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ABSTRACT1
In freight transportation systems, fuel consumption can be significantly reduced by means of heavy2
duty vehicle (HDV) platooning on highways. An HDV platoon refers to a group of HDVs with3
small intermediate distances enabled by the HDVs being equipped by sensors and controllers. It is4
of importance for transport authorities and industries to explore the effects on overall transport sys-5
tems by introducing HDV platooning. However, effects caused by HDV platoons in mixed traffic6
have barely been explored. In the present study, a simulation platform has been proposed to assess7
the effects of HDV platooning in real traffic conditions. The simulation platform is based on an8
open-source microscopic traffic simulator, SUMO. In the simulation, an HDV in a platoon is con-9
trolled by a proportional-integral-derivative (PID) controller for longitudinal behavior, taking into10
account the vehicle dynamics of HDVs. A case study has been carried out to evaluate the potential11
fuel reduction by adopting HDV platooning to a simulated highway network in Sweden. A stabil-12
ity analysis of the applied PID controller has been carried out and the effects on the HDV platoons13
themselves and on the other vehicles in the network have been investigated by the simulations.14
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INTRODUCTION1
The demand of freight transport is escalating together with the continuously growing economy2
in the world. The increasing number of trucks in the traffic leads to a higher usage of fossil3
fuel. It was reported that fuel cost constitutes approximately one-third of the total operational4
cost for heavy duty vehicles (HDVs) (1). Therefore, it is of high importance to promote energy-5
efficient operations for HDVs in traffic. Transport authorities, truck industries and researchers6
all over the world are currently looking for innovative strategies and technologies in traffic and7
fleet management to improve energy efficiency for freight transport. HDV platooning, also called8
convoy driving, is one of the most promising methods for reducing fuel consumption in freight9
fleets. In a platoon, a group of HDVs is equipped with radar, lidar sensors or cameras that can10
detect, and react to, the states of the vehicle in front so that they can drive safely at short inter-11
vehicle distances. The underlying idea is to reduce aerodynamic drag between vehicles by allowing12
a vehicle to lie close to its preceding vehicle. The air-drag reduction could significantly improve13
the energy efficiency for HDVs because, in real-world operations, approximately one-fourth of the14
total fuel consumption is due to air drag resistance (2).15

In practice, the HDV applies a longitudinal control system to adapt the speed according16
to the state of the preceding vehicle. Adaptive cruise control (ACC), is the most commonly used17
longitudinal control method, by which the following vehicle can automatically update its instan-18
taneous acceleration using the detected relative speed, distance gap and so on. ACC systems19
have recently advanced further with the aid of vehicle-to-vehicle (V2V) and even infrastructure-20
to-vehicle (I2V) communication. Cooperative adaptive cruise control (CACC) is an example of21
how to enhance ACC systems by taking advantage of V2V communication. With a cooperative22
approach, the following vehicle receives information about the states, including speed, accelera-23
tion, and position of other vehicles. Compared to ACC systems, CACC controllers could enable24
smaller inter-vehicle distances and make the platooning more stable and robust (3).25

Previous studies have shown that appropriate design of ACC/CACC systems enables sig-26
nificantly positive effects on the overall transport system, e.g. (4, 5). But most of the research27
efforts have been put on traffic flow of passenger cars. While advanced HDV platoon controls have28
been proposed, few studies have, according to our knowledge, investigated their effects in general29
traffic flow. Especially, most of the existing studies carried out experiments without considering30
the interactions between HDV platoons and other traffic. Thus, this study tries to model HDV pla-31
toons enabled by a proportional-integral-differential (PID) controller and evaluate fuel saving and32
traffic performance in simulated mixed traffic. For modeling HDV dynamics in traffic, a physical33
approach is included to model the acceleration capacity of an HDV.34

The outline of this paper is as follows. Section 3 presents an overview of relevant work35
followed by a presentation of the HDV platoon model, including the longitudinal control and ac-36
celeration models in Section 4. Section 5 gives a description of the traffic simulation framework37
that have been developed. Thereafter, a simulation case study is conducted to measure the cor-38
responding fuel and traffic performance in different scenarios and is presented in Section 6. The39
paper is concluded with a summary and future work in Section 7.40

