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Abstract

The environmental impact of connected and autonomous vehicles (CAVs) is still uncertain. Little
is known about how CAVs operational behavior influences the environmental performance of
network traffic, including conventional vehicles (CVs). In this paper, a microscopic traffic and
emission modeling platform was applied to simulate CAVs operation in Motorway, Rural, and
Urban road sections of a medium-sized European city, assuming different configurations of the
car-following model parameters associated with a pre-determined or cooperative adaptative
behavior of the CAVs. The main contribution is to evaluate the impact of the CAVs operation on
the distribution of accelerations, Vehicle Specific Power (VSP) modal distribution, carbon dioxide
(CO,) and nitrogen oxides (NOx) emissions for different road types and Market Penetration Rates
(MPR). Results suggest CAVs operational behavior can affect CVs environmental performance
either positively or negatively, depending on the driving settings and road type. It was found
network-wide CO; varies between savings of 18% and an increase of 4%, depending on the road
type and MPR. CAVs adjusted driving settings allowed minimization of system NOx up to 13-23%
for MPR ranging between 10 and 90%. These findings may support policymakers

and traffic planners in developing strategies to better accommodate CAVs in a sustainable way.

Keywords: Car-following adjustment parameters, connected and automated vehicles, driving
behavior, microsimulation, pollutant emissions.

1. Introduction

URBAN population growth and the challenges related to climate change are important
reasons to move towards a more sustainable transport system. In Europe, road transport is
responsible for more than 70% of total carbon dioxide (CO2) emissions, with passenger cars
being the major contributor [1]. Despite recent technological and emission standard regulations,
last data showed emission reductions from road transport have been lower than originally
anticipated, partly because of the growth in transport demand [2]. For certain pollutants, such
as nitrogen oxides (NOx), there has been an increase associated with diesel vehicles [2].
Furthermore, according to the International Energy Agency, consumers are buying ever larger
and less fuel-efficient cars such as Sport Utility Vehicles - SUVs [3]. The European Environment
Agency (EEA) reported that average CO, emissions from new passenger cars registered in the
European Union (EU) increased again in 2019 [4].

Moreover, an increasing preponderance of plug-in hybrid cars in electric car sales and
the corresponding decrease in the share of 100% electric cars are being observed. Even in
optimal test conditions, PHEV emissions are 28-89% higher than advertised [5]. In 2019, hybrid



electric vehicles (HEV) represented more than 55% of alternatively-powered vehicles sold in the
EU and 6% of new-car registrations [6]. Overall, vehicle tailpipe emissions above standards are
associated with almost 40,000 deaths globally in 2015, including approximately 10% of all ozone-
related premature deaths in the European Union [7]. Thus, road transport continues to play an
important role in climate change and human health impacts.

Significant change lies ahead for the transport sector due to the deployment of
cooperative intelligent transport systems (C-ITS) and progressive implementation of vehicles
with an increasing degree of autonomy. These technologies are expected to improve the
transport system’s performance and reduce human errors [8], [9]. Eventually, automated
operational and strategic systems can be implemented to reduce negative environmental
impacts by impacting the surrounding conventional vehicles (CVs). Since connected and
automated vehicles (CAVs) will inevitably share the roads with CVs for a long period, it is timely
to study the network-wide potential impacts of different market penetration rates (MPR) of
CAVs [10]. By operating under optimized driving behavior settings for different road types,
pollutant emissions as CO,, associated with climate change impacts, and NOx emissions
associated with air quality and health impacts may be minimized. Therefore, the goal of the
present study is to examine CAVs operational behavior influence in the system-wide
environmental performance. The innovative nature of the study relies on the testing of several
possibilities that could be used in future logic controls for CAVs, assuming i) an expected
configuration available in previous studies; and ii) an optimized driving behavior to minimize
NOx emissions in an urban context. Based on a microsimulation platform, the operational impact
of CAVs is examined through a detailed analysis of the kinematics (e.g., acceleration) and Vehicle
Specific Power (VSP) patterns, and pollutant emissions of the different categories of vehicles
circulating in the network.

The remainder of this paper is organized as follows. Section Il introduces previous
research in what respects the simulation of CAVs driving behavior on mixed traffic road systems
followed by the impact of CAVs operation on network efficiency and environmental
performance. This section finishes by outlining the main research gaps. Section lll is devoted to
describing the methodology used to address the answers to the proposed research questions.
In Section IV, results obtained using the simulation-based framework applied to three different
road types are presented and discussed for different MPR of CAVs. A detailed analysis of the
urban road case is given, and some consequences of the methodological approach are
addressed at the end of Section IV. The last section ends with concluding remarks, paper
contributions, and future research directions (Section V).

2. LITERATURE REVIEW
2.1 ASSESSING CAVS DRIVING LOGIC IN MIXED TRAFFIC FLOWS

The increasing interest in capturing the effect of the different driving logics between CVs
and CAVs has heightened the need for detailed studies on vehicles interaction [11]. Most studies
rely on simulation-based frameworks due to the lack of CAVs real-world data ([12]-[13]).
Nevertheless, there have been proposed some empirical studies based on pilot assessments
with very limited empirical data and relying on platoon compositions. For instance, in [14],
controllers were developed to achieve significant reductions in inter-vehicular gaps. These were
tested in a platoon of four vehicles on a highway and results showed improvements in response
time, highway capacity, and traffic flow stability. In [15], empirical experiments with a platoon
of low-level automated vehicles were conducted, mainly focusing on the interaction of the
platoon in traffic. It was found that the benefits of the platoon strongly depend on the traffic



conditions and that for low-level automated vehicles large platoons turn to cause instabilities in
the car-following behavior. Driving interactions between automated vehicles and CVs were
explored in [16] through an experimental study focusing on platoon car-following behavior.
Simulation results for a MPR of 50% showed CVs could drive closer to automated vehicles.
However, to develop a robust model of the interactions more empirical data are needed. In [17],
field experiments using a single autonomous vehicle were conducted to assess its introduction
effects to dampen traffic waves on a circular ring with several CVs. In the CoExist Project [18],
CAVs were modeled based on data from a pilot case which were used to calibrate car-following
models under the VISSIM [13] traffic simulator environment.

