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Abstract

:

The type of vehicles in realistic traffic systems are not homogeneous. Impacts of the preceding vehicle’s type on the car-following behavior, fuel consumption and exhaust emissions are still unclear. This paper presents a study on the impacts of two types of preceding vehicles, heavy vehicles and new energy vehicles, on car-following behavior, traffic flow characteristics, fuel consumption and exhaust emissions. Firstly, an extended car-following model was proposed by incorporating the influence of the preceding vehicle’s type. Secondly, impacts of the preceding vehicle’s type on platoon stability were analyzed by applying linear stability theory. Finally, numerical simulations were carried out to analyze impacts of the preceding vehicles’ type on the characteristics of the car-following platoon, traffic flow operation, and vehicle’s fuel consumption and exhaust emissions. The results reveal that, compared with the normal preceding vehicle, there are negative impacts of the heavy and new-energy preceding vehicles on the platoon stability, traffic flow operation, and vehicle’s fuel consumption and exhaust emissions, and these impacts are related to the corresponding sensitivity parameters and the penetration percentages of the two types of preceding vehicle. The research results of this paper can provide a reference for understanding car-following behavior and traffic-flow characteristics affected by the type of preceding vehicles in the V2X environment.






Keywords:


V2X; vehicle type; car-following behavior; fuel consumption; exhaust emission












1. Introduction


Traffic problems, such as congestion, fuel consumption and exhaust emission, have significant negative impacts on the operation and sustainable development of our society. Car-following is the driving behavior where a vehicle follows its preceding vehicle and maintains the current lane, which describes the vehicles’ longitudinal movement. It is the most basic driving behavior, and the research on car-following behavior is the theoretical basis of traffic-flow management, energy consumption estimation, vehicle control scheme, etc. Dozens of car-following models have been proposed, and they form one of the core parts of traffic-flow theory [1,2,3,4].



Recently, the development and applications of Vehicle-to-Everything (V2X) technologies have had a profound impact on the operation of transportation systems, which have prompted the exploration of car-following behavior. For vehicles, the application of V2X technologies has greatly enhanced their information perception and application capabilities. Information is the basis of behavioral decision-making. Enhanced information perception and application capabilities enable vehicles to access various information, parts of which were difficult to obtain in the past. Based on the information, the vehicles’ car-following behavior will be changed or optimized. In order to describe the car-following behavior under such conditions, a series of improved or extended models were proposed [5,6,7,8,9,10,11,12,13,14,15,16,17]. In terms of other vehicles’ motion-state information, Li et al., proposed an extended Full Velocity Difference (FVD) model to take into account the information about headway, velocity and acceleration of the arbitrary number of preceding vehicles [5]. After that, the average velocity [6], average headway [7] and average optimal velocity [8] of the arbitrary number of preceding vehicles were, respectively considered, and extended models were proposed. In addition to the vehicles in the current lane, the motion-state information of vehicles in adjacent lanes can also be obtained by the vehicle. Considering this, Yu et al., constructed an extended model to consider the velocity of vehicles in the adjacent lane [9]. Then, Gao et al., further extended the model to take into account the velocity of vehicles in all adjacent lanes [10]. Recently, Han et al., proposed a Generalized Preceding Vehicle (GPV) model, in which the motion state of the preceding vehicle along with its preceding vehicle, the preceding vehicle in the left adjacent lane, and the preceding vehicle in the right adjacent lane were incorporated [11]. In terms of traffic-state information, Tang et al., proposed an extended FVD model by resetting the parameters and introducing a disturbance item [12]. Using this extended model, Tang et al., analyzed the impacts of big disturbance (represented by an accident) on car-following behavior in the V2X environment. Later, they further extended the research scenarios to two lanes [13]. Based on similar means, Tang et al., formed an extended FVD model and used this model to analyze the impacts of green-light remaining time on car-following behavior [14]. Zhao et al., constructed an extended-partition FVD model and employed the model to explore impacts of the signal-control scheme on car-following behavior [15]. Soon after, the impacts of speed guidance information on the car-following behavior of vehicles in conflicting streams in the non-signalized intersection were studied by Zhao et al. [16]. Additionally, Ci et al., explored the impacts of speed guidance information on car-following behavior in the signalized intersection [17].



