644E−8 −0.000000314 −0.000000213 0.00000024
Ke

3,0 0.000001487 0.000004616 0.000001949 0.000000569
Ke

3,1 −0.000061321 0.000046144 −0.000113 −0.000321
Ke

3,2 0.000000304 −0.00000141 0.00000331 0.000001943
Ke

3,3 −4.467234E−9 8.1724008E−9 −1.739372E−8 −1.257413E−8

Speed Control Mode

Gap-closing Control Mode

Gap Control Mode

Collision Avoidance Control Mode

ACC: Space headway < 120 m
CACC: Time headway > 2 s

ACC: Space headway < 100 m
CACC: Time headway > 1.5 s

ACC: Space headway < 100 m
CACC: Time headway > 1.5 s
Gap deviation < 0.2 m
Speed deviation < 0.1 m (s)

ACC: Space headway < 100 m
CACC: Time headway > 1.5 s
Negative gap deviation

β2 = 0.8
β3 = 0.23
β5 = 0.45
β6 = 0.05

β2 = 0.23
β3 = 0.07
β5 = 0.45
β6 = 0.0125

β1 = 0.4
β4 = 0.4

β2 = 0.04
β3 = 0.8
β5 = 0.005
β6 = 0.05

Figure 2: Modes of CACC car-following algorithm.
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4.2. Results and Discussions

4.2.1. Basic Road Segment with Bottleneck Zone. +e
expressway bottleneck zone is usually the sudden point of a
traffic accident, and it is a common scenario on the ex-
pressway. +e road segment is a one-way three-lane ex-
pressway of 1 km. Due to accidents or other factors, the
rightmost lane is closed at 300m to 700m.+is indicates that
only two lanes are operating normally. In this scenario, the
traffic flow rate of the expressway is 700 veh/h/lane. Based on
the simulation experiments, the fuel consumption and traffic
emissions under different penetration rates of CAVs are
obtained, as shown in Table 3.

Table 3 reports that when the traffic flow is mixed with
CAVs and HDVs, the CO emission is the highest, while the
HC and NOx are lower. Particularly, when the penetration
rate of CAVs is 0%, the fuel consumption, CO, HC, and NOx
are 15.31 L, 158.33 g, 11.12 g, and 11.56 g, respectively. When
the penetration rate of CAVs is 100%, the fuel consumption
and traffic emissions are 13.21 L, 153.98 g, 9.12 g, and 9.32 g,
respectively. Moreover, to reflect the variation trend of fuel
consumption and traffic emissions with the penetration rate
of CAVs, Figure 5 is drawn. Figure 5 shows that fuel con-
sumption and traffic emissions all gradually reduce with the
increase of the penetration rate of CAVs. When the pene-
tration rate of CAVs is less than 30%, the decrease of CO is
relatively small, while the decrease of fuel consumption, HC,
andNOx are significant, and the trends are consistent.When
the penetration rate is low, most of the CAVs are in the
adaptive cruise mode, and the normal operation of HDVs
needs to be prioritized, so the decline in fuel consumption,
CO, andNOx is small. From the simulation results, when the
penetration rate is 60%–70%, the interference between the
HDVs and the CAVs is the smallest, resulting in the
maximum decrease in fuel consumption, CO, and NOx at
this stage. With continuous increase, the optimization space
for the coordinated control of CAVs is limited, and the
decline in fuel consumption, CO, and NOx tends to be flat.

Based on Table 3, the decrease percentage of fuel con-
sumption and traffic emissions with different penetration
rates of CAVs, as shown in Table 4 and Figure 6. Figure 6
shows that when the penetration rate of CAVs is less than
30%, the CO emission declines more slowly. Moreover,

when the penetration rate of CAVs is greater than 30%, the
CO emission begins to decrease gradually. Compared with
CO emission, the downward trends of fuel consumption,
HC, and NOx are more consistent. +e analysis shows that
there is a bottleneck zone in this scenario. When the traffic
flow approaches and leaves the bottleneck zone, the vehicle
will cause additional acceleration and deceleration due to
lane change, whether HDVs or CAVs. In this scenario, when
the penetration rate of CAVs is 100%, the four evaluation
indices of fuel consumption, CO, HC, andNOx decreased by
13.71%, 2.75%, 17.98%, and 19.36%, respectively. +is
suggests that the application of CAVs in this scenario has a
certain effect on reducing fuel consumption and traffic
emissions, but the decline range is small, all less than 20%.