2.2 IMPACTS OF CAVS ON NETWORK EFFICIENCY

It has been shown that CAVs can significantly improve safety [19]—[21], traffic efficiency
[22]-[24], traffic flow stability [11], and air quality [17], [25]. A recent comprehensive study has
shown that it is important to take an adaptive approach to autonomous vehicles concerning the
environmental impact. Its deployment can bring emission reductions or be a disaster, which will
deeply depend on public policies [26]. At the operational level, CAV technologies are expected
to improve fuel economy [27] and reduce emissions per unit of distance thanks to fewer stop-
and-go movements [28] and due to more gradual acceleration and deceleration patterns [29].
Due to its lower reaction time compared to CVs, an increase in road capacity is expected due to
short following distances [30], [31]. It has been shown that for freeway corridors with dedicated
lanes for CAVs, benefits can be obtained in terms of the overall corridor performance metrics
with increasing penetration rates up to 50%. However, it deteriorates considerably after these
values [32]. In fact, the effects on vehicle miles traveled from various CAV technologies are not
clear. Some studies highlighted induced demand for personal automobile travel [33], due to
empty trips, migration effects from other modes of transport, and potential low costs [34], [35].
Nevertheless, incorporating shared driverless cars can significantly reduce the total travel
demand [33], [36] and annual vehicle distances traveled [37], [38]. With the introduction of
CAVs, an improvement in traffic can be expected through more efficient driving, congestion
relief, better accident prevention with a reduction estimated to be around 90%, as well as a
reduction in fuel consumption, energy, and pollution up to 40% [20], [21]. Previous research has
shown that a reduction of 12-17% in fuel use can be achieved when a CAV is trailing a lead vehicle
with the specific objective of minimizing accelerations and decelerations [39]. A study conducted
in the United States (US) showed reductions between 30 to 45% due to transitioning from CV to
CAV fleets [40]. It was recently demonstrated that CAVs introduction could lead to significant
progress towards EU emission targets, even for lower MPR and a decrease up to 19% on CO,
emissions can be achieved in a 100% CAVs scenario [41]. Nevertheless, the projected
environmental benefits of automation are not deeply understood yet, and various studies have
highlighted some concerns, which reinforces the need for thoroughly exploring the influence of
CAVs gradual introduction in the road infrastructures. For instance, automated vehicles could
reduce traffic speeds and force the engines to work in less efficient spaces, which yield an
increase in emissions [42] and may deteriorate the network performance [43]. Recently,
research on the impacts of automated and cooperative systems in mixed traffic showed that
CAVs could lead to higher fuel consumption and emission levels because of sharper
accelerations of CAVs compared to CVs [43]. It was also shown automated vehicles generate the
highest CO, emissions values per kilometer and CAVs generate more absolute emissions during
peak-hours due to increased network capacity.



2.3  SIMULATION OF CAVS OPERATION

Considerable research efforts have been devoted to understanding how driving
behavior parameters of CAVs affect infrastructure capacity, energy consumption, and emissions.
Traffic-modeling parameters are rarely tested against real data for two reasons: first, data is not
widely available, since car industry manufacturers have very restrictive data sharing policies; and
second, technology is still under development [44], [45]. Some specific models have been
proposed to reflect CAVs driving behavior. For instance, in [46], a uniform local platoon for
stability analysis of CAV mixed-flow was proposed. It was simulated on a highway segment. The
VT Micro and the VSP models were used to estimate emissions. Considering different MPR of
CAVs, results show reductions ranging between 15 and 46% can be obtained for fuel
consumption and emissions (carbon monoxide (CO), hydrocarbons (HC), and NOx), following an
increasing trend with MPR. In [47], a comparison of CVs simulated using the Wiedemann99
model, with CAVs simulated using the MIXIC algorithm [48] was conducted in the
microsimulation tool VISSIM for a highway section. The emissions were estimated by MOVES.
Reductions in the NOx emissions were around 3% and a slight increase was found for CO,. In
[49], CAVs were simulated under different MPRs and traffic demands in an urban center using
the E2ECAV algorithm. Network-wide emissions reductions were higher as the MPR and travel
demand increases, reaching savings around 39% in Greenhouse Gases (GHG) emissions and 10%
in NOx. Nevertheless, a large body of literature has focused on adapting the Wiedemann car-
following model from VISSIM. The CoExist Project showed this latter approach could be an
alternative, which can be easily implemented within the traffic simulator VISSIM to perform
scenario-based evaluations to assess variations in parameters under typical traffic situations
[18]. In fact, this approach has been followed by various researchers ([44], [50], [51]). Hence,
due to the absence of real-based data on the car-following algorithms used In the CAV industry,
a frequently used approach to explore and anticipate CAVs impacts is to modify the current Car-
Following Parameters (CFP) and adapt lane change models in the traffic simulation and modeling
platforms to simulate the impact of CAVs operation on the network [52]. In some studies, it is
assumed that CAVs can incorporate car-following adaptive algorithms to achieve secondary
objectives such as minimizing emissions [51], [53], improve safety and mobility [23]. Other works
attempt to anticipate the behavior of CAVs [24], [53]-[55] under different connectivity and
automation levels [56], and connectivity with the leading vehicle and driving logics [18], [45].
For simulating CAVs driving movements, many studies have been conducted based on adjusting
CFP from the PTV VISSIM traffic simulation model [13], particularly under the Wiedemann 99
car-following model. This model is composed of nine parameters related to the standstill
distance (CC0), headway time (CC1), following variation (CC2), the threshold for entering
following (CC3), following thresholds (CC4/CC5), speed dependency of oscillation (CC6),
oscillation acceleration (CC7), standstill acceleration (CC8) and acceleration at 80 km.h-1 (CC9)
([13], [61]). A great deal of emphasis has been placed on taking advantage of microscopic
simulation tools for emulating the CAVs behavior as well as simulating their interactions within
the road environment [44]. In particular, numerous studies have proposed to use the
Wiedemann 99 car-following model and a suitable range of values for the above parameters to
model CAVs in different types of roads and traffic conditions ([18], [23], [24], [45], [50], [51],
[54], [55]). Considering the deterministic behavior of CAVs and to reflect much smaller
fluctuation in vehicle longitudinal behavior, CC2 and CC6 parameters can be reduced to zero, as
suggested by [18], [23], [45], [50], and [51]. Moreover, both CC4 and CC5 controlling speed
differences during car-following can also be set to 0 m.s™* when simulating CAVs ([23], [45]).
Several Wiedemann 99 CFP influence density and road capacity. The CCO is the average desired
distance between two consecutive stopped vehicles affecting links (i.e., road sections) and its



default value is 1.50 m. Higher values (up to 4 m) are associated with the most cautions driving
behavior [45], while lower values (0.25-0.5 m, depending on the road type) are typically found
on most aggressive behavior ([18], [23], [24], [50], [51], [54]). CC1 controls the speed-dependent
part of the desired safety distance. In links with high traffic flows, CC1 is the most important
parameter affecting road capacity [61]. While the CC1 default value for CVs is 0.90 s, values
assigned to CAVS in previous studies ranged between 0.4 s [24], [45] and 2 s [23]. Regarding CC3,
this CFP determines the number of seconds before reaching the safety distance and controls the
beginning of the deceleration process. Typically, CAVs were assigned to CC3 values ranging
between -16.00 for cautious and - 4.00 for a more assertive driving behavior ([50], [51]). The
adopted CC7 values for simulating CAVs varied from 0.05 to 0.45 (m.s?), being the latter
associated with more aggressive behavior [23]. The reference value of CC8 is 3.5 m.s™2, but
relevant studies assumed different levels of assertiveness ranging from -11% [23] up to +20%
[55]. Concerning the CC9 (default value is 1.5 m.s™?), the suggested values for CAVs driving
behavior range from 1.1 m.s™% [23] up to 1.9 m.s™2 [55].

