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Highlights
What are the main findings?

o  SAELevel 5 AVs could decrease intersection delay by up to 40% at full (100%) penetration.

e  Low AV penetrations (20%) could still provide substantial efficiency benefits of around
10%, with the largest improvements observed under low left-turn percentages and
balanced approach volumes.

What are the implications of the main findings?

e  Careful deployment of AVs at signalized intersections could provide significant effi-
ciency gains and congestion reductions in mixed-traffic urban roads.

e  The results presented in this paper may contribute to SDGs 11 and 13 by promoting
more sustainable and lower-emission urban mobility.

Abstract

Autonomous vehicles (AVs) hold strong potential to redefine traffic operations, yet their
impacts at varying penetration levels within mixed traffic remain insufficiently quantified.
This study evaluates the influence of SAE Level 5 AVs on traffic performance at two typical
urban signalized intersections using a hybrid microsimulation approach that integrates
behavioral AV modeling and performance evaluation. The analysis covers two typical
intersection layouts, one with two through lanes and another with three, tested under
varying traffic volumes and left-turn shares. A total of 324 simulation scenarios were
conducted with AV penetration ranging from 0% to 100% (in 20% increments) and left-turn
proportions of 15%, 30%, and 45%. The results show that 100% AV penetration lowers the
average delay by up to 40% in the two-lane intersection scenario and 32% in the three-lane
scenario, relative to the 0% AV baseline. Even 20% AV penetration yields about half of the
maximum improvement. The greatest benefits occur with aggressive AV driving profiles,
balanced approach volumes, and small left-turn shares. These findings provide preliminary
evidence of AVs’ potential to enhance intersection efficiency and support Sustainable
Development Goals (SDGs) 11 and 13, offering insights to guide intersection design and
AV deployment strategies for data-driven, sustainable urban mobility.

Keywords: autonomous vehicles; signalized intersections; traffic microsimulation; PTV
VISSIM; intersection delay; sustainable development goals (SDGs)
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1. Introduction

Traffic congestion has become a significant problem, especially in fast-growing and
large cities. Such traffic problems are expected to rise even more in the future because
of world population growth. According to a report issued by the United Nations (UN),
55% of the world’s population lives in urban areas, whereas this proportion is expected
to increase to 68% due to urbanization in 2050 [1]. Users experience major travel time
delays at signalized intersections when the traffic congestion is very high. Some researchers
have shown that traffic signals in cities are inefficient when traffic volumes are high, and
they may cause many collisions and traffic delays in urban areas [2—4]. In addition, data
from several studies have shown that human errors are the leading cause of many traffic
accidents and congestion at traffic signals. Stanton and Salmon [5] have shown that human
errors account for up to 75% of all roadway crashes. The development of vehicle automation
has opened the door to many possible advancements in the field of transportation. For
instance, introducing autonomous vehicles (AVs) to the urban environment is expected
to have great potential in improving traffic performance and safety, especially in urban
areas and at signalized intersections. Many recent studies have shown promising results
in terms of increasing intersection capacity and reducing total intersection delay [6-8].
However, most of those studies considered purely autonomous environments without any
human-driven vehicles (HDVs). This will never be the case for most intersections in urban
areas since AVs will not be implemented all at once; instead, the vehicle fleet will change
gradually over time until a 100% penetration rate is reached in the future. In this paper, the
effects of increasing the percentage of AVs on the performance of signalized intersections
will be quantified and analyzed under different traffic conditions in a mixed-traffic system
consisting of both AVs and HDVs.

Therefore, the objective of this study was to evaluate the operational impacts of dif-
ferent AV penetration rates on the performance of urban signalized intersections using a
hybrid microsimulation approach, focusing on average delay, level of service, and impli-
cations for sustainable urban mobility. To achieve this, this study applied an integrated
framework combining Synchro for signal optimization and PTV VISSIM for microscopic
traffic simulation under mixed AV and HDV conditions.

2. Background

Urban transport systems face global sustainability challenges characterized by in-
creasing congestion, air pollution, and greenhouse gas (GHG) emissions with widespread
impacts on the environment, economy, and public health [9-13]. The United Nations’ Sus-
tainable Development Goals (SDGs) recognize the need for sustainable cities, climate action,
and good health and well-being as key priorities for future urban development [14,15]. The
Paris Agreement on climate change calls for countries to take action to make immediate
and sustained emission reductions across all sectors, including transport [16,17]. The In-
tergovernmental Panel on Climate Change (IPCC) also reports that the transport sector
remains one of the fastest-growing sources of global emissions and will need to decarbonize
rapidly to meet net-zero commitments [18-20]. At the same time, the International Energy
Agency (IEA) anticipates that emissions from urban passenger transport will increase by
more than 20% by 2050 without significant changes in mobility systems [21]. This trend
risks compromising efforts to build climate-resilient infrastructure and services in both
developed and emerging economies [22-25].

