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Abstract

As a revolutionary technology, Connected and Automated Vehicles (CAVs) have great potential to
reduce traffic collisions, increase transportation system performance, and improve environmental
sustainability. This research aims to investigate the benefit or trade-off of CAVs on freeway capability,
fuel consumption, and emission. To fulfil this goal, the open-source traffic simulation software, SUMO
was used to model CAV fleets. This study conducted a sensitivity analysis on three variables, i.e., CAV
penetration, CAV time headway, and freeway speed limit. As expected, the simulation results justified
that the shorter the time headway is, the higher maximum flow can be achieved. Higher speed limit
contributes to a faster free-flow speed and a more substantial road capacity. While at the same time, it
weakens the stability of the flow. From the perspective of fuel economy and environment, a
recommended optimal time headway must be found.
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1. INTRODUCTION

Most current activities in intelligent transport systems (ITS) have centred on the technologies
and applications of Connected and Automated Vehicles (CAVs). CAV is a combination
definition of Connected Vehicle (CV) and Automated Vehicle (AV). It is a revolutionary
technology with great potential to reduce traffic collisions, increase transportation system
performance, and improve life quality. The Society of Automotive Engineering (SAE) classifies
AVs into six levels of driving automation according to the dynamic driving tasks performed by
the vehicle operating automation systems [1]. CAV is a vehicle with the ability to communicate
bi-directionally with other cars and infrastructures. CAVs connect through the vehicle to
vehicle (V2V) and vehicle to infrastructure (V2I) communication in a collaborative and
meaningful manner. The infrastructure is a centralized traffic management centre. The
comprehensive and timely information improves drivers' situational awareness and enhances
the safety and efficiency of operating vehicles.

Cooperative Adaptive Cruise Control (CACC) and adaptive cruise control (ACC) are
essential technologies towards fully automated driving. They can be used to simulate the
cruising behaviour of AVs and CAVs respectively to study how AVS/CAVs can beneficially
impact transportation systems [2]. At present, there is no consensus on the right value for the
headway of self-driving cars. By comparing the empirical data from simulations, Young and
Stanton found a striking increase in the reaction time under automated condition compared with
the manual driving vehicles [3]. They claimed that the automated vehicle drivers were less
anticipative of making an emergency reaction than driving manually. CAV developers
confronted a dilemma about the proper setting of safe time headway based on the driver's
response times [4, 5]. Oliveira et al. investigated how the driving behaviours of autonomous
vehicles influence trust and acceptance [6]. Olia et al. and Abdulsattar et al. simulated the CAVs
with a time headway of 0.5 seconds [7, 8]. While Berrazouane et al. used a large time headway
(even large than the conventional vehicles) to model an AV behaviour demonstrating that the
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preferred driving behaviour of AVs is still uncertain [9]. Therefore, it is important to do a
sensitivity analysis on time headway. which is one of the aims of our paper.

The speed limit of freeways varies from country to country. The speed limit has strong
impacts on the road network performance, especially when the times of CAVs arrives. Ye and
Yamamoto concluded that placing a higher speed limit for CAVs on the dedicated lane can
improve the performance of CAV specific lane [10]. Besides, the variable speed limit (\VVSL)
warning is an important technology to have better speed management under adverse weather
conditions on freeway [11]. Chen et al. proposed a speed guidance control which can improve
the efficiency and safety of traffic flow on the urban expressway [12]. With the improvement
of the safety performance of self-driving cars, it should become a trend to increase the freeway
speed limit. Therefore, studying the effect of different speed limits on CAV performance is
meaningful.