Previous studies ([50], [51]) also devoted some attention to simulating CAVs in a mixed
road environment by conducting a sensitivity analysis of the CFPs and analyzing the impacts on
pollutant emissions. The findings from these studies indicated that the tunning of the
parameters CCO, CC1, CC3, and CC8 were considered the most relevant in influencing the
emissions emitted by vehicles.

2.4 RESEARCH GAPS

In summary, most of the existing literature focuses on assessing the impacts of CAVs
deployment in terms of capacity, congestion, safety, fuel consumption, and CO, emissions [18],
[35], [43], [44], [50]. However, few studies have focused on air quality impacts, mainly
concerning NOx emissions [17], [18], [49]. Results found in the literature show that some
benefits can be obtained for specific conditions. However, an integrated approach
encompassing both climate change and health impacts in a coexistence environment of CAVs
and CVs is not fully exploited. The purpose of this study is to pave the way for analyzing the
possible impacts of CAVs introduction in current road infrastructures concerning both CO; and
NOx emissions and evaluate these for different road types. In the first phase, literature reference
values for CAVs driving behavior are adopted, and the associated environmental impacts are
evaluated for different road types. The selected roads to explore the impacts of CAVs gradual
implementation involved urban, national, and motorway segments, which yield differences
regarding singularities, speed limits, and traffic volumes. In the second phase, the study focuses
solely on the urban section and evaluates the optimal setting of CAVs CFPs that allow minimizing
the system-wide NOx emissions. This is of great importance in terms of local air quality since the
urban section involves various traffic singularities (e.g., signalized intersections and
roundabouts) and higher air pollution exposure of residents and young students due to the
proximity of schools to the major road. In this context, the evaluation of the best scenario
seeking to minimize local emissions in the vicinity of the urban road is worthy of investigation to
improve local air quality when CAVs will share the roads with CVs. For that purpose, the
simulation of CAVs driving behavior was done by iteratively adjusting the Wiedemann 99
modified CFPs to find the optimal setting so that the network-wide NOx emissions, a local
pollutant with demonstrated impacts on human health, are minimized.

This research is based on three fundamental questions not addressed yet in an integrated
way in previous studies:

1) What is the variation of CO, and NOx emissions resulting from CAVs operation in different

road typologies?



2) How do network-wide emissions vary for different MPR of CAVs?

3) What is the potential impact of CAVs on the environmental performance of CVs on

different road types?

The answers to these questions are expected to yield insights on the environmental impacts
of CAVs and CVs sharing the road infrastructure. This work can be relevant for planners and
policymakers to understand the direction and magnitude of the potential consequences of CAVs,
being important to support the development of strategies to better accommodate such new
technologies.

3. METHODOLOGY

In this section, the methodology used in this work and details on the case study are
presented. Fig. 1 shows the conceptual illustration of the followed methodology, and some
assumptions are reported in Table 1.

Since real-world data related to CAVs are quite scarce, microsimulation appears as a relevant
tool to investigate the potential impacts of their driving behavior [18], [35], [44], [50]. The
present work relies on a microsimulation traffic platform to explore the impacts of CAVs
circulating and sharing the roads with CVs. The developed model combines emission estimation
with traffic microsimulation in a single platform to assess the impacts of CAVs gradual
implementation on different road types. The methodology followed here (see Fig. 1) involves
various steps. In the first step, field data on network design, fleet composition, traffic lights, and
vehicles routes along three types of roads (urban, arterial, and motorway) have been gathered
to reflect the network specificities and the baseline scenario. Then, under the VISSIM traffic
simulator [13], CAVs and CVs need to be simulated in the traffic network. CVs are simulated
based on default parameters, and fleet composition is adapted to represent local conditions in
terms of traffic volumes, vehicle speed, and acceleration, as explained in Section IlI-A. CAVs are
simulated by adopting the most relevant CFP drawn from the literature of reference [50], and
local fleet composition is then changed on each scenario to assess different MPR of CAVs. The
developed integrated platform extracts instantaneous speed and acceleration data for each
vehicle in the network and then estimates the CO, and NOx emissions at the system level using
the VSP methodology. The second phase involves a detailed microscopic analysis of a critical
urban segment. This is done because the urban section yields a more complex network in terms
of vehicle interaction profiles. Concretely, the urban segment under consideration can be
regarded as a typical major road of a medium-sized city in terms of traffic conditions and
infrastructures (1-2 lanes, traffic lights, roundabout, vicinity of two schools, and residential and
commercial areas). Thus, this urban segment is worthy of thorough investigation in terms of
potential improvements in air quality. For that purpose, driving settings are tuned by following
an exhaustive search procedure to perform a sensitivity analysis on the best combination set of
parameters that leads to minimizing network-wide NOx emissions — a critical pollutant in core
urban areas.
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Figure 1: Methodology overview.

Table 1: Summary of the assumptions made in this work.

Parameter Assumption

Demand CAVsE do not affect the matrix. demand or vehicle occupancy rate

Street design CAVs pperate in mixed regime with CVs

Emission standards CAVSE have propulsion technology and emission standards similar to OWs

Autormation and VIV and V21 communications are nod simulated, However, depending on the location, CAVs can
connectivity levels adapt the speed to minimize emissions and adapt their driving behavior according to online hourly

traffic demand information. Lateral behavior changes are not considensd.

Human-driven interaction  C%s adapt to traffic conditions, but do not interact differently with CAY

3.1 GENERAL ASSUMPTIONS
Some assumptions related to the demand, street design, emission standards, levels of
automation and connectivity, and human-driven interaction were made throughout this
research (Table 1).

1. DEMAND

Multiple MPR and changes in travel time-sensitivity have been shown to determine a wide
range of effects on vehicle miles traveled from various CAV technologies [58], which can be
shown to increase or decrease (e.g., [33]-[38]). Given this uncertainty and considering that this
research aims to assess to which extent replacing CVs with CAVs brings potential environmental
benefits due to the operational performance, the first study assumption is that the introduction
of CAVs does not affect travel demand. Thus, the traffic volume on the network was considered
fixed. Notice that this does not mean that the volumes on specific links are invariant on the



simulation process. Congestion situations may occur due to the cautious behavior of CAVs, as it
will be shown later.

2. ROAD DESIGN
Regarding road design, no dedicated lanes for CAVs are considered, so it is assumed that
both CAVs and CVs will share the roads.

3. EMISSION STANDARDS

Following the recent work [43], it was considered that no significant differences were found
in emissions per kilometer driven between CVs and CAVs with increased demand. This was
further reinforced in a recent study based on emerging (although uncertain) propulsion
technologies available in the market [36], [59]. Considering the objective of this paper and based
on relevant literature (e.g., [12], [17], [50]), CAVs are assumed to have the same propulsion
technology and emission standards as CVs. In fact, recent studies claim that in the decades to
come, petroleum-based fueled vehicles will be prevalent (e.g., [60]). Despite some general
perception that CAVs will be fully electric, some studies suggest the opposite (e.g., [59]).
Moreover, vehicle electrification impact on the overall emissions is proportional to the share of
vehicles being replaced with electric vehicles [17].