AVs have been identified as having a potentially key role in sustainable mobility
futures [26-31]. Sharing and electrifying AV fleets could offer benefits to transport sys-
tems and urban environments in terms of travel efficiency, safety, congestion, and emis-
sions [32-37]. However, the increased uptake of AVs could also cause negative impacts in
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terms of induced demand, energy consumption, land use change, and equity of access. The
availability of relevant data and preparedness of governance and infrastructural systems
are also raised as a major implementation challenge [38—40]. The Society of Automotive
Engineers (SAE) defines six categories of driving automation, from level 0 to level 5 [41,42].
Levels 0-3 are currently commercially available as driver-assist technologies, while higher
levels of automation are under development or experimental deployment [43,44]. The
highest level (SAE Level 5) is now being experimented with in some areas, but most real-
world deployments are for fixed-route low-speed autonomous shuttles (ASs) in controlled
environments [45-50]. There are global commercial activities and testing of AVs and re-
lated technologies by different industry actors, including Waymo, WeRide, Uber, Hyundai,
Ohmio, and others [51-55]. In the UK, there are several ongoing connected and automated
mobility (CAM) activities. These are supported by programs from the government and
other sources, such as Zenzic’s SCALE project, which delivered AS trials in Solihull and at
the NEC (National Exhibition Centre) [56-61].

The previous literature has analyzed AV impacts on various dimensions of mobility,
transport, and urban systems. These include potential impacts on travel behavior, land
use, and mode choice [62-65], acceptance and behavioral intention [66—69], safety and
environmental performance [70-72], and policy readiness [73-75]. Simulation-based studies
have modeled the potential impacts of AV penetration on traffic network performance,
delay, and level of service (LoS) [73,76-82]. These generally show benefits depending on
assumptions about penetration rates, vehicle composition, signal timing, and geometric
design [83-89]. At signalized intersections, which are critical bottlenecks in urban networks,
microsimulation can be used to estimate the operational effects of AVs under a variety of
controlled conditions and system configurations in a cost-effective manner [35]. However,
based on the conducted literature review in this study, only one previous study directly
modeled AVs operating with HDV traffic in the UK [63].

There is a paucity of microsimulation research that specifically investigates opera-
tional impacts of AVs at intersections in realistic urban network settings with mixed traffic.
The majority of the literature in this area is on freeways and simplified corridor models,
with limited or no intersection traffic [48,77,78]. In other studies, idealized traffic demand
is applied with all approaches having the same traffic demand and no vehicles making
left turns or U-turns [79,80]. This could significantly bias the results in terms of queue
and delay formation. In the context of growing policy interest in AVs in many countries,
there is a critical need for robust data on their impact on existing networks when sharing
the road with HDVs. The research presented in this paper aims to address this research
gap by simulating an operational deployment of a mix of AVs and HDVs at an urban
signalized intersection. In the UK context, for example, the Department for Transport
(DAT) has provided guidance for experimenting with AVs [81,82], and the British Standards
Institution (BSI) has developed specifications for the safety assurance of AV operations [83].
Trials such as the AS service on the Solihull corridor [61] are increasingly being lever-
aged to evaluate not only technology performance but also compliance with regulatory
frameworks, safety validations, and customer experience [84]. In low- and middle-income
countries, cities in sub-Saharan Africa, South-East Asia [85], and Latin America [65] are
also considering the relationship of AVs with existing modes of public transport, active
travel, and climate adaptation and mitigation. These considerations present calls for an
interdisciplinary, data-informed, and theoretically grounded approach to AV evaluation,
cutting across technical, behavioral, and policy research [78].

Methodologically, many studies have combined macroscopic optimization tools
(e.g., Synchro) and microscopic simulation platforms (e.g., PTV VISSIM) to model op-
timized signal timings, while also accounting for stochastic, vehicle-level interactions not
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accounted for in optimization models that impact performance [77,79]. For example, Eu-
ropean Commission-funded CoExist project activities have shown that choosing different
driving profiles (cautious, normal, or aggressive) to calibrate AVs in microscopic models
can make a large difference in reported simulated delay and throughput values [86].