Various researchers examined the impacts of microscopic driving behaviour in AVs or
CAVs with the help of simulation as system dynamics simulation plays an essential role in
transportation planning [13]. Kavicka et al. proposed an agent-based architecture for simulating
the transportation system [14]. The car following parameters (e.g., headway, speed, penetration
rate) and their effects on road capacity were studied. In general, a shorter headway could boost
maximum throughput. Contrarily, an increasing time headway would lead to a decreasing road
capacity. Lower speed vehicles could contribute to the stability of vehicle flows. However, as
a consequence, they would cut down the bottleneck's capacity. What's more, the delay and travel
time would increase at the same time [15-17]. Some of these studies revealed that AVs
penetration rate in the intermediate (or even lower) range could result in a significant capacity
upgrade [15]. Talebpour et al. found the throughput and trip time stability were improved
considerably when the AVs penetration rate surpassed 30 % when AVs had a dedicated lane on
a four-lane freeway [16]. However, road capability increased marginally until the CACC ratio
surpassed 85 percent, according to Tientrakool et al. [18]. Lu et al. investigated the impacts of
CAVs on the urban road network by simulation on grid network and real-world city road
network. They found a 16 % improvement on road capacity with 100 % automated vehicle
scenarios [19]. Olia et al. found that the situation with the 100 % penetration of cooperative
vehicles could boost the highway capacity by 300 % [7].

Autonomous vehicles have two opposing effects on the environment. On the one hand, good
driving technology would reduce fuel consumption and exhaust emissions. On the other hand,
increased transportation demand would increase pollution in transportation [20]. The primary
aim of CAV technology is to improve traffic safety and make available better mobility services.
Though, CAV would predictably and significantly transform the transportation sector
environmental profile as well. Cao and Z6ldy evaluated the impact of CAV driving behaviour
in a roundabout on fuel consumption and emission reductions [21]. They summarized that
driving behaviour, effective of automation systems, roundabout physical parameters as well as
vehicle types played important roles in energy usage. Taiebat et al. classified the impacts of
CAVs on the environment into four levels, which are vehicle, transportation system, urban
system, and society levels. As for the vehicle level, operation, electrification, design, and
platooning could affect the vehicles' consumption and emission. This research focused on the
impacts of the vehicle behaviour. Greater driving efficiency might be obtained with CAVs
through an assortment of mechanisms, like, counting optimum driving cycle, dynamic system
optimum routing, less idling, reducing cold starts, and speed harmonization [22].

Fewer idling or less cold start could help decrease fuel consumption and reduce emissions.
Cold starts are significant causation of some air pollutants from the transportation area, for
instance, NOx, CO, and volatile organic compounds (VOCs) [23]. A few properties of CAVs
might lead to more energy waste. Radars, sensors, information exchanges, and high-speed
network connections need more auxiliary energy from cars, which exposes as extra noteworthy
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power draw and subsequently more fuel consumption. Power used in sensing, connectivity
units, and computing accessories could considerably change the CAVs energy efficiency.
Moreover, advanced protection in CAVs might bring about higher freeway speeds. Because
aerodynamic drag forces build up quadratically with speed, therefore, higher speeds bring about
higher energy waste above a certain threshold. For example, a velocity increasing from 70 to
80 miles per hour was announced to raise average power usage by 13.9 % per mile [24]. Even
though, it is convincing that improved security in CAVs can empower relaxation of speed limits
for freeways. In most countries vehicles are currently restricted to below optimal speeds, which
lead to some fuel conservations. This aspect gains less consideration in the literature.

The contribution of our paper is twofold. First, the shorter the time headway is, the higher
the maximum flow becomes. Reducing time headway in a certain range may result in lower
fuel consumption and emission. When the time headway lower than this range, the energy
consumption and emission increase sharply. From the perspective of fuel economy and
environment, a recommended optimal time headway must be found. Second, a higher speed
limit contributes to a faster free-flow speed and a more substantial road capacity. While at the
same time, it weakens the stability of the flow. The speed limit differs from country to country.
There are few papers investigate the CAV under different speed limits scenarios. This paper
provides an insight into the impacts of varying speed limits when it comes to CAVs.

The following is the outline of the paper. The theoretical preliminaries on the fundamental
diagram and the macroscopic variable calculate process are presented in Section 2. The SUMO
simulator environments, the AVs modelling technique, and the fundamental curve fitting
process are all discussed in Section 3. The core outcomes of the simulation experiment are
discussed in Section 4. Section 5 concludes with some closing remarks.

2. THEORETICAL FOUNDATIONS: MACROSCOPIC TRAFFIC FLOW
MODELLING OF FREEWAY TRAFFIC

The fundamental diagram is a well-acknowledged theory to characterize freeway traffic
dynamics in a macroscopic way. In this approach averaged traffic flow variables are considered
on a given road stretch, i.e., traffic density k (vehicles/lkm), space mean speed V(k) (km/h)
depending on k, as well as traffic flow Q(V(k)) (vehicles/h). The fundamental diagram of traffic
flow is selected to show the impacts on the freeway capability. The theory of fundamental
diagram includes three important relationships among the macroscopic variables, which are
flow-density, speed-density, and speed-flow. These three diagrams are related via the following
equation adopted from fluid dynamics.

