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Abstract: The impact of the adaptive cruise control ( ACC)
system on improving fuel efficiency is evaluated based on the
vehicle-specific power. The intelligent driver model was first
modified to simulate the ACC system and it was calibrated by
using empirical traffic data. Then, a five-step procedure based
on the vehicle-specific power was introduced to calculate fuel
efficiency. Five scenarios with different ACC ratios were
tested in simulation experiments, and sensitivity analyses of
two key ACC factors affecting the perception-reaction time
and time headway were also conducted. The simulation results
indicate that all the scenarios with ACC vehicles have positive
impacts on reducing fuel consumption. Furthermore, from the
perspective of fuel efficiency, the extremely small value of the
perception-reaction time of the ACC system is not necessary
due to the fact that the value of 0.5 and 0.1 s can almost lead
to the same reduction in fuel consumption. Finally, the
designed time headway of the ACC system is also proposed to
be large enough for fuel efficiency, although its small value
can increase capacity. The findings of this study provide
useful information for connected vehicles and autonomous
vehicle manufacturers to improve fuel efficiency on roadways.
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power; fuel efficiency; energy; connected vehicle; automated
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uel consumption and emissions concerns are critical
F global issues. As the major sector in energy use, the
transportation system consumes about 60. 3% of oil""'.
Therefore, how to reduce fuel consumption by using in-
novative technology has become a hot research topic. The
adaptive cruise control ( ACC) system is the first driver
assistance system and mainly focuses on longitudinal be-
havior, which can maintain a selected velocity and shorter
safe time headway by braking and accelerating automati-
cally with a small perception-reaction time. In previous
studies, numerous researchers investigated the effects of
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the ACC system on traffic capacity and safety, and both
the positive and negative impacts were proposed”™™.
Nevertheless, few studies quantified the effect of the ACC
system on fuel efficiency. Due to the limitation of the re-
al ACC vehicles on roadways, it is impractical to analyze
a large number of ACC vehicles as well as acquire empiri-
cal data accordingly. Moreover, the lack of appropriate
estimation methods of fuel consumption also restricts the
investigation of researchers.

In fact, accurate quantification of fuel use has been a
hot research topic in recent years, and numerous estima-
tion models have been proposed at both macroscopic and
microscopic levels, such as MOBILE, EMFAC and
MOVES"™ . Due to the drawback of macroscopic models
in their application in transportation projects'”’, extensive
efforts have been made toward the development of micro-
scopic emission models. Most of the newly developed
microscopic models have used the concept of vehicle-spe-
cific power V"""

The relationship among traffic parameters ( speed,
grade, acceleration) and fuel efficiency is reflected by
V. Therefore, it is feasible to use V, to evaluate the fu-
el efficiency of ACC vehicles at the microscopic scale.
Moreover, as the application of the ACC system is a
gradual process, there will be a long period when road
traffic consists of ACC and non-ACC vehicles. Different
proportions of ACC vehicles will lead to distinct traffic
flow features and fuel efficiency impacts, both of which
should be particularly investigated. As a fundamental fea-
ture of connected vehicles and automated vehicles, the re-
sults of this study can also provide useful information for
intelligent vehicle design industries to reduce fuel con-
sumption on roadways.

1 ACC Model and Calibration
1.1 Development of ACC model

To model ACC vehicles, a method that modifies intel-
ligent driver model (IDM) by augmenting factors is pro-
posed by Kesting et al.'"" and used by numerous re-
searchers. The method is also used in this paper which
considered the perception-reaction time factor A, and the
safe time headway factor A,. The ACC model derived
from the IDM is as follows:
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where ¢, is the perception-reaction time, s; « is the maxi-
mum acceleration, m/s’; v is the speed of the following
vehicle, m/s; v, is the desired speed, m/s; s is the gap
distance between two vehicles, m; s, is the minimum gap
distance at standstill, m; T is the safe time headway, s;
and b is the desired deceleration, m/s’.

There are several advantages of the proposed ACC
model. First, this model was modified from the IDM,
which has been proven to be able to model longitudinal
driving behavior accurately. Therefore, the developed
ACC model can conform to people’s driving habits to
some degree. Moreover, the ACC model not only consid-
ers drivers’ behavior but represents the essential features
of this advanced driving-assistant system, the perception-
reaction time factor A, and the safe time headway factor
A;. Note that the two factors, the maximum acceleration
a and the desired deceleration b, proposed by Kesting et
al. """ are not modified. The reason is that the authors be-
lieve these two parameters are limited by the engine pow-
er of vehicles and the comfort of humans, which cannot
essentially be improved by the ACC systems. Finally,
another advantage is that the calibration of the proposed
model is simple. Although large scale experiments on a
production ACC vehicle are not practical, the ACC model
can be calibrated indirectly by determining the values of
parameters in the basic IDM with empirical data and by
adjusting the crucial factors A, and A, accordingly. It is a
reasonable alternative considering the lack of data on a
large number of real ACC vehicles.