The aforementioned models show great potential to describe the car-following behavior affected by various information in the V2X environment. However, in these models, vehicles in the system were assumed to be homogeneous, which is inconsistent with the actual situation. Actual traffic situations are composed of diverse types of vehicles. According to the traffic flow theory, the car-following behavior and the operation, along with stability characteristics of traffic flow will be affected due to the penetration of various types of vehicles, especially the heavy ones. Peeta et al., recognized the difference in car-following behavior when the subject vehicle was following a normal or heavy vehicle [18]. Aghabayk et al., explored the difference in car-following behavior with the headway index between various vehicle pairs [19,20]. Based on the trajectory data of vehicles of various types manufactured by different brands, the difference in car-following behavior with the desired velocity and acceleration index was recognized and analyzed by Rakha et al. [21]. Utilizing aerial data, Ossen and Hoogendoorn analyzed the characteristics of heavy vehicles’ car-following behavior [22]. Other field data sets, respectively collected in India [23,24,25], Japan [26] and Australia [27] were employed to recognize and analyze the difference in car-following behavior between various types of vehicle pairs. Additionally, the questionnaire investigation method was employed by Kong et al., to study the impacts of trucks on the car-following behavior of normal vehicle drivers [28]. The results suggest that the normal vehicle’s driver will take a larger headway and lower velocity when following a truck instead of a normal vehicle. Based on the aforementioned recognition and analysis results, extended car-following models, in which impacts of the preceding vehicle’s type were incorporated, were proposed [29,30,31]. The results reveal that these models can better fit the actual car-following behavior with consideration of the impacts of the preceding vehicle’s type.



In the V2X environment, it is simple to obtain the type of preceding vehicle by utilizing onboard sensors or other V2X devices [32,33,34]. Thus, it is necessary to incorporate the impacts of the preceding vehicle’s type when modeling car-following behavior in a V2X environment. Compared with the traditional traffic environment, there are also new penetration conditions of the preceding vehicle’s type in the V2X environment. With the increasingly urgent energy situation and stringent emission laws in various countries, new energy vehicles, represented by electric vehicles and plug-in hybrid vehicles, are penetrating the traffic system more and more. Compared with traditional vehicles, there is no doubt that these new energy vehicles are better for the environment. As another type of vehicle, the penetration percentages of new energy vehicles will also affect car-following behavior [35,36,37]. However, in these studies, efforts were devoted to modeling the subject vehicle’s car-following behavior when it is a new energy vehicle. To date, very few efforts have been undertaken to model the subject vehicle’s car-following behavior when its preceding vehicle is a new energy vehicle. Thus, it is still an interesting topic worthy of discussion that the impacts of the penetration of these new energy vehicles with different percentages on the car-following behavior, and further on traffic flow, energy consumption and exhaust emission.



The objective of this study is to analyze the traffic flow characteristics, fuel consumption and exhaust emission affected by the preceding vehicle’s type. To achieve this, an extended model that incorporates the impacts of the preceding vehicle’s type including the new energy vehicle is proposed, and theoretical analysis and numerical simulation are employed in the analysis. The results of this paper can provide a reference for answering the following questions:




	
The impacts of new energy and other types of preceding vehicles on car-following behavior;



	
The impacts of new energy and other types of preceding vehicles on traffic flow;



	
The impacts of new energy and other types of preceding vehicles on fuel consumption and exhaust emission.








The structure this paper, excluding the present introduction, is as follows: Section Two: Car-following Model; Section Three: Platoon Stability Analysis; Section Four: Numerical Simulation; Section Five: Discussion and Section Six: Conclusions.




2. Car-Following Model


2.1. Car-Following Behavior Characteristics Analysis


In previous studies, it has been confirmed that there are differences in the car-following of the subject vehicle when the preceding vehicle’s type is different. In general, according to the physical and dynamic characteristics, the types of preceding vehicle can be divided into normal vehicles and heavy vehicles. Recently, the proportion of new energy vehicles has been increasing. There are significant differences in the dynamic characteristics between normal vehicles and new energy vehicles, which influences the vehicle’s driving behavior. Thus, new energy vehicles should be listed as a separate type of vehicle when modeling car-following behavior. According to previous studies [18,22,26,37,38,39], the car-following behavior characteristics of the subject vehicle when the preceding vehicle is a heavy vehicle or a new energy vehicle are summarized as shown in the following contents (to be concise, heavy vehicles are denoted as H-V, and new energy vehicles are denoted as NE-V).



	
The preceding vehicle is an H-V.