RELEVANT STUDIES41
Recently, several research projects throughout the world have been, and currently are being, car-42
ried out to study the impacts of effects due to HDV platooning. Partners for Advanced Transit and43
Highways (PATH) have addressed many traffic-related research aspects concerning autonomous44
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vehicle systems. Recently, one of the research focuses has been directed towards studying fuel ef-1
ficiency and the potential of congestion reduction for HDV platooning (6). In the SARTRE project,2
HDV platoons are examined by Computational Fluid Dynamics (CFD), aerodynamic simulation3
and the IDIADA High-Speed Track. Both simulation and field study results showed that the op-4
timum gap distance is 6− 8 m at a speed of 85 km/h (7). In Japan, the ENERGY ITS project5
examined the effectiveness of HDV platooning. From the field test, they found that the energy6
savings are significantly improved by decreasing the inter-vehicle distance when the HDVs drive7
at 80 km/h (8). The most recent COMPANION project is not limited to pursue the efficiency of a8
single platoon, but rather to create a complete fuel-efficient freight transportation system (9).9

A more comprehensive study considering fuel consumption for HDV platooning was con-10
ducted by Lammert et al. (10). They summarized the effects of fuel consumption through field11
tests with two Class 8 tractor trailers in a platoon. Three speed levels, including 88.5 km/h (5512
mph), 104.61 km/h (65 mph) and 112.65 km/h (70 mph), have been tested. They found out that13
the best combination of speed and gap distance is 88.5 km/h and 9.14 m, respectively, in terms of14
fuel consumption reductions. Hellström et al. (11) proposed a fuel-optimal longitudinal control for15
HDVs. They proposed a look-ahead longitudinal controller capable of optimizing fuel consump-16
tion for HDV platooning. A similar study introduced a two-layer control system for look-ahead17
HDV platooning (12). Within this framework, HDVs drive with fuel-optimal speed profiles by18
considering the inclusion of real-time vehicle control and preview information.19

The recent research on HDV platooning mainly focuses on the effects for HDV platoons20
themselves. For example, Alam et al. (13) proposed a safety criterion between neighboring HDVs21
in platoons. The trail results showed that cooperative vehicle platooning is able to maintain a22
minimum relative gap of 1.2 meters at 90 km/h for two identical vehicles without endangering a23
collision. Some studies attempted to investigate the optimal approaches to merge and coordinate24
HDVs, e.g. (14, 15). To the best of the authors’ knowledge, few studies have investigated the25
effectiveness of HDV platoons in mixed traffic.26

HDV PLATOON MODEL27
This section presents the main components of the HDV platoon model, including a longitudinal28
control model and an HDV acceleration capacity model. Although more advanced optimal control29
approaches together with V2V communication have been proposed, e.g. by (16), this study mainly30
applies a relatively simple PID control approach that has already been used in industrial applica-31
tions (17). The later part of this section extends the longitudinal control by taking into account32
vehicle dynamics when modeling HDV acceleration.33

Longitudinal PID Control34
Without loss of generality, an HDV in a platoon can be defined as vehicle i and its preceding HDV35
is represented by vehicle i−1, as in Figure 1(a). The HDV platoon leader is defined as vehicle 0,36
and the number of HDVs in a platoon is n. Indeed, an HDV platoon can be modeled by a mass-37
spring-damper system in physics (18). Mathematically, this can be represented by a second-order38
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FIGURE 1 : Demonstration of HDV platooning (a) and the control design diagram of the PID
controller (b)

differential equation system1

miai(t)+bivi(t) = ui(t) for i = 1 · · ·n, (1)

vi(t) =
dxi(t)

dt
,

ai(t) =
d2xi(t)

dt2

where mi is the vehicle mass, bi is the damping effect coefficient, xi(t) is the longitudinal position2
for HDV i, and ui(t) refers to the control input of the ith vehicle. A PID control approach has3
been widely used in control engineering given that it has sufficient flexibility in yielding excellent4
results in industrial applications. In this study, the PID control is simply represented by5

ui(t) = µ
P
i

(
di−1,i(t)− τdvi(t)

)
+µ

I
i

(∫ t

0
(di−1,i(t)− τdvi(t))dt

)
+µ

D
i

(
vi−1(t)− vi(t)

)
(2)

where τd refers to the desired time gap; µP
i , µ I

i and µD
i are control parameters. di−1,i(t) denotes6

the inter-vehicle distance between vehicle i−1 and i, i.e.7

di−1,i(t) = xi−1(t)− xi(t)− li. (3)

li is the length of the HDV i. In application, a scale factor Ki is often introduced to map the control8
output properly. Figure 1(b) shows the control design diagram of the PID controller.9