Q(V(Kk)) =V (k) -k 1)

A wide range of diverse forms of fundamental diagrams are available in the literature [25].
One practical form of the fundamental diagrams (which well reflects the real-world
observations on freeways) is proposed by Newell [26], i.e., the triangular flow-density
relationship.

Q=min{v-k;w-(kj—k)},for0 <k <k 2

where v is free-flow speed, k is the vehicle density, w means the backward wave speed, as well
as kj stands for the jam density. The freeway link, in this paper, is assumed to follow the
kinematic wave theory with all lanes having the same free-flow speed v and the same backward
wave speed w, see Fig. 1. Qm is the maximum flow rate, and the corresponding density ke is
referred to as the critical density. From the other parameters, kj = Qm (1/v + 1/w) or k; = 1000/(ly
+minGap), the jam density can be estimated [27]. Here, Iy is the length of vehicle, and minGap
is the minimum distance between two consecutive vehicles. Within the triangular flow-density
relationship, the proportion of jam density k; to critical density kc is 1 + v/w, as shown in Eq. (3).
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In this study, the simulated traffic flow is in line with the kinematic wave theory and the
triangular fundamental diagram (FD) is applied. Cassidy et al. had verified that the triangular
fundamental diagram is applied to fit the data collected from the simulations on the freeway
test network [28].
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Figure 1: Triangular fundamental diagram.

3. SIMULATION BASED ANALYSIS TO ASSESS THE IMPACT OF
CAVS ON THE FUNDAMENTAL DIAGRAM

For realistic simulation based analysis an open-source, microscopic traffic simulation software,
the Simulation of Urban Mobility (SUMO), was applied. In a SUMO simulation, each car has
its route, and moves individually through the road network, with a variety of options for
introducing randomness. SUMO allows users to modify and control a wide range of parameters
concerning the cars, the road network, and the simulation during run time with its flexible
Matlab interface — TraCl4Matlab.

VSS based control section

v

T

Measured section

W,

Traffic entry section

100m
1

Figure 2: The simulated traffic network.

As shown in Fig. 2, a real-world network was selected for simulation based analysis. The
test network is a section of the European designation E60 (Hungarian highway M1) near
Herceghalom city. The base data for geometry, traffic flow, as well other road features were
gathered directly from the open database of Hungarian Public Roads.
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In this research, a sensitivity analysis was carried out investigating three parameters: time
headway, CAV penetration, and the speed limits to find their impacts on the FD, the throughput
of the highway, and the energy consumption and air pollution of vehicles.

The realization of CAV was accomplished through the parameterization of the vehicle
behavioural models which are the Krauss car-following model and the LC2013 lane-changing
models. The execution of different type of cars into SUMO simulation was realized by different
vehicle types definition (declaring sets of cars with the same parameters and performance in
transportation system).

In this work, 2 vehicle types were applied, which are human driven vehicles (HDV), and
CAV. The parameters are listed in Table I.

Table I: The constant attributes of the different vehicle types.

Vehicle | Acceleration | Deceleration | Speed limit Speed fact
type (m/s?) (m/s?) kmh) | ° () peed factor
80 - 200 with
HDV 2.6 45 an increment | 0.5 2 normc(1,0.1,0.2,2)
of 20 km/h
80 - 200 with 0.1-1.9 with
CAV 2.6 45 anincrement | O a0.2s normc(1,0.1,0.2,2)
of 20 km/h increment