4., AUTOMATION AND CONNECTIVITY LEVELS

The core idea in this study is to explore the relative impacts of adjusting CFP of CAVs
simulation on the network. Therefore, this work is not intended to provide an algorithm or
control strategy for simulating CAVs, but to take advantage of existing traffic simulation
platforms by tunning the complex car-following model’s driving parameters. The first step relies
on an analysis of the impact of CAVs introduction in the network by assuming a predefined
driving behavior, regardless of the traffic environment. In a second step, it is assumed CAVs have
information in terms of network environmental performance, and their driving behavior can be
adjusted so that system-wide NOx emissions can be minimized. Nevertheless, it should be
mentioned that vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) communications are
not explicitly simulated in terms of automation and connectivity levels, but cooperative behavior
is implicit in the CFP chosen for modeling CAVs movements or adjusting speed in the motorway
section. In this case, CAVs-specific CFPs are tuned and further optimized, which means that CAVs
should be capable of sensing the surrounding environment and need to have some sort of V2V
and V2l communications. It should be mentioned that simulated CAVs are levels 3 or 4 [56] and
can operate without further restrictions on the analyzed links. Concerning the lateral behavior,
all simulated vehicles were set to occupy their desired position at free-flow conditions in the
middle of lane [13], [61], and the default values of the VISSIM tool were adopted. Based on the
case studies addressed in this research, the urban street has one lane by direction in almost its
entire length. The road sections with two lanes represent dedicated lanes for left-turning only,
being thus less influenced by the fact the CAVs have less aggressive, cautious or cooperative
driving behaviors. Thus, considering these factors and the complexity of additional scenarios,
tunning of the lane change and lateral parameters were excluded in the sensitivity analyses
conducted here for CAVs optimization.

5. HUMAN-DRIVEN INTERACTION

Although it is out of the scope of this research to deeply analyze CVs reaction due to the
operation of CAVs, the CVs (human-driven) driving behavior can be influenced by the
surrounding vehicles movements, in particular, by the way CAVs operate. It should be clear that



here, no specific control is used to tune CVs while interacting with CAVs: CVs can manage the
operating actions based on the surrounding traffic environment.

3.2 TRAFFIC AND EMISSION MODELING
Due to the lack of real-world data, under simulated environment, CAVs driving settings can be
adjusted using car-following models already implemented in traffic microsimulation platforms
(e.g., [44], [50]). Such models involve various parameters related to the driving task as standstill
distance, headway time, standstill acceleration, among others. Following previous works on
exploring impacts of CAVs introduction ([23], [24], [45], [51], [54], [55], and more recently, [44]),
the VISSIM traffic simulation software [13] is used in this study.

The VISSIM provides two versions of the Wiedemann car-following model for different
application conditions [52]. It is commonly accepted to use the Wiedemann 74 model for urban
traffic and merging areas, while the Wiedemann 99 is mostly used for freeway conditions.
Moreover, the Wiedemann 99 is recommended to simulate CAVs due to the higher number of
parameters available to modify and, therefore, more flexibility for adjustments to automated
driving behavior [37], [50], [52].

Previous research [50], [51] investigated the best combination set of CFP for developing
cautious and aggressive behaviors of CAVs so that GHG emissions would be minimized for urban
and freeway segments. For that purpose, a sensitivity analysis through Monte Carlo simulation
and by modifying Wiedemann 99 parameters was performed [50], [51].

Despite the difficulty related to the lack of empirical data regarding the CAVs operation,
the baseline scenario was rigorously calibrated and validated. The baseline scenario was
validated in prior studies [62], involving typical calibration parameters (traffic, speed, and
acceleration data) and VSP modes distribution between observed (gathered with Global
Navigation Satellite System (GNSS) equipped vehicles) and modeled data. This validation process
based on VSP distributions shows the capacity of the modeling platform to reproduce the
dynamics of traffic flow correctly [62]. VSP is a proxy variable for engine load that is highly
correlated with tailpipe emissions [62].

Here, it is proposed to simulate CAVs by adjusting CFP using a novel approach that
consists in minimizing networkwide NOx emissions. The basic idea is that tunning driving
behavior settings in CAVs will also affect other vehicle performances in the network. Based on
relevant literature, the Wiedemann 74 car-following model was used to model CVs in the urban
context, while the Wiedemann 99 model, which will capture the effects of various parameters,
was used to simulate CVs in the rural and motorway segments, and CAVs in all road types ([13],
[44], [50], [51]).

This research focuses on assessing the relative impact of CAVs on CVs over different link
types. It is known that vehicle electrification is expected to bring emission benefits and that
these can exceed the benefits presented by vehicle automation alone [50]. Furthermore, it was
shown emission savings are proportional to the vehicles replaced as electric [17]; thus, here,
CAVs were assumed to have similar propulsion technology and emission standards to CVs, as it
is commonly accepted that individually owned autonomous vehicles would likely have the same
per-vehicle-distance emissions as individually owned CVs [26]. However, the impacts in terms of
local NOx emissions of a higher degree of electrification in the fleet can be easily adjusted to the
respective percentage of electric vehicles in the fleet.

Regarding emission estimation, there exist various models in the literature, some based
on engine operation and vehicle activity data [63]. They can be roughly divided into three
classes: macroscopic, mesoscopic, and microscopic. Considering the purpose of the present
study, a microscopic model was considered the best approach to better reflect the vehicle



tailpipe emissions on a second-by-second basis. In particular, the Vehicle Specific Power - VSP
methodology [64] was used in this study to estimate both CO, and NOx emissions, since it allows
to compute the vehicle specific power (VSP [kW/ton]) based on the information on
instantaneous speed (v[m/s]), acceleration (a [m/s?]) and road grade (rg), that can be further
used to estimate pollutant emissions with a reasonable level of detail. The VSP for a light-duty
passenger vehicle can be given by (1):

VSP =v. 1.1a + 9.81.sin(arctan(rq))) + 0.132 + 0.00030v>

VSP values are assigned to 14 classes of required power (VSP modes), which in turn are
associated with certain emission factors. For calibration purposes, the local fleet’s emission rate
was adapted as much as possible to the Portuguese vehicle fleet using five vehicles of different
types [65]. Therefore, it was possible to estimate a modal average emission rate for each
considered pollutant. Emission factors were organized over 14 VSP modes for Light-Duty
Gasoline Vehicles (LDGV) with different engine sizes (1.4 — 2.2 L), Light Duty Diesel Vehicles
(LDDV), and Light Commercial Vehicles (LCV) and HEV, as shown in Fig. 2.
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CVs and CAVs emissions can be derived by segment based on the time spent in each VSP
mode multiplied by the respective weighted average emission factor (WAEF) for each VSP mode

(2):
14
Ep =) nVSP.WAEF,
=l
where E, represents the total emissions (NOx or CO;) generated in a given period; nVSP; is the
time spent in each VSP mode (seconds), and WAEF; is the weighted average emission factors
(g/second).