H-Vs will show significantly different driving characteristics from normal vehicles due to different physical and dynamic characteristics, even without considering the restrictions of traffic laws and rules. According to the previous research [18,22,26], due to large inertia and low power, H-Vs tend to adopt stable and conservative driving strategies and take slower actions when the driving state needs to be changed. To be specific, H-Vs tend to take larger headway, lower relative velocity, and lower acceleration/deceleration. These characteristics of H-Vs influence the vehicle behind them and make it take car-following behavior which is different from that when following a normal vehicle. When the preceding vehicle is a H-V, the subject vehicle will take larger headway, lower acceleration/deceleration, and higher action delay.



	
The preceding vehicle is NE-V.






The proportion of NE-Vs has been increasing in the past few years. The changes in energy form not only create better exhaust emission performance for NE-Vs themselves, but also significantly influence their dynamic characteristics. Whether plug-in hybrid vehicles or electric vehicles, the most obvious difference between NE-Vs and traditional vehicles lies in their driving form (i.e., the addition of an electric motor). Compared to the internal combustion engine, there are advantages to the electric motor such as greater torque and faster dynamic response, which are reflected in the differences in the vehicle’s accelerating process. Additionally, to improve energy utilization, the kinetic energy recovery system is universally applicated in NE-Vs. Parts of the NE-Vs adopt the single-pedal control mode, which makes these vehicles instantly decelerate after the driver releases the pedal out of the acceleration range. These features are reflected in the decelerating process. The aforementioned features of NE-Vs influence their behind vehicle’s car-following behavior [37,38,39]. Specifically, due to the different energy form and dynamic characteristics, the subject vehicle will present a slower response, lower acceleration/deceleration, and thus, larger headway.



To sum up, compared with the normal preceding vehicles which are adopted in most car-following models, the subject vehicle will show different car-following behavior, which reflects in the indexes including velocity, acceleration, headway, and time to act, when the preceding vehicle is H-V or NE-V.



Although there are several studies in which the traffic flow has been explored from different perspectives [40,41,42,43,44,45,46,47,48,49], there is no research incorporating the aforementioned impacts of H-Vs and NE-Vs, and this study proposes a car-following model that considers these impacts.




2.2. Modeling Car-Following Behavior


A general form of the car-following model can be written as [50]


   x ¨  =  f  s t i      v n  , Δ  x n  , Δ  v n     



(1)




where   x ¨   is the acceleration of the subject vehicle and    f  s t i     is the stimulus function. It is described in Equation (1) that the car-following behavior is the result of multiple factors, including velocity    v n   , headway   Δ  x n    and relative velocity   Δ  v n   .



Based on the above general form, we further proposed a general form of the car-following model in the V2X environment [34], which is


   x ¨  = f   X    x  n , m  i    , V    v  n , m  i    ,  a  n , m  i  ,  Z  n , m  i  , ⋯    



(2)







Applying Equation (2), the extended car-following model to incorporate the preceding vehicle’s type can be established based on the analysis results in Section 2.1. The model expression can be written as


   x ¨  = f   Δ  x n  , Δ  v n  ,  a  n + 1      



(3)







The first-order differential form of Equation (3) is


    d  x n    t + τ     d t   = V   Δ  x n  , Δ  v n  ,  a  n + 1      



(4)







A linearized form of Equation (4) is


  V   Δ  x n  , Δ  v n  ,  a  n + 1     =  V *    Δ  x n  ,  v n    + λ Δ  v n  + η  a  n + 1     t + τ    



(5)







Applying the first-order and second-order Taylor expansion to Equation (5), one can obtain


    d  v n   t    d t   = a    V *  ( Δ  x n  ,  v n  ) −  v n   t    + λ Δ  v n  + η  a  n + 1     t −  τ d     



(6)




where    v n    equals to    v n   t   ,   Δ  x n    equals to   Δ  x n   t   ,   Δ  v n    equals to   Δ  v n   t   ;    v n   t   ,   Δ  x n   t    and   Δ  v n   t    are, respectively, the velocity of the subject vehicle, headway between the subject vehicle and its preceding vehicle and the relative velocity between the subject vehicle and its preceding vehicle;    a  n + 1     is the preceding vehicle’s acceleration;    τ d    is the delay item, which represents the time for the subject vehicle to act after its preceding vehicle altered its driving state;  a ,  λ  and  η  are the sensitivity parameters to the corresponding item and    V *   ·    is the optimal velocity function.