String stability of a vehicle platoon is the foremost important issue in platoon control design10
given that unstable control easily leads to collisions in the platoon. Therefore, in order to derive11
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string stable control parameters, a stability analysis is necessary. Let us assume that the ith vehicle1
controls the headway distance by using only information from the immediate preceding vehicle.2
Gv

i and Gd
i denote the Laplace transfer functions of HDV speed and HDV inter-vehicle distance,3

respectively. Gv
i is denoted as4

Gv
i (s) =

vi(s)
vi−1(s)

, i = 2, ...,n, (4)

where vi(s) denotes the Laplace transform of vi(t). Thus, the transfer function from the leading5
HDV’s speed v0 to the tail-end vehicle’s speed vn can be expressed as6

vn(s) = Gv
1(s)G

v
2(s) · · ·Gv

n−1(s)v0(s). (5)

Similarly, the transfer function from the first inter-vehicle distance d0,1(t) to the last inter-vehicle7
distance dn−1,n(t) is expressed by8

dn−1,n(s) = Gd
1(s)G

d
2(s) · · ·Gd

n−1(s)d0,1(s). (6)

A string of n HDVs in a platoon is stable if the H∞-norm for speed transfer satisfy9

||Gv
i (s)||∞ ≤ 1, ∀i = 1,2, . . . ,n. (7)

This should also be held for inter-vehicle distance i.e.10

||Gd
i (s)||∞ ≤ 1, ∀i = 1,2, . . . ,n. (8)

Applying the Laplace transform to Equation 1, the following relation can be derived11

(mis+bi)vi(s) = (µP
i +µ

I
i

1
s
+µ

D
i s)di−1,i(s)− (τdµ

P
i + τdµ

I
i

1
s
)vi(s). (9)

Meanwhile, given that the inter-vehicle distance di−1,i(t) has the following relation with vehicle12
speeds13

ddi−1,i(t)
dt

= vi−1(t)− vi(t), (10)

the Laplace transform of inter-vehicle distance is written as14

di−1,i(s) =
1
s

(
vi−1(s)− vi(s)

)
. (11)

For simplicity, we consider a homogeneous platoon of HDVs with all control parameters15
and the mass are identical. Thus, the following transfer functions can be obtained from Equation 916
and Equation 11:17

Gv
i (s) =

s2µD
i + sµP

i +µ I
i

mis3 + s2(bi ++τdµP
i +µD

i )+ s(µP
i + τdµ I

i )+µ I
i
, (12)

Gd
i (s) =

s2µD
i + sµP

i +µ I
i

mi+1s3 + s2(bi+1 ++τdµP
i+1 +µD

i+1)+ s(µP
i+1 + τdµ I

i+1)+µ I
i+1

. (13)

Indeed, the two transfer functions are the same, given a homogeneous HDV platoon. How-18
ever, such longitudinal PID control only considers the speed and position of the HDV immediately19
ahead since they can be directly identified by vehicle sensors mounted. In an environment with20
V2V communication, the presented PID controller above can be further extended by including21
acceleration information and even states of the other HDVs in front.22
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FIGURE 2 : The change in air drag coefficient reduction with respect to relative distance in a
platoon. The reduction rates are from (19).

HDV acceleration capacity model1
It is common that the acceleration capacity for a vehicle is bounded by its limits on maximum2
acceleration and deceleration. In this study, they are modeled by taking HDV vehicle dynamics3
into account. While more detailed physical principles of vehicle dynamics have been presented in4
the previous literature, such as (20), let us start with the basic HDV dynamics derived by5

miai(t) = Ft,i(t)−Fb,i(t)−Fa,i(t)−Fr,i(t)−Fg,i(t), (14)

where Ft,i(t) and Fb,i(t), respectively, denotes the tractive force produced by the vehicle engine6
and the braking force of HDV i, Fa,i(t) is an aerodynamic drag force function of HDV speed7
vi(t) and the inter-vehicle distance di,i−1(t) and Fr,i(t) and Fg,i(t) are rolling resistance force and8
gravitational force of HDV i, respectively. The maximum acceleration amax

i (t) of HDV, letting the9
braking force be zero, can be calculated by applying the maximum tractive force. Let Fmax

t (t)10
denote the maximum tractive force and amax

i (t) is then given as11

amax
i (t) =

Fmax
t (t)−Fa,i(t)−Fr,i(t)−Fg,i(t)

mi
. (15)