The acceleration and deceleration are considered as constant for human driven vehicle
(HDV) and connected automated vehicle (CAV). Speed limit means the speed limit of freeway
for both HDV and CAV. It varies from 80 km/h to 200 km/h with an increment of 20 km/h.
Theoretical high speed limits are investigated. As the technologies are developing, a higher
speed limit may be possible in the future. The ¢ in SUMO is the driver imperfection for which
the value 0 denotes perfect driving. The CAV is assumed have the perfect driving behaviours.
The 7 is the minimum desired time headway of drivers. The time headway for HDVs is a
constant that equals to 2 seconds. The time headway for CAVs vary from 0.1 s to 1.9 s with a
0.2 s increment. The speed factor is used to model the desired driving speed variation. It
represents the driver's attitude towards the road's speed limit, by introducing a randomly
generated multiplier. The speed factor in this paper is a normal distribution which is given as
"normc(mean, deviation, minimum, maximum)" form. Using speed factor equals to "normc(1,
0.1, 0.2, 2)" brings a velocity distribution where 95 % of the cars driven between 0.8 to 1.2
times of the allowed speed limit.

A full fundamental diagram (FD) should be built at each observed speed limit to realise the
intentions stated at the start of this part. Relevant data were collected from the measured section
in Fig. 2. The collected data are mainly the volume of vehicles on the measured segment as well
as their average velocity. The traffic flow increased up continuously till the maximum road
network capacity. Then an outside factor was applied to destabilise the flow. After multiple
tests, the Variable Speed Signs (VSS) based traffic flow interference was chosen as it was the
most reliable way to simulate full FDs. The length of the measured edge is 1033.12 m, and it
has two lanes, as shown in Fig. 2. Data is being collected every ten simulated seconds and was
valid for the given time step (0.1 seconds). The nominal traffic flow was set based on the
Hungarian Public Road's real world measurement.

In order to obtain a full FD, the simulation began with a low flow rate of traffic. The cars
were introduced with Poisson distribution to guarantee randomization of the simulations. After
planned periods, the vehicle flow increased up until reached the network's peak capacity. And
then, the determined flow control program, VSS, was triggered to generate growing amounts
of barrier on the road network, until the simulation reached a near grid-lock state. At this time,
the interference terminated, and the flow started to release. When the jammed traffic flow
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disappeared, this simulation completed. Subsequently, a new simulation began with higher
CAV penetration. Fig. 3 shows the automatized simulation process of the work. The simulation
was operated under three levels of nested loops. The variables of three-level loops from inside
to outside are time headway (z), CAV penetration (pene), and speed limit (SL). The time
headway of CAV starts at 1.9 s and goes down to 0.1 s with a 0.2 s step length. The middle loop
changes CAV penetration rates starting from 0 % to 100 % with a 10 % increment. The outer
loop defines the speed limit of the simulation, starting from 80 km/h with an increment of 20
km/h to 200 km/h. The simulation started with the scenario where the speed limit equals 80
km/h, CAV penetration is 0 %, and time headway equals 1.9 s. After different time headway
scenarios simulated, the simulation goes on with the next predefined CAV penetration and reset
the time headway to be 1.9 s. After running a full penetration range, the simulation goes on with
a higher speed limit. The CAV penetration is reset to 0; time headway to 1.9 s. This procedure
repeats until the outer loop finishes, which means all scenarios are simulated.

SL = SL + 20km/h
Pene =0
7=1.9s

Yes
Pene = Pene + 20%
7=1.9s

No
Pene <= 100%

Run simulation

End

Figure 3: The automatized simulation process.

4. SIMULATION RESULTS

To qualify the impacts of CAV penetration, reaction time variation, and speed limits, different
simulation scenarios were carried out. The freeway capability and environment impacts were
investigated.
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4.1 Impacts of CAVs on freeway capacity

The general aim of this research is to do the sensitivity analysis on time headway, CAV
penetration, and the speed limits to investigate their impacts on the freeway capability and the
fuel consumption and emissions of vehicles. In this paper, the fundamental diagram is used to
estimate the capacity of freeways.
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Figure 4: Fundamental diagram of a simulation (penetration = 40 %, r = 1.1 s, speed limit = 80 km/h).

Fig. 4 shows the fundamental diagram of one of the simulations when the CAV penetration
is 40 %, CAV time headway is 1.1 s, and the speed limit is 80 km/h. They show the fundamental
diagram's typical shape, shared between all other simulation scenarios. From the flow-density
relationship, one can see that the simulations have a triangular fundamental diagram. Therefore,
a triangular fundamental diagram model was chosen to fit the collected data. The capacity of
an edge is defined by the maximum vehicle number that passes the network per hour. It can be
defined as the product of the traffic density and the state mean speed [29]. In this paper, the
maximum traffic flow is calculated to indicate the practical capacity of the road.