Helbing’s optimal velocity function [51] is extended to make it suitable for this research, and the extended optimal velocity function is


   V *  ( Δ  x n  ,  v n  ) =    v  max    2    tanh   T    v n   t    Δ  x n   t  −  h c    + tanh    h c       



(7)






  T    v n   t    =    v n   t   / θ  − κ  



(8)




where    v  max     is the maximum velocity of the vehicle;    h c    is the length of the vehicle;  θ  is the scaling item about velocity and  κ  is an adjustment parameter.



The core of the optimal velocity function is a hyperbolic tangent function which has vital features:




	(1)

	
There is an inflection point at   Δ  x n  =  h c   .




	(2)

	
  V   Δ  x n    → 0  , when   Δ  x n  → 0  .




	(3)

	
  V   Δ  x n    →  v  max    , when   Δ  x n  → ∞  .









These features enable the optimal velocity function to accurately describe car-following behavior:




	(1)

	
Drivers avoid the collision, and the following velocity depends on the headway.




	(2)

	
Drivers will pursue higher velocity when conditions permit, but there is an upper limit of velocity due to restrictions of road or vehicle physical characteristics.









Additionally, the optimal velocity function also ensures the car-following model can be employed to analyze the platoon stability and reproduce the stop-and-go along with other nonlinear traffic phenomena in the simulation.



Submitting Equations (7) and (8) into Equation (6), the expression of our model can be rewritten as


    d  v n   t    d t   = a      v  max    2    tanh        v n   t   / θ  − κ   Δ  x n   t  −  h c    + tanh    h c      −  v n   t    + λ Δ  v n  + η  a  n + 1     t −  τ d     



(9)









3. Platoon Stability Analysis


To explore the impact of the preceding vehicle’s type on platoon stability in the V2X environment, linear stability analysis is conducted based on the perturbation method [51,52,53,54]. Assuming that all vehicles in the system are in the same stable state, which means they maintain the same headway  h  and velocity   V  h   , at the initial moment, the position of the vehicle  n  can be expressed as follows


   x n   0     t  = h n +  V *   h  t  



(10)




where   h =  L / N    is the headway;  L  is the total length of the road;  N  is the total number of the vehicles and    V *   h    is the optimal velocity.



Exerting a small disturbance    y n  ( t )  , then the position of the vehicle  n  changed as


   x n   t  =  x n   0     t  +  y n  ( t )  



(11)







Submitting Equation (11) into (10), one can obtain that


   x n   t  = h n +  V *   h  t +  y n  ( t )  



(12)







Submitting Equations (11) and (12) into Equation (6) and linearizing it, the model’s expression can be rewritten as


     d 2   y n   t    d  t 2    = a    V  * ′   ( h ) Δ  y n   t  −   d  y n   t    d t     + λ   d Δ  y n   t    d t   + η    d 2   y  n + 1     t −  τ d      d  t 2     



(13)




where    V  * ′   ( h ) =       d  V *  ( Δ  x n  ,  v n  )  /  d Δ  x n        Δ  x n  = h    .



Applying the disturbance item    y n  ( t )   Fourier expansion    y n  ( t ) = A  e  i k n + z t    , we can obtain the expression about the complex eigenvalue z, which is


     d 2   y n   t    d  t 2    = a    V  * ′   ( h ) Δ  y n   t  −   d  y n   t    d t     + λ   d Δ  y n   t    d t   + η    d 2   y  n + 1     t −  τ d      d  t 2     



(14)







According to Equation (14), one can obtain that  z  is of   i k   and   z → 0   if   i k → 0  . Thus, we adopt the long wave expansion   z =  z 1    i k   +  z 2      i k    2    and submit it into Equation (14). The result is


   z 1  =  V  * ′   ( h )  



(15)






   z 2  =    z 1   a    λ + η  z 1  −  z 1    +  1 2   V  * ′   ( h ) −  z 1 2   τ d   



(16)







According to the stability theory, the uniformly stable-state traffic flow will become unstable when    z 2  < 0   and maintain stable when    z 2  > 0  . Therefore, the stability condition is


  a <   2   λ + η  z 1  −  z 1      2  z 1   τ d  − 1    



(17)







According to Equation (17), the neutral stability curves in the headway-sensitivity phase space can be obtained as shown in Figure 1.