st =8+ max[O, VAT +

(2)

1.2 Model calibration

In order to use the fuel efficiency indicator developed
by Song and Yu'"”! precisely, the IDM was first calibrated
using empirical data. The urban traffic data of the same
type of gasoline-fueled light-duty vehicle was collected on
Beijing Xi road in Nanjing during the peak hour from Oc-
tober 19 to October 23, 2009. 20 drivers participated in the
experiment and the vehicle was equipped with a high-pre-
cision GPS receiver and a digital laser rangefinder collected
a total of 6 306 records of trajectory data. All the trajecto-
ries longer than 15 s were selected as proper data. These
trajectory data include the position, the speed and the ac-
celeration of each vehicle at each second. The basic IDM
is calibrated with the second-by-second traffic data by min-
imizing the difference between the discrete traffic data of
observation and model estimation. The minimization ob-
jective function includes both the observed spacing head-
way and model estimated spacing headway, which is de-
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is the spacing headway of the observation;

obs

where Ax;
Ax;™(P) is the spacing headway of the model estimation;
B is the parameter vector needing calibrated; i is the se-
quence number of sample points; j is the sequence num-
ber of trajectory; n; is the total number of sample points
in the j-th trajectory; J is the number of trajectories used
in the model calibration for a certain participant; and g8"
is the calibrated parameter vector.

By minimizing the calibration error, the best parameter
value of the IDM is found, as shown in Tab. 1.

Tab.1 Calibrated values of parameters in the IDM

Model parameter Mean  Standard deviation
Desired speed v,/(m + s~ 1) 12.63 2.77
Maximum acceleration o/ (m - s%) 1.95 1.33
Desired deceleration b/(m - s*) 2.91 1.95
Minimum gap distance at standstill s,/m  1.94 1.30
Safe time headway 7/s 1.29 0.69
Perception-reaction time 7,/s 1.22 0.61

On the basis of the calibration values of the basic IDM
with empirical data, the ACC model can be determined
by setting the values of A, and A;. In this paper, the two
values A, f, and A, T are initially set to be 0.1 and 0.9 s,
respectively. The former value of 0. 1 s of modified per-
ception-reaction time is assumed to be the technical mini-
mum of ACC vehicles, and the latter one is set according
to the previous study of Kesting et al. "', in which A,
equals 0. 7. Furthermore, considering that the two factors
are crucial to the performance of ACC vehicles, the sensi-
tivity analyses of these factors are also conducted in simu-
lation experiments to investigate the impacts of different
factor values on fuel efficiency.

2 Fuel Efficiency Indicator and Simulation Ex-
periment

2.1 Fuel efficiency indicator

Vg 1s a proxy variable of engine load, W/kg. For a
typical light-duty vehicle, V, can be calculated as

Ve =v(1.1a+9.81g +0.132) +0.000 302V’ (5)

where v is the speed of vehicles, m/s; a is the accelera-
tion of vehicles, m/s*; and g is the vehicle vertical rise
divided by slope length, % .

A method that develops the relationships between sec-
ond-by-second speed and acceleration data with fuel effi-
ciency was proposed by Song and Yu'"' based on Ve s
which performs well in evaluating fuel efficiency in road
traffic. For the detailed process, one can refer to the pa-
per of Song and Yu'>"" " In this study, this process is
simply introduced in the following five steps:

Step 1  Calculate V, using second-by-second speed
and acceleration data. For a typical light-duty vehicle
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simulated in this paper, in which g is assumed to be O,
the value of Vg, can be calculated as

Ve =v(1.1la+0.132) +0.000 302+’ (6)

Step 2 Calculate V,, for each Vg, value in Step 1.

12,15-16 .
760 6 avoid ran-

Vi, is applied by numerous studies'
dom errors resulting from second-by-second data. V. is

calculated as

Voo =1 VVeeln-0.5,n+0.5) (7)

where n is the number of Vg, .

Step 3  Estimate the normalized fuel consumption rate
Ny for each V. . N, was proposed by Song and Yu'"
in which the average fuel consumption rates are divided
by the idling rate to eliminate the impacts of different en-
gine size, fuel type, and vehicle mass on absolute fuel
consumption rates. According to Song’s study ', 26
sampled light-duty vehicles consistently show that each
Vemin Matches a fixed Ny, equal to 1 in negative values,
and can be expressed by using the same power function of
V,, in the positive values. Song and Yu'"' believed that
the consistency of N, may be attributed to the similarities
in vehicles and technologies. Therefore, in this paper,
the same type light-duty vehicle is used to collect traffic
data on the similar urban roadway. The regression equa-
tion of N with Vg, in the positive part developed in Ref.
[12] is also applied in this paper, which is expressed as

Ny =1.71 (Vg ) ** (8)

The average N, can be calculated as

Ny = z TN, (9)

where i is the number of V.. ; N, is the average N ;
T, is the time fraction.