The maximum tractive force model used in this study was proposed by Rakha et al. (21) as12
13

Fmax
t (t) = min{T (vi(t)), Tmax(t)}, (16)

where T (vi(t)) denotes the function of maximum tractive effort with respect to vehicle speed vi(t)14
and Tmax(t) represents the maximum tractive force according to vehicle mass on tractive axle.15
T (vi(t)) is computed by16

T (vi(t)) = ηt,i
Pi

vi(t)
(17)
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where ηt,i and Pi are transmission efficiency and the engine power, respectively. The other forces1
involved in Equation 15 are modeled according to (20). Note that the air drag force of an HDV is2
modeled by3

Fa,i(t) =
1
2

ρaCaAi(1−φ(si(t)))v2
i (t), (18)

where Ca denotes the air drag coefficient, ρa accounts for air density, Ai is the frontal area of HDV4
i and φ(si(t)) is the air-drag reduction rate with respect to the relative distance si for HDV i. si(t)5
can be represented by6

si(t) =
{

di−1,i(t) if i > 0,
d0,1(t) if i = 0. (19)

The value of the air drag reduction rate can be estimated from Figure 2. In terms of the other7
forces, the model details can be found in (20).8

SIMULATION OF MIXED TRAFFIC FLOW9
In order to evaluate the effects of HDV platoons in real traffic conditions, a simulation platform has10
been developed based on the SUMO traffic model (version 0.23.0), an open-source and discrete-11
time microscopic traffic simulator (22). The SUMO software includes tools and interfaces for12
modeling of traffic networks, defining different vehicle types and configuring basic models such13
as car-following and lane-changing models.14

The microscopic dynamics in SUMO are mainly determined by the interplay of car-following15
models and lane-changing models. A car-following model defines the speed of the following vehi-16
cle in relation to the vehicle ahead. SUMO implements a collision-free car-following model (23).17
Also, the simulated vehicles decide whether to change lane or not depending on a lane-changing18
model. The lane-change model in SUMO uses a 4-layered hierarchy of motivations for lane-19
changing behaviors, namely strategic change, cooperative change, tactical change and regulatory20
change. The implementation and theory details can be found in (24).21

In the developed platform, the HDV is added as a new vehicle type with its own behavior22
models programmed in a separate module. Especially, the acceleration capability model is added23
to limit the maximum acceleration that HDVs can apply. If the HDV is a platoon leader, the24
default longitudinal behavior logic in SUMO is applied when interacting with other traffic. The25
acceleration asumo

0 (t) of the platoon leader is determined by the safe speed vsa f e
0 (t), given as26

asumo
0 (t) =

max{0, vsa f e
0 (t)−aim

0 (t)∆t}− v0(t)
∆t

, (20)

where aim
0 (t) denotes the driver imperfection, modeled as27

aim
0 (t) = r ·amax

0 (t) ·ζ , (21)

in which r is a random number generated from a uniform distribution between 0 and 1 and ζ ∈28
[0,1] is an input parameter depending on the degree of imperfection. The safe speed vsa f e

0 (t)29
is computed by taking the minimum of the maximum speed and the speed using the vehicle’s30
maximum deceleration ability, represented by31

vsa f e
0 (t) = min

{
vl

0(t)+
x0(t)− vl

0(t)τ0

(v0(t)+ vl
0(t))/2amin

0 (t)+ τ0
,vmax

0

}
, (22)
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FIGURE 3 : Flow chart of simulation experiments by the HDV platooning platform.

where vl
0(t) is the speed of the vehicle (e.g. passenger car) ahead of the HDV platoon leader, x0(t)1

is the gap between the HDV platoon leader and the vehicle ahead, τ0 is the reaction time of the2
driver, and amin

0 (t) is the maximum deceleration. The acceleration a0(t) of HDV platoon leader is3
also bounded by its maximum capacity, i.e.4

a0(t) = min
{

amax
0 (t), max{asumo

0 (t), amin
0 (t)}

}
. (23)

The acceleration asumo
0 (t) of the HDV platoon leader is calculated by Equation 20 and amax

0 (t) is the5
maximum deceleration that HDV can apply. For example, if the leader is in car-following mode,6
the decision is based on the car-following model in SUMO. However, if the HDV is a platoon7
follower, it will use the PID control presented in Section 4.1. In particular, the instantaneous8
acceleration of an HDV in a platoon is calculated by9

ai(t) = min
{

amax
i (t),max{aPID

i (t),amin
i (t)}

}
, (24)
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TABLE 1 : PID control parameters used in traffic simulation experiments