4.2.2. Ramp of Freeway. +e ramp of the freeway has a more
significant impact on the traffic flow of the main road. +e
scenario in this section is a basic segment of a one-way three-
lane of 4 km. At 1 km, there is a ramp where vehicles enter
the freeway, and at 3 km, there is a ramp where vehicles leave
the freeway.+e traffic flow rate of the freeway and ramp are
1600 veh/h/lane and 120 veh/h/lane, respectively. Based on
the simulation experiments, the fuel consumption and traffic
emissions under different permeability of CAVs are ob-
tained, as shown in Table 5.

Table 5 indicates that CAVs can effectively reduce fuel
consumption and traffic emissions (CO, HC, NOx, etc.).
When the penetration rate of CAVs is 0%, the fuel con-
sumption and traffic emissions are 35.34 L, 348.71 g, 25.75 g,
and 27.33 g, respectively; when the penetration rate reaches
100%, the fuel consumption and traffic emissions are
32.80 L, 341.36 g, 22.93 g, and 24.14 g, respectively. +is
means that compared with traditional HDVs, the wide-
spread use of CAVs can reduce fuel consumption and traffic
emissions significantly. Furthermore, the fuel consumption
and traffic emissions changes under different penetration
rates of CAVs and can be plotted, as shown in Figure 7.
Figure 7 reports that when the penetration rate of CAVs is
below 90%, fuel consumption and traffic emissions decrease
as the penetration rate increases gradually; when the pen-
etration rate of CAVs is greater than 90%, the downward
trend in fuel consumption and traffic emissions is more

1 km 2 km 1 km

300 m 300 m400 m

Scenario 1 Scenario 2

Scenario 3

Lane closed

Figure 4: +e schematic diagrams of the three traffic scenarios.
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significant. +is points out that purely CAVs will have a
significant impact on vehicle energy saving and emission
reduction in this scenario.

Meanwhile, the decrease in fuel consumption and traffic
emissions is obtained based on Table 5, as shown in Table 6 and
Figure 8. Figure 8 shows that the effects of CAVs on fuel
consumption and traffic emissions are the same. As the pene-
tration rate increases, the overall evaluation indicators show a
downward trend. In this scenario, the penetration rate of CAVs
has a lower impact on CO than the other three evaluation
indices, and the trend of change is relatively gentle. +e re-
duction percentage of fuel consumption, CO, HC, and NOx
reaches the maximum when the penetration rate of CAVs is
100%, which are 7.18%, 2.11%, 10.93%, and 11.68%, respectively.

+e result shows that CAVs can maintain a more
stable driving speed and minor headway in the road
segments. Meanwhile, CACC vehicles form a platoon
during operation. Compared with traditional HDVs, the
acceleration and deceleration processes are significantly
reduced, thus reducing the fuel consumption and emis-
sion of traffic flow. However, in this scenario, when ve-
hicles run near the ramp, an HDV or a CAV will be
disturbed by the vehicle in the ramp, resulting in different
degrees of acceleration and deceleration behavior.
+erefore, in the ramp of the freeway, when the pene-
tration rate of CAVs is 100%, compared with 0%, the
decline in fuel consumption, CO, HC, and NOx are
relatively low, all lower than 12%.
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Figure 5: Fuel consumption and traffic emissions under different penetration rates of CAVs (Scenario 1). (a) Fuel consumption. (b) CO.
(c) HC. (d) NOx.

Table 3: Fuel consumption and traffic emissions under different CAVs penetration rates (Scenario 1).