From Figure 1, the headway-sensitivity phase space is divided by the neutral stability curve into two regions. The regions above the neutral stability curve are stable ones, and the ones below the neutral stability curve are unstable regions. In the stable regions, the vehicle platoon can resist the disturbance and maintain a stable state. In the unstable regions, the vehicle platoon cannot resist the disturbance and evolute to an unstable state. Under such conditions, stop-and-go phenomenon, traffic jams, and density waves may emerge, which means that the vehicle platoon’s operation deteriorates significantly. From Figure 1a, the neutral stability curve sinks when the value of  η  is getting lower. From Figure 1b, the neutral stability curve sinks when the value of    τ d    is getting lower.




4. Numerical Simulation


All parts of the simulation were carried out in MATLAB (Ver. 9.11).



4.1. Car-Following Behavior Characteristics


Virtual Scenario


Applying periodic boundary conditions, there are 100 vehicles that are driving on the road under a stable state, which means all vehicles are driving at their optimal velocity   V  h    and headway   h = 10   m. At   t = 100   s, a disturbance with a scale that equals the length of the vehicle    h c    is exerted into the vehicle platoon. Then, the disturbance propagates and evolutes in the platoon. The propagation and evolution results are shown in Figure 2, which can represent the impacts of the preceding vehicle’s type on the vehicle platoon’s operation characteristics when it is at the car-following state.



From Figure 2, with the increase of the sensitivity parameter  η  and response delay    τ d   , the platoon’s operation increasingly deteriorates, affected by the disturbance. According to Figure 2a–c, due to the type of preceding vehicle being changed from a normal vehicle to an H-V or a NE-V, the platoon’s stability decreases. Additionally, this kind of negative impact enlarges with the increase of the sensitivity parameter’s value  η . According to Figure 2d–f, due to the change in the preceding vehicle’s type, there is a response delay    τ d   , which deteriorates the operation of the vehicle platoon.    τ d    makes the platoon operate away from the optimal state, and this kind of impact is eventually reflected in the vehicle platoon’s operation characteristics. To be specific, the negative impacts of    τ d    on the stability of the platoon’s operation will enlarge with the increase of    τ d    value. Compared Figure 2a–c with Figure 2d–f, one can obtain that the response delay has a greater impact on the platoon’s operation stability.





4.2. Traffic Flow Characteristics


The macro characteristics of traffic flow are formed by the vehicle’s car-following behavior, which is at the micro-level. There are impacts of NE-Vs and other types of preceding vehicle, which makes the subject vehicle’s car-following behavior different from that it exhibits when the preceding vehicle’s type is normal. These micro-behavioral changes will eventually reflect in the macro-characteristics of traffic flow. There are advantages of the cellular automata (CA) model in the simulation of traffic flow. However, there are some defects in the previous CA model used in traffic flow simulation, such as discretization and isolation from the car-following models. To deal with these, we proposed a traffic-flow simulation framework (TFSF) by combining the continuous CA model and a car-following model [55]. The main body of TFSF is shown in Figure 3.



Employing TFSF, the traffic flow affected by new energy and heavy type preceding vehicles with different penetration percentages is simulated. In the simulation, Equation (9) is used as the acceleration calculation method of TFSF. The virtual scenario is set as follows:



Virtual Scenario


The boundary condition is periodic, and the velocity upper limit is set as    v  max   = 100   km/h. The total length of the road is   L = 2000   m, and the simulation lasts   T = 4000   s. Other items of the virtual scenario are equal to that in [55]. By recording the total number of vehicles on the road as  N , one can obtain that


       v f  =  v ¯      k =  L / N      q =  v f  k      



(18)




where    v f    is the traffic flow velocity, and    v ¯    is the average velocity of all vehicles on the road;  k  is the traffic flow density, which is employed to be the control item in this simulation;  q  is the traffic flow volume, which is employed to be a performance indicator of traffic flow.



The operation characteristics of traffic flow affected by various types of preceding vehicles can be obtained through simulation by adjusting the control item and penetration percentages of the preceding vehicles, which are shown in Figure 4.



From Figure 4, in general, with the increase of the penetration percentages of H-Vs and NE-Vs, the maximum volume of traffic flow that the traffic system can achieve under the same density conditions gradually decreases. Specifically, from Figure 4a, one can obtain that when the penetration percentage of H-Vs is 0% (i.e., the type of vehicles in the system is uniform and all are normal vehicles), the maximum volume of traffic flow is 2648 veh/h. With the increase of the penetration percentages of H-Vs, the maximum volume surface gradually sinks, indicating that the maximum volume that the traffic system can achieve under the same density condition gradually decreases. When the penetration percentages of H-Vs reached 50% (i.e., all preceding vehicles of the subject vehicles are H-Vs), the volume of traffic flow reached its minimum value, which is 1217 veh/h. From Figure 4b, when the penetration percentage of NE-Vs is 0%, the volume of traffic flow achieved its maximum value, which equals to that of H-Vs’ penetration percentage is 0%. Additionally, the traffic flow reached its minimum volume, 1564 veh/h, when the penetration percentage of NE-Vs is 50%.