At present, there are limited data on AV operation in the real world, especially at
higher penetration rates at or near saturation conditions at intersections [87]. While sev-
eral studies have examined connected and autonomous vehicles (CAVs) and cooperative
driving concepts such as vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) com-
munication [88-90], this study focuses solely on automation (SAE Level 5 AVs) without
connectivity features. The intention is to isolate the operational effects of autonomous
driving behavior, independent of cooperative or networked communication. Unquestion-
ably, AVs are supposed to have an effect on the traffic flow as well as the congestion in
the urban setting in any city. Talebpour and Mahamassani’s analytical studies, which are
supported by microsimulation results, have indicated that CAVs can improve the stringency
and stability of the flow of traffic [88]. In reality, other studies have established that the
increase in the percentage of AVs in mixed traffic is directly associated with a reduction
in congestion. This reduction can be attributed to the presence of AVs in mixed traffic,
which can smooth the traffic flow since they accurately respond to changes in the velocity
or acceleration. Moreover, automation in vehicles is more efficient in shockwave formation
prevention and propagation in traffic than HDVs, which has a direct impact on traffic
congestion [91,92]. A study by Fagnant and Kockelman [74] established that AVs are able to
reduce congestion due to shorter headways, coordinated platoons, and more coordinated
route choices. Ye and Yamamoto [89] used the three-phase traffic flow model to mimic the
effect of AVs on freeways using different penetration rates. It was concluded that during
the congestion phase, AVs have enhanced the capacity due to the relatively much smaller
gap between successive AVs, when compared with HDVs. With up to a 30% penetration
rate of AVs, the capacity increases gradually. After 30%, the capacity improvement is highly
dependent on the desired net time gap of the AVs. Furthermore, other studies [74,93] were
in agreement that AVs increase the capacity of freeways by reducing the headways and
availing a platooning effect, which helps to create more space without incurring more costs
in the infrastructure. Van Arem et al. [90] found that Cooperative Adaptive Cruise Control
(CACC) is able to improve traffic stability and throughput for a penetration rate of more
than 60% in a merging scenario from four to three lanes in a highway traffic flow. But a very
minimal effect on throughput resulted for a rate of less than 40% of AV penetration rates.
Meanwhile, El Sahly and Abdelfatah [87] have investigated the effect of AVs on freeway
traffic performance with different AV percentages in terms of market penetration using a
microsimulation analysis. The results proved that AVs can improve average speed from 5%
to 15% and reduce travel time by 1% to 12%, while the delay reduction ranges from 18% to
97% depending on the AV market penetration rate and demand-to-capacity ratios.

In general, the use of AVs with high penetration rates results in a significant improve-
ment in the safety of roads, as proven by various studies [74,94-97]. According to statistical
data, over 90% of the total crashes in the US are caused by human errors, as a primary
factor [74]. The model created by Calvert et al. [94] revealed that automation leads to a
reduction in accidents and, hence, results in fewer delays caused by road blockages and
tailbacks created by traffic accidents. Similarly, Malik [97] has concluded that AVs are
safer than HDVs since they can eliminate accidents caused by human errors. In addition,
Fagnant and Kockelman [74] emphasized the safety enhancements that are provided by
AVs and displayed that they could reduce fatality rates by up to 99%. This is due to the fact
that AVs are capable of eliminating human driver errors, which might be caused by factors
such as alcohol use, fatigue, drug use, etc. Another investigation by Morando et al. [96]
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assessed the safety level at signalized intersections using traffic volumes that ranged from
760 vph to 2260 vph of traffic volume at the intersection. The study concluded that at a
50% AV penetration rate, the number of conflicts is reduced by 20%, and at a 100% AV
penetration rate, the number of conflicts is cut down by 65%. Meanwhile, at roundabouts,
the number of conflicts declined by up to 64% at a 100% AV penetration rate [96].

Meanwhile, Dixit et al. [95] analyzed the data for a period of about 14 months to
identify the accidents related to AVs and showed that all the accidents occurred at low
speeds and near the intersections on urban streets. There were twelve different accidents
recorded, and the fault in most of these accidents was attributed to the human drivers.
Only one accident was caused by an AV, and the reason for that accident was that the AV
had a wrong expectation that the other HDV would give it the way to pass. Meanwhile,
the reason for the other accidents, which were caused by other vehicles, was that the other
drivers thought that the AVs would behave in a way that was not normal or not like HDVs.
In most of these accidents, there were no injuries, and there was no major damage to the
vehicles since all collisions were rear-end collisions or side-swipe collisions caused by
HDVs hitting AVs that were stopping in the front [95,98,99]. In addition, poor weather
such as fog and snow, and reflective road surfaces from rain and ice, remains a challenge
to AVs [74]. The speed at which human control is needed will be a substantial factor in
the safety of those vehicles. After analyzing the safety aspects of AVs, most researchers
acknowledge that AVs might be promising in spite of the fact that they might be affected
by environmental conditions.