PID control parameter Description Value Unit

m Vehicle mass 40,000 kg
µP Control parameter for proportional part 711 N/m
µ I Control parameter for integral part 3 N/ms
µD Control parameter for derivative part 39,000 Ns/m
b Damping effect 100 Ns/m

where aPID
i (t) is the acceleration generated by the PID controller, derived from Equation 14, and1

amin
i is the defined minimum acceleration. aPID

i (t) is computed by Equation 2 while amax
i (t) is2

computed by Equation 15. Since HDVs are restricted to drive on the rightmost lane, the lateral3
behaviors of HDV platoons are not implemented.4

The general process of simulating HDV platoons in mixed traffic flow is mainly illustrated5
in Figure 3. When the simulation is initialized, parameters for HDVs, longitudinal platoon control,6
traffic demand and vehicle composition are set according to user specifications. At each simulation7
step, vehicles are generated and inserted into the simulation according to a negative exponential8
distribution. Thereafter, the HDV platoon module calls the Traffic Control Interface (TraCI) to9
perform a one-step simulation in SUMO and HDV properties, including instantaneous speed and10
position, are sent back to the module. This data is used by the longitudinal controller to update11
the instantaneous HDV accelerations and, accordingly, TraCI updates the HDV states in SUMO.12
Before next simulation step is performed, the data is recorded in order to create vehicle trajectories.13
The communication process is repeated until the end of the pre-defined simulation period.14

EXPERIMENTS AND ANALYSIS15
PID control parameters16
Before traffic simulation experiments, the control parameters are determined so that the HDV17
platoon model is locally and string stable in traffic. A control analysis was carried out and the18
selected PID control parameters are presented in Table 1. A scale factor K = 4 is used in the19
control so that the PID controller maps the outputs properly.20

This section illustrates the stability analysis for different time gaps. Three different time21
gaps, 0.6, 0.8 and 1.0 seconds, are used in the experiments, and it is assumed that only homoge-22
neous platoons are formulated, meaning that all platoons consist of identical HDVs. The stability23
analysis and the following numerical study are conducted based on HDVs with a mass of 40 tons24
each. The speed transfer functions and inter-vehicle distance transfer functions are dervied us-25
ing the control parameters and desired time gaps of 0.6, 0.8 and 1.0 second respectively. The26
H∞-norms of the transfer functions are 1.000, satisfying the condition that the platoons are string27
stable for all of the time gaps 0.6, 0.8 and 1.0 seconds according to section 4.1.28

To verify the stability result above, numerical studies were carried out for platoons with29
time gaps of 0.6, 0.8 and 1.0 seconds. A harsh braking scenario was tested, where the speed reduces30
from 25 m/s to 10 m/s in 5 s, yielding a constant deceleration of −3 m/s2. Figure 4 illustrates the31
result with a platoon length of 10 vehicles. The platoon behavior depicted in Figure 4 shows that32
a speed change does not amplify for each vehicle throughout the platoon even if the time gap is33
reduced. Similarly, the inter-vehicle distance between the vehicles also converges to the desired34
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(a) HDV speeds and inter-vehicle distances with the desired time gap of 0.6 second

(b) HDV speeds and inter-vehicle distances with the desired time gap of 0.8 second

(c) HDV speeds and inter-vehicle distances with the desired time gap of 1.0 second

FIGURE 4 : Stability analysis for different time gaps

value given the desired time gap. Thus, the HDV platoon, enabled by the PID controller taking1
into account limitation on acceleration capacity, is considered as string stable.2

Computational experiment setup3
The traffic simulation experiment in this study is performed on a segment of the Swedish highway4
E4. It is part of the highway connecting Stockholm and Södertälje, which has been used as an HDV5
platooning testbed by Scania. Figure 5 shows the configuration of the simulated road network.6
The segment is 4.5 km long from Södertälje towards Salem. The segment is a three-lane highway,7
without any on- or off-ramps. A Motorway Control System (MCS) is deployed on the E4 which8
includes subsystems designed to inform and warn drivers and control their driving speed by using9
variable message signs mounted on gantries (25). Besides, each detector of the MCS measures the10
number of passing vehicles and the harmonic mean speed within one-minute time intervals. There11
are 14 gantries employed with MCS on the simulated road segment, marked in Figure 5. This12
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FIGURE 5 : Configuration of the simulated road network

study simulates a scenario where the speed limit signs change from 90 km/h to 70 km/h to 50 km/h1
due to an incident ahead, and then change to 70 km/h again, as seen in Figure 5. The simulation2
model has been previously calibrated using traffic data.3