The VSP mode distributions of both CVs and CAVs were computed using speed and
acceleration data from the traffic model. To improve the model’s reliability and to determine
statistical differences between VSP modes distributions among CVs and CAVs, the two-sample
Kolmogorov—Smirnov (K—S) test at 95% confidence level was applied [66]. The two-sample K-S
test is a well-known nonparametric method for comparing two data distributions, as it is
sensitive to differences in both location and shape of the empirical cumulative distribution
functions. The null hypothesis is that both samples have the same distribution. In this work
context, the null hypothesis is that both CVs and CAVs VSP modes are drawn from the same
distribution. Additionally, the two-sample K-S test is generally proposed when there is a natural
ordering of the modes [67].

3.3 INTEGRATED PLATFORM

A combined MATLAB and Python platform was developed to work directly with VISSIM in an
integrated way. In particular, the Python-based function was built to call VISSIM, set CFP for
CAVs, and run a MATLAB routine developed in [68] to compute second-by-second pollutant
emissions using the vehicle record data provided by VISSIM. Under this platform, the best
combination of CFP for CAVs is obtained through a different combination-set based on adjusted
values with a range limited by the values defined in [50], [51], and CoExist project [18]. The
developed platform can provide CAVs driving settings that minimize network-wide NOx
emissions, which is known to be a harmful human pollutant.

In the second phase of this research, the developed platform is used to conduct a
thorough analysis of the urban section. In this case, the analysis was extended to 24 hours to
understand how CFP should vary throughout the day to allow for a reduction of the system-wide
NOx emissions (which is conducted by considering different levels of traffic demand). This urban
segment was selected because it involves a high rate of urbanization and nearby schools, which
is likely to be a zone prone to join more people and increasing the risk of being exposed to air
pollution.

As previously mentioned, the CCO, CC1, CC3, and CC8 parameters from the Wiedemann
99 car-following model were considered to be those that more significantly influenced the
impacts on emissions ([50], [51]). Therefore, in the present research, several combination
settings of these particular CFPs were generated based on [50], [51], while the remaining CFPs
were set fixed. Concretely, 108 combinations were explored for the CCO, CC1, CC3, and CC8
parameters (3 x 4 x 3 x 3), based on a grid of values ranging as defined in Table 2.

3.4 SCENARIO SET-UP

This study is intended to evaluate the impacts of CAVs introduction in different road
segments. Five mobility scenarios representing different CAVs MPR were simulated, fixing the
traffic demand, and considered that the CV traffic share is gradually replaced by automated
vehicles. Thus, the share of CAVs in the overall network volume varies according to the following



definition of scenarios: MPR 10%, MPR 30%, MPR 50%, MPR 70%, and MPR 90%. The baseline
scenario (Baseline) corresponds to the current traffic context with 100% of CVs.

Table 2: CFP values explored in this paper.

CIrpP Heference MNational Road Motorway (90 km/h) Urban Avenue (adjusted)
CCl [m) 1.50 1.47 .50 (.50; 1.50; 2500
CCl 5] 090 1 | {0L50; 0.90; 1.50; 2)
CC2 [m) 4 n L] 1]

CC3a[s] -# -13.54 -4 (-4; B -16)

CC4 [mfs) -0.35 -13 0.l - 10

CCS [mis) .35 013 0.1 .10

CCh 11.44 1]

CCT [mis] 025 .04 .45 0105

CC8 [mis’) 150 172 390 (3. 10:3.50; 3.50)
CC9 [mis’] 1.50 160 1.90

(Sukennik, (2018) - CoExist project; Stogios, 2018)

3.5 CASE STUDY

For exploring the potential impacts of CAVs penetration, the city of Aveiro (Portugal), was
chosen for the experiments. The baseline traffic model was calibrated and validated using real
CV data collected on different specific road segments of the study area, along 14 traffic
monitoring points during the morning peak-hour (8.15-9.15 AM), covering 550km. Both
empirical monitoring and microscopic simulation of the baseline scenario were performed in
earlier research [62], [69].

The selected area involves a network composed of different road types, each one with
different traffic volumes and speed limits. This characteristic allows the model’s ability to
reproduce the impact of new types of vehicles, with different operational parameters optimized
for different road types, on the performance of CVs. Table 3 summarizes relevant information
for each road segment, including road type, GPS coordinates, length, number and traffic control
treatment, and traffic volumes.

Table 3: Summary of study segments to analyze the operational impact of CAVs (Bandeira et
al., 2018, Vicente et al., 2018, IMT, 2019).

Segment

A

(B

Road Type

GPS
Coordinates

Length [km]

Speed limit
[kph]

# Lanes per
direction

#TC

Traftic [vph]

Built
Environmment

Urban Avenue

40738720, 1"N
BERQ00.0"W
40°3803. 7"
BEIRAEA"W
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40

I_T

2 Traffic Lights
Foundabout

BED — 1 300

Residential and
Sl

Mational Road

40°37'25.27T"N
PR 30
0399 43N
ROATS41™W

4.5
T
1-2

& Interchanges

| three-lane Roundabout

1440 — 2 100

Retail
Mixed land use

Motorway

4073849 43N
B3040 54" W
40°3R 22 ETN
RPA951.17T"W

[y

120

T

2 Interchanges

1 563 250

Residential
and Mature

# Member, TC — Traffic Conteal; vplt — vehicles per o



4. RESULTS

In this section, the results of the proposed study are presented.

4.1 EFFECT OF CAVS ON VEHICLE SPECIFIC POWER DISTRIBUTIONS

The proportion of CAVs in the fleet and their operating behavior can influence traffic flow.
Previous research showed that the relatively low share (less than 30% low-level automated
vehicles) could have a limited effect than higher arbitrary penetration levels [70]. In this context
and to assess to which extent the CAVs influence the dynamics of the vehicles operating on the
network, in this section, we analyze the distribution of VSP bins for the various road segments,
if the CAVs had a predefined configuration given by the CFP explored in [50], [51] (Table 2). Fig.
3 shows the cumulative profile of the VSP modal distribution of all vehicles operating for the
different road segments. The presented profiles are for the scenario MPR 30% of CAVs for the
morning peak-hour (similar trends are observed for scenarios of higher MPR of CAVs).

We first analyze the global baseline VSP distribution pattern on each route. As expected,
the predominance of higher modes is notorious in the motorway section - A25 (only 10%
occurrence of VSP modes lower than 5). On the urban road, reduced speed and stop-and-go
situations are clear through the high frequency of lower VSP modes ranging between 1 and 4.
Due to these traffic conditions, approximately 65% of the travel time is spent in VSP modes lower
than 5. In the national road, it can be observed an intermediate VSP modal distribution and a
higher prevalence of 5-7 VSP modes.