Fig. 5 depicts the flow-density relationship of the simulations when the speed limit is
80 km/h and CAV penetration is 60 %.

The impacts of time headway on the FD
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Figure 5: Flow-Density relationship changes with

Figure 6: The triangular fundamental diagram

time headway. parameters change with the time headway.

The time headway of CAV varies from 1.9 sto 0.1 s. It is obvious that the maximum flow
is increasing with the decrease of time headway. As the time headway decreases, the points at
the maximum flow rate become more and more scattered. Therefore, reducing the time headway
is a double-edged sword. On the one hand, it increases the capacity of the road, on the other
hand, it reduces the stability of the traffic flow.
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Fig. 6 reveals the values of the fitted fundamental diagram. The free flow speed v is
relatively stable. The wave speed w increases substantially with a shorter time headway. The
maximum flow volume increases when the time headway becomes shorter.

Fig. 7 shows the impacts of CAV penetration rate on the flow-density relationship when the
speed limit is 80 km/h and time headway is 1.1 seconds.

The impacts of CAV penetration on the FD
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Figure 7: Flow-Density relationship changes Figure 8: The triangular fundamental diagram
with CAV penetration. parameters change with the CAV penetration.

Obviously, with the gradual increase in the CAV penetration, the maximum flow is also
rapidly augmenting. However, when the penetration rate is less than 40 %, the advantage is not
so apparent. This observation is in line with the results of [17, 30]. The highest traffic flow of
pure CAV scenario is almost twice that of pure traditional vehicle scenario. Fig. 8 depicts the
changes of fitted triangular fundamental diagram parameters. The free flow speed v almost
keeps the same. On the contrary, the wave speed w rises sharply. The maximum flow also
increases drastically when there are more and more CAVs on the road.

Fig. 9 reveals the variation of the observed maximum traffic flow with CAV penetration
and time headway. From the impact of traffic flow, the shorter the time headway and the higher
the market penetration is, the better the road performance becomes.

Changes of Maximum Flow

Maximum flow(veh/h)
.
8
o
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Figure 9: Maximum flow changes.

Table 11 shows the observed maximum flow volume changes with different CAV
penetration and time headway. The unit of the maximum flow is veh/h. The simulations with
0 % of CAV penetration rate are treated as the baseline in this research. As the CAV penetration
rises, the maximum flow volume grows as well. The shorter the time headway is, the higher the
growth is.
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Table 11: Maximum flow changes along with the CAV penetration and time headway.
Penetration 19s 17s 15s 13s 11s 09s 0.7s 05s 0.3s 0.1s
0% 1559 1570 1587 1558 1562 1567 1580 1566 1566 1565
10% 1580 1593 1656 1657 1672 1746 1740 1702 1833 1763
20 % 1609 1640 1659 1718 1733 1814 1809 1902 2005 2029
30 % 1622 1663 1713 1793 1871 1896 1957 2011 2053 2323
40 % 1610 1672 1724 1773 1855 2004 2241 2153 2470 2589
50 % 1611 1700 1774 1954 1991 2258 2406 2413 2492 3259
60 % 1615 1693 1789 1984 2138 2279 2600 2762 3075 3218
70 % 1623 1731 1894 2092 2103 2549 2606 3016 3458 3831
80 % 1627 1754 1935 2102 2282 2604 2936 3510 3978 4596
90 % 1663 1780 1962 2163 2471 2877 3273 4144 | 4606 5160
100 % 1650 1817 2008 2231 2548 2960 3519 4331 5506 6257

The speed limit has a direct impact on the free flow speed. With a higher speed limit, the
value of free flow speed v is expected to increase. As a representative example, consider Fig. 10
and Table Il which display the simulation results with 1.1 s time headway and 50 % penetration
rate for CAVs. In Fig. 10, the scatter points represent the collected data from the simulations.
The solid lines are the fitted triangular fundamental diagrams. Fig. 10 reveals the free flow
speed and road capacity increase when the speed limit gets higher. When the speed limit is
higher than 160 km/h, the measured points around the critical density are more scattered.
Therefore, in order to maintain the stability of the flow around the critical density, the speed
limit should not exceed 160 km/h.