From Figure 4, we can also obtain that the traffic flow would achieve the maximum volume under lower density with the increase of penetration percentages of H-Vs and NE-Vs. Moreover, the traffic flow would reach the block state under lower density with the increase of penetration percentages of H-Vs and NE-Vs.





4.3. Fuel Consumption and Exhaust Emission


It is very difficult to directly measure the fuel consumption and exhaust emission of the vehicle platoon. To deal with this, Ahn proposed a fuel consumption and exhaust emission calculation model (the VT-Micro model) [56], which is


  ln ( M O  E e  ) =   ∑  i = 0  3     ∑  j = 0  3      K  i , j  e  ×  v i  ×       d v   d t      j         



(19)




where the   M O  E e    is the instantaneous rate of fuel consumption or emission of the vehicle  n ;  i  is the velocity power of the vehicle  n ;  j  is the acceleration power of the vehicle  n  and    K  i , j  e    is the regression coefficient. Applying different values of the regression coefficient, Equation (2) can be used to estimate the fuel consumption or exhaust emission of CO/HC/NOx.



The vehicle platoon’s fuel consumption or exhaust emission under various conditions can be obtained by combining the VT-Micro model and car-following model with the utilization of numerical simulation [42,57,58]. The value of parameters in Equation (19) for calculating different items is shown in Table 1.



Virtual Scenario


There is a one-way, single-lane highway with a length of 20 km. In the middle of the headway, there is a signalized intersection. On the side of the intersection entrance, there is a velocity limit change point A, which is 5 km away from the road starting point. On the side of the intersection exit, there is another velocity limit change point B, which is 15 km away from the road starting point. At points A and B, the velocity limit changes from 50 km/h to 100 km/h. At the intersection, the green light and red light alternately last for 1 min, and there is no yellow light. The velocity limit in the intersection is 20 km/h. The simulation results are shown in Table 2 and Figure 5.



According to Table 2 and Figure 5, the penetration of H-Vs and NE-Vs will affect their behind-vehicle’s car-following behavior and further influence the fuel consumption and exhaust emissions of these vehicles. Additionally, these impacts of the penetration of these two types of vehicles enhance with the increase of the penetration percentages of these vehicles. To be specific, when the penetration percentages are 50%, the fuel consumption and exhaust emissions reach their maximum values. Additionally, the impacts caused by the per-percentage increase of H-Vs are more significant than that of NE-Vs.






5. Discussion


To ensure the sustainable development of our society, it is necessary to enhance the traffic flow, ease traffic congestion and reduce fuel consumption along with exhaust emission. Car-following models are the theoretical basis for simulating traffic flow and estimating vehicles’ fuel consumption and exhaust emissions. In most of the previous car-following models, the type of vehicles is assumed to be homogeneous, which is inconsistent with reality. Some studies’ results reveal the subject vehicle will show different driving characteristics when following a H-V instead of a normal preceding vehicle [18,19,20,21,22,23,24,25,26,27,28]. Recently, NE-Vs, represented by the electric vehicle and the plug-in hybrid vehicle, are in large-scale applications. Due to the differences in dynamic architecture, the driving characteristics of NE-Vs are not the same as normal vehicles, which affects theirs behind-vehicles’ car-following behavior [37,38,39]. The contribution of NE-Vs to energy consumption and environmental protection has been proven. However, up to this point, there is no conclusion about the impacts of the penetration of NE-Vs on the car-following behavior of their behind-vehicles, and due to these impacts, the changes in fuel consumption and exhaust emissions of these vehicles. Accordingly, this paper explored the impacts of vehicle type, including NE-Vs and H-Vs, on car-following behavior, fuel consumption, and exhaust emissions through a “modeling-theoretical analysis-numerical simulation”. First, based on the analysis results in previous studies about the car-following characteristics affected by H-Vs and NE-Vs, an extended car-following model was proposed incorporating these characteristics. Second, applying the linear stability theory, the neutral stability condition was derived, and the platoon stability was discussed. Third, employing numerical simulation, the vehicle platoon’s car-following, traffic-flow operation and fuel consumption and exhaust emissions were simulated based on various constructed virtual scenarios. The results suggest that, compared with normal vehicles being the preceding vehicle of the subject vehicle, there are negative impacts of H-Vs and NE-Vs on the vehicle platoon’s car-following, traffic-flow operation, and fuel consumption and exhaust emissions, and these impacts will become more significant with the increase of the penetration percentages of H-Vs and NE-Vs.