Step 4 Calculate the average normalized fuel factor
Ng.. The average N, for road traffic reflects the fuel con-
sumption per unit of time. However, in real networks,
the factor N,.., indicating the fuel consumption per unit
of distance is more practical and valuable. Therefore, the
average N introduced by Song and Yu'"™ is expressed as

NAFR

Ny =3 600 F

(10)
where N, is the average N.; V, is the average travel speed.

Step 5 Calculate the fuel efficiency indicator Fy, for
road traffic and F, is defined as

Nupr
F. =
1ON, MFF

(11)

where N, is the special constant calculated based on the
assumption that vehicles travel at the most efficient
speed. The speed reflects the normalized fuel consump-
tion per unit of distance in the most economic scenario,
and it is equal to 162. 5 according to Ref. [ 12]. By using

the above five-step process, a relationship can be estab-
lished between second-by-second data of each vehicle and
the fuel efficiency indicator.

2.2 Design of simulation experiment

The experiments of this research were based on the
simulation platform coded in Matlab software. The basic
IDM and ACC model calibrated in the above section were
used to model non-ACC and ACC vehicles, respectively.
Note that lane-changing behavior was not included in sim-
ulations due to the deficiency of proper models for lane-
changing in existing literature. Moreover, speed reduc-
tions related to fuel consumption on urban roads are main-
ly caused by car-following behavior instead of lane-chan-
ging. Then F was calculated based on the five-step
process to evaluate the impacts of ACC systems on fuel
efficiency. Five scenarios were tested with various pro-
portions of ACC vehicles including 0% -ACC, 10% -
ACC, 30% -ACC, 50% -ACC, and 100% -ACC.

The major section of Beijing Xi road was used to simu-
late the roadway section. The 3. 1-km roadway section
with three lanes in one direction was considered in simu-
lation experiments. Four intersections were simplified as
the factor to brake and accelerate vehicles, which led to
the speed variation of vehicles and fluctuation of traffic
flow. Moreover, the fluctuation can significantly show
the difference between ACC and non-ACC vehicles. Each
simulation lasted 0.5 h with a time step of 1 s. The first
five minutes were considered the warm-up period and the
traffic demand was set to be 800 pcu/(h - lane™"). For
each scenario, the second-by-second discrete speed and
acceleration data of each vehicles were generated and F,
was calculated by using the five-step process. The values
of F, were compared and discussed in the following sec-
tion and the sensitivity analyses were also conducted.

3 Results and Discussion
3.1 Impacts of ACC on fuel efficiency

F, indicates the average fuel efficiency of all the vehi-
cles on a roadway or a network, and the smaller the val-
ue, the more efficient the fuel consumption. The simula-
tion results of five scenarios are illustrated in Fig. 1.
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Five scenarios
Fig.1 FEI results of five different scenarios
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In general, compared with the 0% -ACC scenario, all
the other four scenarios with different ACC proportions
have smaller F; values. The result is in accordance with
previous study and is reasonable due to ACC vehicles
smooth traffic flow by accelerating and braking automati-
cally with a shorter time delay. The avoidance of abrupt
acceleration and deceleration reduces the fuel consumption
effectively. Furthermore, the ACC system has a smaller
F, with the increasing penetration rate of ACC. For ex-
ample, the scenario with 10% -ACC only reduces F by
3.92% compared with 0% -ACC, which indicates that
the small proportion of ACC in traffic can slightly im-
prove the traffic operation and fuel consumption. For the
100% -ACC scenario, however, the F value is reduced
by 11.58% . Note that the reduction of 11.58% 1is signif-
icant when fuel consumption of all the vehicles in the net-
work are summarized based on F,. With all the vehicles
on the roadway equipped with ACC systems, the traffic
operation will be improved significantly, and the redun-
dant fuel consumption of abrupt deceleration can be re-
duced effectively. The F of 30% -ACC and 50% -ACC
scenarios are also reduced by 8. 18% and 9. 01% , re-
spectively. This result is interesting since only 30% ACC
vehicles can also have relatively greater fuel consumption
benefits compared with 100% -ACC. In the future mar-
ket, it is difficult for all the vehicles to equip themselves
with ACC systems in a short term. However, keeping the
market penetration rate of ACC to 30% is feasible and ef-
fective, considering the relatively large reduction in fuel
consumption.