Each simulation run performs 65 min, whereafter a warm-up period of 5 min is excluded.4
The warm-up segment is around 1 km long and shown in Figure 5. The simulation results were5
compiled from 10 simulation runs for each time gap. The total traffic flow, measured in passenger6
car equivalents (PCE), was 1600 PCE/lane/h, where one HDV is 3 PCE. All HDVs were driving7
in the right-most lane in platoons of two to five vehicles and HDVs constituted 12.5% of the total8
number of simulated vehicles, i.e. 480 HDVs per hour. Indeed, platoons of HDVs are formu-9
lated before entering into the network, and the detailed platooning operations (e.g. merging and10
coordination) are not considered in this study.11

The potential for fuel consumption reduction for HDV platoons is analyzed by setting dif-12
ferent desired time gaps. The fuel consumption model used in this study is based on a thermal13
engine based fuel consumption model, integrated with vehicle dynamics. Originally proposed by14
(26), this fuel model computes fuel usage based on thermal efficiency, mechanical efficiency on15
friction resistance as well as the motion of vehicle kinetics. The instantaneous fuel consumption16
for an HDV is computed by17

fi(t) =

{
fidle,i +

vi(t)
ηt,iεiH

Ft,i, if Ft,i > 0
fidle,i, otherwise.

(25)

where fi(t) accounts for the instantaneous fuel consumption of HDV i, fidle,i denotes the base18
energy consumption when HDV i is idling, εi denotes the thermal efficiency of engine for HDV i19
and H is the heat equivalence of the diesel fuel.20

In summary, Table 2 lists the parameters used for fuel consumption model. The HDV21
model parameters are in the light of a 480 hp Eu5 (DC1307) engine with a maximum torque of22
2800 Nm at 1500 rpm. The braking capacity is set to create a maximum deceleration of −3 m/s2,23
which is considered to be a harsh braking. In addition, the PID control parameters can be found in24
Table 1.25
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TABLE 2 : Fuel consumption model parameters used in traffic simulation experiments

Fuel consumption parameter Description Value Unit

ρa Air density 1.29 kg/m3

A Frontal area 10.26 m2

Ca Air drag coefficient 0.56 –
η Power transmission efficiency 0.94 –
P Engine power 358,000 W
µ Coefficient of friction between tires and pavement 0.6 –
fidle Base fuel consumption 0.59×10−3 kg/s
ε Thermal efficiency of engine 0.44 –
H Heat equivalence of diesel 44.8×106 J/kg

TABLE 3 : Average total fuel consumption in gram for HDVs and platoons with different time
gaps, in parenthesis the change in % compared to the platoon leader

HDV category Time gap 0.6 s Time gap 0.8s Time gap 1.0s

Platoon leader 668.90 671.23 726.82
HDV follower 1 608.35 (−9.05%) 614.94 (−8.39%) 613.20 (−8.26%)
HDV follower 2 534.32 (−20.12%) 571.74 (−19.85%) 563.95 (−19.05%)
HDV follower 3 509.05 (−23.90%) 549.14 (−23.46%) 545.01 (−22.69%)
HDV follower 4 490.13 (−26.73%) 528.71 (−25.79%) 525.87 (−24.33%)

Total average 562.15 567.20 572.70

Effects on HDVs1
A simulation evaluation of the effect of different time gaps on the fuel consumption of HDV pla-2
toons was performed with the previously described simulation setup. Three different inter-vehicle3
time gaps of 0.6 s, 0.8 s and 1.0 s were used. Table 3 shows the average HDV fuel consumption4
in gram for the three evaluated inter-vehicle time gaps. The total average is presented, as well5
as fuel averages for the HDVs on each position in the platoons. In parenthesis is the change in6
percent for the average fuel consumption of each position category of follower HDVs compared to7
the respective leading HDVs. A leading HDV can be seen as an HDV without platooning since its8
air drag reduction is relatively small. Thus, a reduction of at least 9% can be obtained by grouping9
HDVs into platoons in the simulated scenario.10