Penetration rate (%) FC (L) CO (g) HC (g) NOx (g)
0 15.31 158.33 11.12 11.56
10 15.13 158.29 10.94 11.37
20 14.88 158.27 10.65 11.05
30 14.56 158.12 10.31 10.67
40 14.33 157.42 10.10 10.45
50 14.11 157.42 9.87 10.17
60 13.95 156.63 9.73 9.98
70 13.61 156.04 9.40 9.63
80 13.55 155.32 9.38 9.62
90 13.35 154.68 9.21 9.41
100 13.21 153.98 9.12 9.32
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4.2.3. Signalized Intersection. In urban transportation, the
signalized intersection is an essential node for vehicle col-
lection, turning, and evacuation. +e setting of signalized
intersection scenario is of great significance to the study of
the characteristics of traffic flow. +e scenario here is a two-
way three-lane intersection, including three turns: left turn,
straight, and right turn. +e traffic flow rate of each lane is
220 veh/h. Based on the simulation experiments, the fuel
consumption and traffic emissions under different CAVs
conditions in this scenario are obtained, as shown in Table 7.

Table 7 shows that when the penetration rate of CAVs is
0%, the fuel consumption, CO, HC, and NOx are 29.74 L,
167.38 g, 27.35 g, and 22.47 g, respectively; when the per-
meability is 100%, the fuel consumption and traffic emissions
are 17.58 L, 112.36 g, 17.49 g, and 14.24 g, respectively. In
scenario 3, as the penetration rate of CAVs increases, fuel
consumption and traffic emissions are all showing a down-
ward trend. +e changes in fuel consumption and traffic
emissions under different penetration rates are shown in
Figure 9. Compared with fuel consumption, HC, and NOx,
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Figure 6: Percentage reduction in fuel consumption and traffic emissions (Scenario 1).

Table 5: Fuel consumption and traffic emissions under different penetration rates of CAVs (Scenario 2).

Penetration rate (%) FC (L) CO (g) HC (g) NOx (g)
0 35.34 348.71 25.75 27.33
10 35.20 348.13 25.60 27.10
20 35.04 348.09 25.38 26.89
30 34.96 347.55 25.29 26.75
40 34.73 346.97 24.99 26.48
50 34.52 346.44 24.69 26.16
60 34.50 346.19 24.68 26.15
70 34.49 345.49 24.60 26.05
80 34.28 345.48 24.35 25.74
90 34.17 345.43 24.14 25.47
100 32.80 341.36 22.93 24.14

Table 4: Percentage reduction in fuel consumption and traffic emissions (Scenario 1).

Penetration rate (%) FC (%) CO (%) HC (%) NOx (%)
0 NA NA NA NA
10 1.13 0.03 1.65 1.70
20 2.81 0.04 4.19 4.44
30 4.86 0.13 7.24 7.73
40 6.36 0.57 9.14 9.64
50 7.83 0.58 11.27 12.07
60 8.86 1.08 12.50 13.66
70 11.07 1.45 15.43 16.68
80 11.47 1.90 15.62 16.78
90 12.78 2.30 17.19 18.58
100 13.71 2.75 17.98 19.39
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CO changes more significantly, and the impact of CAVs on its
emission is noticeable. In addition, compared with scenarios 1
and 2, the fuel consumption and traffic emissions in scenario
3 show a linear decrease as the penetration rate of CAVs
increases. +is means that the use of CAVs can significantly
improve fuel consumption and traffic emissions in scenario 3.

Furthermore, the reduction percentages of fuel con-
sumption and traffic emissions under different penetration
rates of CAVs is obtained, as shown in Table 8. Meanwhile,
Figure 10 provides a more intuitive understanding of the
impact of the penetration rate of CAVs on fuel consumption
and traffic emissions. It can be seen from Figure 10 that as
the penetration rate of CAVs increases, various fuel

consumption and traffic emission indicators show a
downward trend, and the decline is relatively significant. In
scenario 3, the reduction of CO among the four indicators is
slightly lower. When the penetration rate of CAVs is 100%,
the percentage of CO reduction will reach 32.87%, while the
declining percentage of fuel consumption, HC, and NOx
reach 40.89%, 36.06%, and 36.64%, respectively.

In scenario 3, the road is relatively more standardized,
and there are traffic lights to restrict the traffic flow.
+erefore, in this scenario, the advantages of CAVs are more
prominent. +e four evaluation indicators have a significant
decline, reaching more than 32% when the penetration rate
of CAVs is 100%.
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Figure 7: Fuel consumption and traffic emissions under different penetration rates of CAVs (Scenario 2). (a) Fuel consumption. (b) CO.
(c) HC. (d) NOx.