3.2 Sensitivity analysis of A, and A,

As shown in Fig.2(a) and Tab. 2, 100% -ACC sce-
nario with four different values of A ¢, are tested in simu-
lations compared with 0% -ACC scenario. It is clear that
the ACC vehicles with shorter perception-reaction time
have smaller F, values. The shorter time delays of vehi-
cles can reduce the variation of velocities and accelera-
tion, which consequently leads to fuel consumption ad-
vantages. The F, value is reduced by only 4. 19% with
A, t, of 1 s. The difference of perception-reaction time is
small compared with the 0% -ACC vehicles of 1.22 s.
However, ACC vehicles with A ¢, of 0.5 s can reduce the
F,, value significantly by 11. 27% . The F,, values of
ACC vehicles with smaller A, ¢,
pared to scenarios with a perception-reaction time of
0.5 s. As shown in Tab. 2, scenarios with A ¢t, of 0.1
and 0.3 s can reduce F,; by 11.58% and 11.40% , respec-
tively. The result provides useful information for vehicle
industries stating that the perception-reaction time of the
ACC system only needs to be of a relatively small value
to obtain relatively greater fuel consumption benefits.

A sensitivity analysis of A, is also conducted and

shown in Fig.2(b) and Tab.2. 100% -ACC scenario

decrease slightly com-
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Fig.2  Fy results with different parameters. (a) Perception-re-

action time; (b) Time headway

Tab. 2 F,, values of different perception-reaction time and
time headway
Awla AT
Item
0.1s 03s 05s 1s 1.2s 0.9s 0.5s 0.3s
Fy; .77 178 1.78 1.92 1.75 1.77 2.13 2.29
Reduction of
-11.58 —11.40 -11.27 -4.19-12.59 -11.58  6.04 14.08
Fu/%

with different AT values are investigated The results of
the non-ACC scenario is used as the basic line for com-
parison. The Fy; of non-ACC scenario is 2. The smaller
AT value represents the shorter time headway of ACC,
which can lead to larger capacity according to some re-
search. However, it is obvious that a shorter time head-
way of the leading and following vehicles can easily result
in rear-end collision and the abrupt deceleration of the fol-
lowing vehicle, which is not beneficial for fuel consump-
tion saving. The results are in line with the above analy-
sis. ACC vehicles with a large time headway of 0.9 and
1.2 s can reduce the F; values by 12.59% and 11.58% ,
respectively. For the scenarios with time A7 of 0.5 and
0.3 s, the F values are increased by 6.04% and 14.
08% , respectively. The result is crucial since the time
headway of the ACC system cannot be set to be very
small to increase capacity. The relatively large headway
is required from the perspective of fuel efficiency.

In the above simulation, there were four intersections
in the urban road. The number of intersections, however,
also has impacts on the result. Thus, another four scenar-
ios were considered, which assumed that there are three,
two, one and no intersections in simulations. The percep-
tion-reaction time and time headway were set to be 0.1
and 0.9 s. The sensitive analysis result of different num-
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bers of intersections are illustrated in Tab. 3. The non-
ACC scenario is also used as the basic line for compari-
son. With the increase of the intersection number, the re-
duction of F decreases apparently, from 21. 86% to
11.58% . This result is intuitively rational since ACC ve-
hicles decelerate more frequently when approaching more
intersections. This result also indicates that the green
wave design, which reduces the intersection number e-
qually, may be beneficial for fuel efficiency improve-
ment.

Tab.3 Reduction of different numbers of intersections

Number of intersections
0 1 2 3 4
-21.86 -19.70 -15.81 -13.54 -11.58

Item

Reduction of Fg/%

4 Conclusion

This study evaluates the fuel efficiency of ACC vehi-
cles on a roadway based on V,. First, the IDM was
modified to simulate ACC behaviors, and it was also cali-
brated by using empirical trajectory data. Then, Fj, was
calculated by the five-step process. Five scenarios, i.e. ,
0% -ACC, 10%-ACC, 30%-ACC, 50%-ACC and
100% -ACC, were considered in the simulation experi-
ments. Furthermore, sensitivity analyses were also con-
ducted to investigate the impact of different values of the
two key factors affecting perception time and time head-
way. The results show that, compared to the 0% -ACC
scenario, all the scenarios with different penetration rates
of ACC vehicles have a positive effect on reducing fuel
consumption. The Fj, value of 10%-ACC is reduced by
3.92% , while the values of 30% -ACC and 100% -ACC
scenarios are reduced by 8.18% and 11.58% , respective-
ly. The sensitivity analyses of A, and A, show that a smal-
ler perception-reaction time of ACC vehicles has better fuel
efficiency benefits, while on the contrary, a shorter time
headway can increase the fuel consumption.
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