Besides, the data in Table 3 shows a decreasing fuel consumption when the time gap de-11
creases. However, the change is not significant. This can be understood by the fact that the air drag12
reduction is small, e.g. around 4% for the first HDV follower. The air drag force is around 20% of13
the total force on an HDV, making the reduction of the total force only 0.8%. However, if we look14
at the total average fuel reduction in absolute values, it is 10.55 g/HDV, yielding a fuel reduction15
of 5064 g/h if the time gap is changed from 1.0 s to 0.6 s. Therefore, 0.6 s was used when studying16
effects on other vehicles.17
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FIGURE 6 : Acceleration and jerk distributions for the other vehicles in the simulations

Effects on other vehicles1
This section will analyze the effects on the other vehicles (passenger cars) when HDVs are driving2
in platoons in the simulated network. Two different rates of HDVs, 12.5% and 25%, are tested.3
Acceleration is usually considered as a measure of safety while a jerk, which is the derivative of4
acceleration, is a measure of the comfortableness while driving. Figure 6 depicts the acceleration5
and jerk distributions for passenger cars with and without HDV platoons. The differences between6
the two acceleration distributions, with and without HDV platoons, are small no matter how many7
HDVs there are in the network. Similarly, regarding jerk distributions, slightly fewer values fall8
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TABLE 4 : Analysis of the effects on the other vehicles.

Platoon penetration rate Mean of average fuel consumption [g/km] Mean of throughput effect [%]

12.5% HDVs 25% HDVs 12.5% HDVs 25% HDVs

0% 69.17 71.75 -3.62 -4.31
50% 68.85 71.05 -3.51 -3.69
100% 67.46 69.71 -3.44 -3.59

in the range between −1 m/s3 and 1 m/s3 for the scenario with HDV platoons, but the difference1
can be negligible. Consequently, introducing HDV platooning does not undermine the mobility2
efficiency of the other vehicles on the highway.3

Besides, fuel consumption and throughput effects on the other vehicles are investigated.4
The fuel consumptions of passenger cars are computed by a microscopic emission model, Com-5
prehensive Modal Emission Model (CMEM) (27). CMEM estimates second-by-second tailpipe6
emissions and fuel consumption based on a physical, power-demand approach. The second-based7
vehicle data for passenger cars are recorded during the simulation. The throughput effect is repre-8
sented by the deviation between the throughput at the first-speed limit location (90 km/h) and the9
throughput of the whole network. Table 4 presents the analysis of fuel consumption and through-10
put effects on the other vehicles. It can be seen that the fuel consumption is reduced by increasing11
the HDV platoon penetration rates. Likewise, more vehicles can pass through the network when12
more HDVs are forming platoons instead of driving alone. Although the effects are small when13
increasing the penetration rate of HDV platoons, the trends become more apparent when more14
HDVs are in the network.15

CONCLUSION16
Although some studies have investigated the effects of HDV platooning, they mainly focus on the17
effects on the HDV platoons themselves. The present study not only examines the benefits of fuel18
saving brought by HDV platooning, but also the effects on the other vehicles present. A simulation19
platform has been proposed to mimic transport operations when HDV platoons are adopted in the20
road network. The proposed simulation platform is based on an open-source, microscopic traffic21
simulation software. The longitudinal behavior of the HDV platoons is manipulated by a PID22
controller. In addition, the detailed HDV acceleration capacity is modeled by taking the properties23
of HDV dynamics into account.24

A case study is carried out in a simulated network modeling a Swedish highway stretch.25
The string stability of the applied PID controller has been tested. The case study examined to26
what extent HDV platoons can contribute to energy efficiency in mixed traffic. The simulation27
results show that a fuel reduction of at least 13% can be achieved by introducing HDV platooning.28
Then, the effects on the other vehicles are analyzed based on simulation experiments. Based on29
simulation results, adding HDV platooning in the road network does not undermine the mobility30
efficiency of the other vehicles.31

The current study applies a relatively simple controller without including V2V information.32
For example, the acceleration information of HDV can be used to improve stability of the control.33
The simulation network in this study does not include any on-ramps and off-ramps. It is natural34
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to study the platoon operations (e.g. merging and disaggregation) in more complicated networks1
based on the implemented simulation platform. Also, the future work is also directed to a deeper2
analysis of traffic flow characteristics, e.g. traffic stability, and performance measures for traffic3
safety with varying penetration rates of HDV platoons.4
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