Applying the linear stability theory, the stability condition of the vehicle platoon, which contains normal vehicles and H-Vs or NE-Vs, was derived, and, based on this, the neutral curves in the headway-sensitivity phase space were obtained. Then, the impacts of the penetration of H-Vs and NE-Vs as the preceding vehicle on subject vehicle platoon stability were analyzed. From Equation (17) and Figure 1, with the increase of  η  and    τ d   , the neutral curves continue to sink, which means that platoon stability is declining.  η  and    τ d    are respectively employed to represent the major impacts of H-Vs and NE-Vs as the preceding vehicle on the car-following behavior of the subject vehicle. The increase of  η  and    τ d    represents that the subject vehicle is more sensitive to the impacts of H-Vs and NE-Vs, and thus deviation of car-following behavior is greater, which will eventually cause the stability to decrease. Employing the numerical simulation means the vehicle platoon’s car-following, traffic-flow operation, and fuel consumption and exhaust emissions when the subject vehicle’s preceding vehicle is an H-V or a NE-V were simulated and analyzed. From Figure 2, the penetration of H-Vs and NE-Vs as the preceding vehicle will negatively affect the vehicle platoon’s car-following behavior. When dealing with the disturbance with the same scale, the deviation of the vehicle platoon’s operation from the ideal state is enlarging with the increase of  η  and    τ d   . These kinds of negative impacts are not only at the platoon level but also at the macro-traffic-flow level, which is consistent with the results of theoretical analysis. From Figure 4, the penetration of H-Vs and NE-Vs will lead to the deterioration of traffic flow operation, and these impacts will enlarge with the increase of the penetration percentages of H-Vs and NE-Vs. From Table 2 and Figure 4, the above negative impacts are also present in the aspect of vehicles’ fuel consumption and exhaust emissions, and these negative impacts also enlarge with the increase of penetration percentages. This result is consistent with that of the theoretical analysis and other numerical simulations.



It is noteworthy that as NE-Vs penetrate the system as the preceding vehicle, they affect the car-following behavior and the operation of traffic flow in a similar way as an H-V. However, compared with Figure 4a,b, the curvature of the corresponding color band (representing a volume value interval) in (a) is greater, which means that the negative impacts of H-Vs are more significant. This is also reflected in the overall effect. When the penetration percentages reach the maximum, the impacts of NE-Vs on the system are much less than that of H-Vs, and the deviation caused by NE-Vs of the system operation state from the ideal state is much less than that caused by H-Vs. This is consistent with the driving experience and previous research results, which confirmed that the performance of our proposed model is qualified when simulating the car-following behavior and traffic flow characteristics when the preceding vehicle of the subject vehicle is an H-V or a NE-V. Additionally, one issue needs to be pointed out. In Figure 4a, when the penetration percentages of H-Vs increase from 0% to non-0%, there is a rapid decline in the maximum volume of traffic flow. This is because, compared with a normal vehicle as the preceding vehicle of the subject vehicle in the ideal situation, the behavior of an H-V is significantly different, and the resulting impact is much greater. Thus, their penetration constitutes a disturbance, which leads to this phenomenon. The simulation of traffic flow characteristics is discussed as an example, but it should be pointed out that there are similar laws in those aforementioned impact characteristics.



In this paper, an extended car-following model was proposed by incorporating the behavior characteristics of the subject vehicle when following H-Vs and NE-Vs. Based on this model, the impacts of H-Vs and NE-Vs as preceding vehicles on platoon stability, platoon car-following behavior, traffic flow operation, and fuel consumption and exhaust emissions were explored with the utilization of theoretical analysis and numerical simulations. The research results can provide a new perspective and reference for understanding the impacts of the penetration of H-Vs and NE-Vs. However, the research can still be improved due to various limitations, which are:




	
The influence of model parameters’ value has been discussed in theoretical analysis and numerical simulation. However, calibration using field data is not carried out. Considering the absence of suitable field data and the difficulty in building such a data set, this limitation will be dealt with in one of our planned works.