Table 6: Percentage reduction in fuel consumption and traffic emissions (Scenario 2).

Penetration rate (%) FC (%) CO (%) HC (%) NOx (%)
0 NA NA NA NA
10 0.40 0.17 0.59 0.85
20 0.87 0.18 1.42 1.60
30 1.08 0.33 1.79 2.12
40 1.73 0.50 2.93 3.11
50 2.33 0.65 4.13 4.27
60 2.39 0.72 4.17 4.30
70 2.42 0.92 4.48 4.69
80 3.01 0.93 5.44 5.82
90 3.32 0.94 6.26 6.82
100 7.18 2.11 10.93 11.68
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Figure 8: Percentage reduction in fuel consumption and traffic emissions (Scenario 2).

Table 7: Fuel consumption and emissions under different penetration rates of CAVs (Scenario 3).

Permeability (%) FC (L) CO (g) HC (g) NOx (g)
0 29.74 167.38 27.35 22.47
10 28.55 161.80 26.21 21.66
20 27.32 156.24 25.05 20.84
30 26.35 152.22 24.15 20.19
40 25.27 147.76 23.15 19.48
50 24.00 142.40 22.01 18.64
60 22.66 137.03 20.84 17.74
70 21.51 132.04 19.90 16.98
80 20.12 125.67 18.91 16.03
90 18.96 120.11 18.21 15.22
100 17.58 112.36 17.49 14.24
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Figure 9: Continued.
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Table 8: Percentage reduction in fuel consumption and traffic emissions (Scenario 3).

Penetration rate (%) FC (%) CO (%) HC (%) NOx (%)
0 NA NA NA NA
10 4.01 3.33 4.16 3.59
20 8.14 6.65 8.41 7.27%
30 11.39 9.05 11.71 10.13
40 15.01 11.72 15.36 13.29
50 19.29 14.92 19.55 17.04
60 23.80 18.13 23.80 21.04
70 27.66 21.11 27.23 24.44
80 32.34 24.92 30.88 28.66
90 −36.25 −28.24 −33.43 −32.28
100 −40.89 −32.87 −36.06 −36.64
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Figure 9: Fuel consumption and traffic emission for different permeability of CAVs (Scenario 3). (a) Fuel consumption. (b) CO. (c) HC.
(d) NOx.
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Figure 10: Percentage reduction in fuel consumption and traffic emissions (Scenario 3).
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5. Conclusion and Policy Implication

+is paper analyzes the fuel consumption and traffic
emissions of mixed traffic flow with CAVs in different traffic
scenarios. According to the results of the simulation ex-
periment, the conclusions can be obtained as follows:

(1) In different traffic scenarios, CAVs play an effective
role in reducing fuel consumption and emissions.
With the increase of the penetration rate of CAVs,
the declining proportion of fuel consumption and
traffic emission increases. +is suggests that the
widespread application of CAVs can reduce fuel
consumption and traffic emission, save resources,
and alleviate environmental pollution to a certain
extent.

(2) +ere are certain differences in the impact of CAVs
on fuel consumption and traffic emission in different
traffic scenarios. In the signalized intersection, the
percentage of fuel consumption and traffic emissions
reduction both reached more than 32%. However, in
the ramp and bottleneck zone of the freeway, when
the penetration rate of CAVs is 100%, both fuel
consumption and traffic emissions decreased by less
than 20%.

(3) Compared with the ramp and bottleneck zone of the
freeway, the reduction in fuel consumption and
traffic emissions of the signalized intersection is
more significant, up to 32% or more.+is means that
the application of CAVs has more significant energy-
saving and emission-reduction effects on urban
transportation.

+is paper mainly analyzes the mixed traffic flow’s fuel
consumption and emissions with CAVs and HDVs based on
the micro-driving behavior. +us, the optimization and
coordinated control of the CAVs are not considered in this
study. +erefore, the collaborative control and optimization
of connected automated vehicles can be considered further
to reduce fuel consumption and traffic emissions in future
work [37, 38]. Moreover, the trajectory of the CAVs can also
be optimized in real-time to achieve the effect of alleviating
traffic congestion, fuel consumption, and traffic emissions.
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