The Impacts of Speed Limits on the MFD
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Figure 10: The impacts of speed limit on
fundamental diagram.

Figure 11: The triangular fundamental diagram
parameters change with the speed limit.

As shown in Fig. 11, the free flow speed v increases with a higher speed limit. However,
the value of w, the backward wave speed, remains almost the same while the speed limit varies.
From Eq. (3), it is easy to derive that the critical density k. moves to the left hand side slightly
when the speed limit increases. This is consistent with the result observable in Fig. 10 where
the maximum traffic flow shows a growing trend, but the maximum difference is only
284 veh/h.

4.2 Impacts of CAVs on fuel consumption and emissions

In the simulations, it is assumed that the travel demand remains the same when CAV penetration
increases. The aggregate fuel consumption and CO> during a whole simulation are investigated.
The emission model used in the simulation was HBEFA3. For simplicity, the emission class for
all vehicles was gasoline driven passenger car of European emission standards 5. Fig. 12
indicates the aggregate fuel consumption over the entire simulation when the speed limit is
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80 km/h. When the CAV time headway is 1.1 seconds, the consumption does not change much,
no matter what the CAV penetration rate is.
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Figure 12: Fuel consumption changes. Figure 13: CO2 emission changes.

However, when the time headway less than 0.5 seconds, fuel consumption increases sharply
with the rise in CAV penetration. The all HDV scenarios serve as the baseline. From Fig. 12,
one can observe that when time headway is longer than 0.5 seconds the aggregate fuel
consumption drops with the increase of CAV penetration. When the time headway becomes
shorter than 0.5 seconds, there will be more frequent braking and starting and more changes in
velocity, especially in traffic jams. As mentioned in the introduction, breaks, starts, and velocity
variations may contribute to increasing fuel consumption. From the perspective of reducing fuel
consumption, 0.5 seconds is the lower recommended limit of the time headway setting for
CAVs.

The results of CO> emission share a similar shape with the fuel consumption. Fig. 13
indicates the aggregate CO. emission during the whole simulation. When the CAV time
headway is under 1.1 seconds, the emission does not change much no matter what the CAV
penetration rate is. However, when the time headway is less than 0.5 seconds, carbon dioxide
emissions increase sharply with the increase of CAV market share. The all HDV scenarios serve
as the baseline. From Fig. 13, one can see that when time headway is longer than 0.5 seconds
the aggregate CO> emission is dropping with the increase of CAV penetration. From the
perspective of reducing carbon dioxide emissions, 0.5 seconds is the lower limit of the time
headway setting for CAVs when speed limit is 80 km/h.

5. CONCLUSION

This paper carried out a sensitivity analysis on time headway, CAV penetration, as well as the
speed limits. The impacts on freeway traffic flow, fuel consumption, and emission have been
investigated. As shown in the result section, the free flow speed v is relatively stable when
CAVs penetration and time headway changes. The wave speed w increases substantially when
the time headway becomes shorter. Furthermore, it can be concluded that the shorter the time
headway is, the higher the maximum flow becomes. At the same time, fuel consumption drops
with the increase of CAV penetration when the CAV time headway is longer than 0.5 seconds
when speed limit is 80 km/h. On the contrary, when time headway is shorter than 0.5 s, fuel
consumption and CO2 emission increase sharply while CAV penetration increases. Therefore,
reducing time headway in a certain range may result in lower fuel consumption and emission.
When the time headway lower than this range, the energy consumption and emission increase
sharply. Consequently, a recommended optimal time headway should be found to balance the
CAVs' impacts on the road capacity and fuel consumption. The speed limit directly influences
the free-flow speed. As speed limit rises, free-flow speed and road capacity do the same as well.
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As shown in the result section, the maximum flow increases with the enlarged speed limit in
the analysed scenario. However, when the speed limit is higher than 160 km/h, the measured
points around the critical density are more scattered around with the speed limit's rise. A higher
speed limit contributes to a faster free-flow speed and a more substantial road capacity. At the
same time, it weakens the stability of the flow. In the future, with the optimization of CAV
performance and increasing the speed limit might be an effective method to improve the
expressway capacity.
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