It should be mentioned that one can notice a difference in the dynamics translated into
the different VSP modes profiles between CAVs and CVs in the various case studies.

Regarding the motorway section, it should be highlighted that the influence of varying
the CFP without changing operational speed was tested in the first step. However, the low
volume-to-capacity (V/C) ratio (between 0.21 and 0.43) and little interaction between vehicles
lead to small impacts of changing car-following parameters. For this reason, the possibility of
CAVs adjusting the speed to 90 km/h was simulated. Thus, it appears that in the Baseline
scenario, CVs spent about 53% of the travel time in VSP modes greater than or equal to 9. Due
to the new dynamics and speed limits imposed, in the MPR 30% scenario, CAVs only spend 12%
of the time in VSP modes higher than 9. The influence of the presence of CAVs on the motorway
also influences CVs’ behavior. There is evidence of a smoother behavior with a greater
predominance of intermediate modes. The two-sample K-S test at 95% confidence level showed
no evidence that the two sets of data, i.e., CVs and CAVs, come from the same distribution for
the MPR 30%. Moreover, there are also significant differences between VSP modes distribution
for CVs before (Baseline) and after introducing 30% of CAVs in the network. In these cases, the
maximal difference between the distribution (D—value) for this road segment were 0.37 (D-
critical = 0.0020) and 0.0886 (D-critical = 0.0019), respectively.

In the national road, CVs and CAVs have different VSP distributions. Notably, the biggest
difference between CVs’ behavior before and after introducing 30% of CAVs is the frequency of
VSP mode 3 movements associated with periods of congestion. In this type of road, the time
spent in VSP mode 3 is reduced from 29% of the travel time to only about 15%. This reduction
is balanced by the rise in modes 5 and 6, typically associated with moderate speeds or smooth
accelerations. In the national road, D-values for VPS distribution comparison between CVs in the
Baseline and CVs in MPR30 was 0.14 (D-critical = 0.0014). The distributions of VSP modes
between CVs and CAVs for MPR 30% also differ statistically (D-Value 0.0192, D-critical = 0.0002).

Regarding CAVs introduction in the urban road, this impact is less clear. Comparing the
VSP distribution of CVs and CAVs (MPR 30%), it can be observed that CAVs dynamics led to a
slight reduction in CVs VSP modes 3 to 6 corresponding to moderate speeds and acceleration,
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and a slight increase in higher VSP modes, due to a more aggressive response of CVs to CAVs.
Although the impact of CAVs is less evident in the urban segment, the distribution of VSP modes
differs significantly at a 95% confidence level. The distributions of VSP modes between CVs in
Baseline and MPR 30% has a D-Value of 0.00918 (D-critical = 0.0059), and under the MPR 30%
scenario, such distributions of VSP modes for CVs and CAVs presented a D-Value of 0.0157 (D-
critical = 0.0056).
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Figure 3: Cumulative profile of the VSP modal distribution of all vehicles operating for the
different road segments: (a) urban; (b) rural; and (c) motorway.

4.2 EFFECT OF CAVS ON VEHICLE DYNAMICS AND CATEGORY

In what follows, a brief analysis of the cumulative CO, emissions over VSP modes for
different vehicle categories is presented for both the Baseline and the MPR 30 % scenarios.

From Fig. 4, in the case of the urban avenue, it can be observed the limited potential of CAVs
to influence emissions. The slight observable changes result from more time spent in the higher
modes due to restricted events of higher accelerations. This difference is most evident in light-



duty and commercial diesel vehicles since the emission rate of CO; increases more sharply than
for gasoline and hybrid cars with higher VSP modes.
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Figure 4: Cumulative CO, emissions over VSP modes for different vehicle categories for the
Baseline and MPR 30% scenarios (a) urban; (b) national; and (c) motorway.

On the national road, the impact of CAVs operation is more notorious. As a result of a
slight increase in traffic performance, the major benefit is reducing the time spent in VSP mode
3, which is typically associated with stop-start situations. While in the Baseline more than 11%
of CO, emissions are spent in VSP mode 3, this value is reduced to less than 5% in the MPR 30%
scenario. However, increasing speed and reducing congestion have different effects. In fact,
while in gasoline vehicles, this benefit is evident (reductions of up to 12%), but less
advantageous in diesel vehicles. Indeed, for LCVs, the increase in speed leads to a marginal
increase in CO, emissions. This consequence meets the expectation that diesel engines are more
efficient than gasoline concerning fuel and CO,, mainly at lower speeds.

A similar effect can be observed on the motorway, but due to an antagonistic role of
CAVs. Due to the speed limitation, there is a significant transfer of time spent and CO, emissions
in the higher modes than 10 for the moderate VSP modes, which exhibits higher emissions for
30% of CAVs than those of 70% of CVs. Within this framework, all vehicle classes benefited from
the role of CAVs. However, in this situation, the diesel-powered CAVs would benefit most from
new traffic dynamics (38% reduction against 32 of LDGV). In addition, CVs would also benefit
from traffic calming with reductions between 5-7%.



Considering the emissions factors used for characterizing the current fleet composition,
it can be concluded that CAVs, as speed-moderating agents, tend to benefit mainly diesel
vehicles. In turn, as agents that promote the performance of traffic flows, CAVs introduction
would mainly benefit gasoline vehicles.

4.3 EMISSIONS PER VEHICLE AND RELATIVE CHANGE FOR DIFFERENT MPR
An overview of emissions per vehicle, per unit of distance, in each of the different road types,
considering all vehicles (CAVs and CVs), is depicted in Fig. 5. These plots represent the variability
of the 10 run random seeds’ results according to the model stochasticity [71]. It can be observed
that in the sections with traffic singularities (e.g., traffic lights and roundabouts), which is the
case of the urban road, the variability of standard deviation is higher, with the coefficient of
variation for CO, above 62% and NOx greater than 30%.

The Baseline represents the current traffic scenario. In any of the analyzed sections, the
CAV gradual introduction led to changes in the pollutant emission levels for any other scenario.
In the urban avenue, higher pollutant emissions are observed (>200g/km CO;), mainly due to
traffic lights, thus, leading to some congestion and stop-and-go situations. In this road type,
increasing the CAVs MPR in the network also increases pollutant emissions up to 4% CO; and
14% NOx using the CFP suggested in the literature for CAVs [51]. A detailed analysis of the
simulation has shown that two factors have contributed to this increase. First, a slight increase
in traffic demand and traffic volumes (1 to 2%) is observed during the simulation period,
resulting from the rise in the flow capacity of the intersections upstream of this section (faster
response times of CAVs). Second, and more importantly, the effect of operational parameters is
very relevant for these results, particularly the increase in CC8 (see Table 2), which corresponds
to the acceleration after a stop to the cruising speed. This change leads to more aggressive
accelerations of CAVs than CVs without being offset by a corresponding effect on the traffic
performance offered by other parameters such as the standstill distance (CC1). Moreover, the
national road yields the lowest average emissions. In this case, significant emission reductions
are obtained along with the increase in CAVs MPR. Specifically, reductions between 11 and 18%
for CO, and 10 and 16% for NOx were observed. In this context, the CFP assigned to CAVs and
based on [50], [51] seem to be more appropriate to this road section. Fig. 5 confirms there is a
significant effect on emissions reduction in line with the growing MPR of CAVs (3 to 18% for CO;
and 4 to 32% for NOx).