	
There are parameters to represent different drivers’ sensitivity to the impact of H-Vs and NE-Vs in the extended car-following model proposed in this paper. Humans are typically a complex, heterogeneous groups, and various drivers’ reaction to the penetration of H-Vs and NE-Vs needs to be further explored.



	
The VT-Micro model proposed by Ahn was employed to calculate the vehicles’ fuel consumption and exhaust emissions. Although this model has been widely used, and the performance has been acknowledged, there will be a deviation between the calculated results and the real value due to the diverse vehicles that are put on the market. Despite that the VT-Micro model can be used to explore the difference and changes in fuel consumption and exhaust emission, further calibration works should be carried out.









6. Conclusions


In the V2X environment, the type of the preceding vehicle can be obtained by the subject vehicle. The impacts of the preceding vehicle’s type on car-following behavior have been analyzed and confirmed in some previous studies. According to this, an extended car-following model was proposed in this paper. Additionally, the impacts of two types of preceding vehicle (H-Vs and NE-Vd) on platoon stability, platoon car-following, traffic flow operation, and fuel consumption and exhaust emissions were explored with the utilization of theoretical analysis and numerical simulation. The results suggest that, compared with a normal vehicle, H-Vs and NE-Vs as the preceding vehicle will negatively affect the above aspects, and the impacts will enlarge with the increase of penetration percentages. Among them, the impacts of NE-Vs are less significant than that of H-Vs. The research results can provide a new perspective and reference for understanding the impacts of the penetration of H-Vs and NE-Vs on platoon stability, platoon car-following, traffic flow operation, and fuel consumption and exhaust emissions in the V2X environment. In the future, with the increasing penetration percentages of NE-Vs, the theme of this article will still be an interesting topic, which is worth further exploration. As for further research, more efforts are recommended to calibrate the parameters in the car-following models with large-scale field data and to analyze the traffic flow with nonlinear analysis methods.
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Figure 1. Neutral stability curves. 
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Figure 2. Propagation of disturbance with various parameters’ values. 
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Figure 3. Traffic flow simulation framework. 
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Figure 4. Traffic flow operation characteristics. 
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Figure 5. Total fuel consumption and CO/HC/NOX emissions of subject vehicles. 
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Table 1. Value of parameter in Equation (19) for calculating different items [56].
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	Fuel
	CO
	HC
	NOX





	    K  0.0  e    
	−0.679439
	0.887447
	−0.728042
	−1.067682



	    K  0.1  e    
	0.135273
	0.148841
	0.012211
	0.254363



	    K  0.2  e    
	0.015946
	0.030550
	0.023371
	0.008866



	    K  0.3  e    
	−0.001189
	−0.001348
	−0.000093243
	−0.000951



	    K  1.0  e    
	0.029665
	0.070994
	0.024950
	0.046423



	    K  2.0  e    
	−0.000276
	−0.000786
	−0.000205
	−0.000173



	    K  3.0  e    
	0.000001487
	0.000004616
	0.000001949
	0.000000569



	    K  1.1  e    
	0.004808
	0.003870
	0.010145
	0.015482



	    K  1.2  e    
	−0.000020535
	0.000093228
	−0.000103
	−0.000131



	    K  1.3  e    
	5.5409285 × 10−8
	−0.000000706
	0.000000618
	0.000000328



	    K  2.1  e    
	0.000083329
	−0.000926
	−0.000549
	0.002876



	    K  2.2  e    
	0.000000937
	0.000049181
	0.000037592
	−0.00005866



	    K  2.3  e    
	−2.479644 × 10−8
	−0.000000314
	−0.000000213
	0.00000024



	    K  3.1  e    
	−0.000061321
	0.000046144
	−0.000113
	−0.000321



	    K  3.2  e    
	0.000000304
	−0.000001410
	0.000003310
	0.000001943



	    K  3.3  e    
	−4.467234 × 10−9
	8.1724008 × 10−9
	−1.739372 × 10−8
	−1.257413 × 10−8
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Table 2. Average fuel consumption and CO/HC/NOX emissions of subject vehicles.
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	Preceding Vehicle’s Type
	Fuel Consumption (l)
	CO Emission (g)
	HC Emission (g)
	NOX Emission (g)





	H-V
	2.017177335
	26.17158259
	1.789599953
	3.313692018



	NE-V
	1.960355438
	25.1839757
	1.763911915
	3.265898383



	N-V 1
	1.894063225
	24.69017225
	1.71253584
	3.186242325







1 N-V is the normal vehicle.
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