Fig. 6 shows the relative difference in CO, and NOx emissions for CAVs, CVs, and total
fleet compared to Baseline emissions. For almost all MPR scenarios, CVs emissions are affected
by the presence of CAVs. The effect tends to be environmentally positive in motorway sections,
while in the urban section, CAVs operation is environmentally counterproductive. Interestingly,
at the urban level, the magnitude of emission changes on CVs is higher in scenarios of greater
balance between CAVs and CVs, particularly MPR 30% (30%-70%) and MPR 50% (50%-50%). This
degree of impact results from a higher interaction of vehicles with different dynamics. These
interactions lead to more acceleration events and, consequently, higher NOx emissions. In the
motorway and national road sections, a linear relationship between the percentage of CAVs and
the effect on the reduction of CVs emissions was found (coefficient of determination, R2, of
90%), as shown in Fig. 6. Hence, if more CAVs circulate at optimized speeds, such as in
motorways, this will lead to a better influence from the environmental perspective, which seems
consistent with the literature [50].
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Figure 5: Average CO, and NOx emission factors (g/km) per vehicle for the Baseline and
different MPR scenarios and on different road types (a) urban; (b) national; and (c) motorway.

4.4 COOPERATIVE CAVS FOR REDUCING NOX UNDER DIFFERENT TRAFFIC

SCENARIOS AND MPR — URBAN AVENUE

Considering the negative effects of CAVs previously reported on the urban road and the
relevance of improving air quality levels in an area of high vulnerability (presence of schools and
high population density), a thorough analysis was conducted for this road. In this second phase,
the core idea was to evaluate to what extent a tuning in the driving parameters would make it
possible to reduce the emissions of a critical local pollutant such as NOx over 24 hours. For this
purpose, as previously mentioned, a sensitivity analysis was performed based on the results



from [15], [37], where 108 combinations of the CFPs (CCO, CC1, CC3, and CC8) used to emulate
CAVs driving behavior were explored. Fig. 7 exhibits the hourly emissions produced and the
relative variation achieved for each hour, through an exhaustive search for adjusting the key CFP
parameters that minimize system NOx emissions for four different demand periods: i) Extremely
reduced demand overnight, ii) Daytime average demand; iii) Evening Rush Hour; iv) Reduced
demand (Early night).

During the night period (1h-8h), with very low demand, the impact of the CAVs contribution
to emissions change is rather small. However, as demand increases, the contribution of CAVs for
the reduction of network-wide NOx emissions also increases, reaching the maximum value
between 14h and 15h during a relative peak of moderate demand. In this period, with the
volume-to-capacity (V/C) ratio between 0.75 and 0.80, reductions between 12 and 23% were
observed. During the maximum peak-period (17h-19h), there is also a considerable reduction in
emissions (up to 15%). Although sensitivity analysis is focused on a tighter period, the fact that
the network is close to saturation limits the potential of CAVs to reduce NOx emissions, with the
V/C ratio reaching an approximate value of 1.03 at peak-time.

In terms of daily emission reductions, the major relative contribution of CAVs to reduce
system NOx emissions is between the Baseline and the MPR 10%, with a 2% reduction. Then,
the impact of CAVs on emissions savings concerning the previous scenario is progressively less
effective. The minimum impact (1%) is observed between the MPR 70% and MPR 90% scenarios,
as shown in Fig. 8. This difference is explained by the fact that CVs tend to adapt to the driving
dynamics of CAVs as they become dominant in the network.

Fig. 9 displays that for all MPR scenarios and the various periods of congestion, CC8 tends
to be higher (3.9 m/s2) in the daily periods of greater congestion and lower (3.1 m/s2) in the
night periods of very low demand.

A NOx reduction trend was found with the increase of the CC8 parameter (standstill
acceleration) during particular day periods. This finding is not self-evident, as we might expect
that NOx emissions increase when the engine is under load instance, during fast acceleration.
This effect can be justified by the decrease in congestion levels and less time emitting pollution
by the joint fleet of CAVs and CVs. These results are consistent with the previous studies showing
that eco-driving strategies based on slower speeds and smother accelerations may increase
traffic congestion at the road network or vehicle fleet level and likely increase emissions [72],
[73]. In the absence of congestion, the claimed environmental benefits of smoother acceleration
for CAVs would positively impact the fleet level (CV + CAVs) in line with [74].

Following the obtained results, evidence for the 24-hour period shows that CCO and CC1
parameters are similar, assuming the minimum values (0.5). These values are in line with the
work [24], indicating that these parameters should be reduced to 0.38 and 0.45, respectively, to
improve traffic performance. However, it should be taken into account that, in the first stage,
this fine-tuning of values may not be immediately attainable. This scenario would imply that
CAVs had a deep awareness of traffic context, allowing smaller gaps for all maneuvers. Regarding
the remaining factors, CC3 frequently oscillates for the various simulations with no evident
relationship to congestion and MPR levels.

In terms of total travel time, CAVs operation impacts are globally positive, with the largest
reductions occurring at rush hour (up to 2.4%) and marginal increases (<1%) over the night
period, as shown in Fig. 10.
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Figure 6: Comparison of the total CO, and NOx emissions of CAVs and CVs over multiple MPR
in relation to Baseline for (a) urban; (b) national; and (c) motorway.

4.5 DISCUSSION AND STUDY LIMITATIONS

All the results previously presented must be considered in light of the assumptions made
and the limitations of the methodological approach.

The first aspect is related to the simulation approach of this work. Although a
considerable body of research considers that adapting Wiedemann parameters can be a valid
approach to simulating CAVs (e.g., [24], [44], [50], [51], [52]), this approach poses some
limitations, since the output of simulation model is completely dependent on the selected CFPs.
Bearing in mind that validation of any new modeling approach would also be hindered due to
the lack of empirical data, new models capturing the complexity of the interactions between
CVs and CAVs can be integrated into future research. For instance, Calvert and Arem [75]
demonstrated that simulating longitudinal driving behavior of automated vehicles may be
straightforward; but modeling the response of human drivers to CAVs is much more difficult.
Some novel approaches explicitly considering driver cognitive loading and related performance
with CAVs have been recently developed [75]. The integration of similar tools may improve how
the interactive effects between CVs and CAVs are considered. It should be highlighted that even
without considering the introduction of CAVs, previous studies based on naturalistic data



indicate that the drivers exhibit different behaviors depending upon the speed, implying an
increase in aggression at certain vehicle speeds.

T00

600 n
500
400 . s |/ |

300 { m |

NOx [g.h!)

200 - !

100 s

o B—a_ |

22h 23h Oh 1h 2h 3h 4h 5h 6h Th 8h Sh 10k 11h 12h 13h 14h 15h 16h 17h 18h 15h 20h 21h

% Variation to Baseline NOx

—— MPR 10% MPR 30% MPR 50% MPR 70% —— MPR 90%

Figure 7: Comparison of NOx for 24 hours, by scenario.

Pé T T r T
L
2% 4T
w]
? ] I Tuatal
.8% A I BCAV
[ Tt

-10%4

2% Variation to Baseline NOx
(-]

=12% -
MPR MPR MPFR MPR MPR
0%  30%  50%  T0%  90%
Figure 8: Comparison between the total NOx emissions over multiple MPR in relation to
Baseline.



Another limitation is related to the fact that the influence of CAVs lateral movement was
not explored. Nevertheless, in this case study (low V/C ratio or lanes with specific turn purposes),
this effect can be considered less important. Moreover, each scenario assumed the CAVs would
have a similar behavior based on a predefined driving behavior configuration or assuming a
homogenous reaction of CAVs to traffic contexts in the urban avenue case study. Evolution of
technology will be made progressively through cruise control commands that are merely
auxiliary or informative supporting systems in the initial stages; then a growing market share of
fully autonomous systems may be expected.

One of the challenges of research on CAVs is to consider the heterogeneity of human
behavior and technological advancement, without compromising the efficiency in optimizing
and identifying key variables. Despite the uncertainty and assumptions behind the present work,
we consider that this study can address the main research questions. On the one hand, it has
been shown that introducing a subpopulation of CAVs with new plausible dynamics behavior
can (positively or negatively) affect the dynamics and pollutant emissions of the remaining
vehicles in the road traffic system. On the other hand, it was demonstrated this effect changes
for different road types, and if the policy objective is to maximize CAVs environmental benefit,
it will be vital to anticipate adhoc strategies for different road types and traffic demand contexts.
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5. CONCLUSION

CAVs are expected to reshape future transport networks. This paper presents an effort to
explore the environmental impacts of CAVs gradual introduction by considering road types with
different characteristics, such as different speed limits and traffic volumes. A simulation-based
framework is suggested to take advantage of existing traffic simulation platforms. In the first
phase, CAVs were assumed to have a predetermined fixed behavior based on driving parameters
found in the literature; in the second phase, new forms of cooperative behavior were explored
by adjusting CAVs driving settings. For the first time, the optimal set of CFP for emulating CAVs
that allow a network-wide minimization of NOx emissions was explored. Five scenarios of CAVs
MPR were considered. The developed integrated platform combines traffic simulation and CO,
and NOx emission estimation. A detailed analysis of the distribution of VSP modes has shown
that CAVs have the potential to adapt their operating behavior and affect the dynamics of the
surrounded vehicles to minimize a given environmental impact at a network scale. However, the
magnitude of these impacts varies according to the type of road, demand, and CAVs MPR.
Concretely, the main contributions of this work are threefold: 1) analyzing the distributions of
accelerations and VSP modes between CVs and CAVs on different types of roads; 2)
understanding the differences in terms of CAVs MPR in emissions and VSP distributions; and 3)
optimization of the parameters of the CAVs taking into account the type of road, so that
network-wide emissions are minimized.

A network composed of three different road types, namely, urban, rural, and motorway
segments, was considered for the case study. These case studies were chosen mainly due to
their differences regarding singularities, speed limits, and traffic volumes. The findings allowed
us to clearly address the main research questions and to draw the following conclusions:

1) Considering the reference values of driving behavior found in the literature, the impact
of the introduction of CAVs on emissions widely varied among different road types. CAVs were
shown to be particularly beneficial for the environment in the national road, with emission
reductions up to 10%. By contrast, in the urban corridor, impacts were shown to be detrimental.
At the motorway level, with a low V/C ratio, the impacts are also negligible. Nevertheless,
optimizing the speed to 90 km/h allows reductions up to 18% of CO; and 32% of NOx.

2) In sections outside the urban context, the environmental impacts resulting from the
presence of CAVs are positive, following a strong linear relationship with higher MPR. In the
urban sections, the most negative impacts are observed for MPR 30% and MPR 50%. For these
MPRs, total CO, and NOx emissions increased up to 4% and 8% in the urban avenue, respectively.

3) CAVs showed to significantly influence the environmental performance of CVs with
possible savings ranging from 3 up to 13%. Assuming that an electric engine does not
significantly affect the explored CFP to simulate CAVs operating behavior, these results suggest
that even considering that CAVs could be predominantly fully electric in the near future, the
impact of their movements on surrounded vehicles and on network-wide emissions should be
considered and adjusted to different driving scenarios.

4) If an ad-hoc exhaustive search procedure is performed considering the type of road,
traffic demand, and CAVs MPR, CAVs operation’s impact can yield promising benefits at network
scale (less total NOx emissions between 15 and 23%, depending on the MPR of CAVs).

5) Results suggest CAVs should adopt more aggressive behavior in higher volumes time-
periods, and smoother behavior in the remaining periods to maximize the benefits in terms of
network-wide NOx emissions. The findings are valuable to policymakers and vehicle
manufacturers since they can provide insights into the possible benefits and impacts of CAVs in
pollutant emissions while sharing the roads with CVs. Significant system emissions can be



achieved by just tuning the driving behavior parameters to optimized values such that network-
wide emissions are minimal.
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Figure 10: Comparison of travel times in different scenarios.

Realistically, the dynamic variation of the CAVs driving parameters on a large scale will
certainly not be easily feasible in an initial context of poor connectivity and cooperation between
the infrastructure and the vehicles that make it possible, for example, to adjust the parameters
for more aggressive configuration over higher congestion levels. However, the encouraging
insights of this work point to research directions. For instance, at least in pilot studies, or in
highly vulnerable links (e.g., high levels of population exposure, or hotspots in terms of polluted
areas), CAVs could adjust their behavior to minimize specific environmental problems. Since it
is not clear the effect of CAVs introduction on traffic demand, more simulation scenarios should
be conducted. Future research will focus on developing a multi-objective optimization model
with decision variables in the form of the CFP that should be optimized for different links,
considering different saturation levels and emission standard scenarios, and air quality impacts.
In addition to NOx and CO,, other pollutants such as PM, and other traffic-related externalities
such as road accidents, must be considered. It is also in mind further improvement to account
for different roads’ singularities by allowing driving behavior settings to be adjusted dynamically
and adaptively.

In light of the methodological limitations associated with modifying the parameters of
the car-following model to represent the behavior of the CAVs in a mixed traffic environment,
future research should explore alternative driving logics algorithms, and investigate
heterogeneous human behavior categories and its reaction to CAVs over different traffic
contexts and road types.
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