3. Methodology

This study employed a simulation-based approach to explore the operational impli-
cations of AV deployment at a signalized intersection. The simulation methodology was
designed to model realistic traffic scenarios at an intersection under different AV pene-
tration rates and traffic demand conditions. The microsimulation approach was adopted
because it has the capability to represent individual vehicle behaviors, heterogeneous traffic
flows, and signal control logic with an acceptable temporal and spatial resolution. The
simulation analysis involved three steps, including the intersection geometry and control
settings definition, simulation model development and calibration, and running simulation
scenarios to evaluate the changes in the average control delay and LoS.

3.1. Geometric Characteristics

The considered intersection was a typical isolated 4-leg intersection with two configu-
rations. In the first case, each approach consisted of two through lanes, one left-turn lane
and one right-turn lane, as shown in Figure 1. In the second case, each approach consisted
of three through lanes, one left-turn lane and one right-turn lane, as shown in Figure 2. The
purpose of this experiment was to examine the intersection from the perspective of signal
timing and delay evaluation, considering various AV penetration levels within different
traffic volumes and turning percentages. Hence, a microscopic simulation was utilized
to assess the impacts of various AV penetration levels on average delay and LoS. The
geometric characteristics of the intersection are summarized in Table 1. The intersection lay-
outs were hypothetical but representative of typical urban arterial intersections, designed
in accordance with standard geometric and operational parameters commonly used in
real-world practice.
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Figure 1. Intersection with two through lanes per approach.

NB

Figure 2. Intersection with three through lanes per approach.

Table 1. Geometric characteristics of the analyzed intersection.

Geometric Characteristics

Lane width (m) 3.7
Median width (m) 3.7
Through lanes (per approach) 20r3
Left-turn lanes (per approach) 1
Storage length of left-turn lane (m) 120
Channelized right-turn lanes (per approach) 1
Right-turn control type Free
Storage length of right-turn channelization (m) 100
Total approach length (m) 275

Maximum longitudinal grades for approaches (%) 2
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3.2. Signal Control

The proposed signal was an isolated signal control type with 4-split phases in all the
traffic arrangements. The LoS at a signalized intersection was quantified based on the
average control delay per vehicle in accordance with the Highway Capacity Manual (HCM),
7th Edition (2022) [100]. The relevant parameters, such as the peak hour factor, saturation
flow rate, and critical lane group volumes, were applied in Synchro for signal optimization
to ensure consistency with HCM-based delay and capacity estimation.

3.3. Analysis Tools

Delay and LoS at an intersection were assessed using Synchro and PTV VISSIM 2020.
Synchro, a macroscopic optimization tool, was used to optimize signal timings and conduct
capacity analysis for the base case of 0% AVs, applying the settings in Table 2. The optimized
timings were then programmed into VISSIM 2020, a microscopic traffic simulation software
developed in collaboration with the European Commission’s CoExist project, which models
AVs with cautious, normal, and aggressive driving profiles based on empirical and field
data [101,102]. VISSIM was used to simulate traffic under varying AV penetration rates,
with performance measured by average vehicle delay and the corresponding LoS for
each scenario.

Table 2. Intersection settings for Synchro.

Peak hour factor 0.92
Heavy vehicles (%) 2
Flow fate (vphpl) 1900
Travel speed (km/h) 60
Minimum cycle length (s) 60
Maximum cycle length (s) 180
Yellow time (s) 3
All red time (s) 1

3.4. Integrated Microsimulation Framework

This paper formulated and utilized a detailed microsimulation framework for the eval-
uation of SAE Level 5 AV deployment scenarios at a typical urban signalized intersection,
with two layouts, as shown in Figures 1 and 2. The first layout was simulated with traffic
volumes of 3500, 4500, and 5500 vph, while the second one considered traffic volumes of
5000, 6000, and 7000 vph. Both intersection layouts were evaluated under variations in
approach distribution and left-turn percentages. The full range of penetration rates from 0%
to 100% was modeled to account for both marginal and cumulative benefits and saturation
effects across a large operational envelope.

This study’s contribution lies in integrating high-fidelity SAE Level 5 AV behavioral
modeling with realistic urban intersection geometries, optimized baseline signal control,
and a factorial experimental design covering 324 distinct scenarios. It directly addresses the
research gap on AV impacts at signalized intersections with mixed traffic, incorporates op-
erational constraints reflective of urban conditions, and links findings to policy frameworks.
The following research questions support the aim:

1: How do different AV penetration rates (0-100%) affect average delay and level of
service at an urban signalized intersection under varying traffic conditions?

2: How do traffic volume, approach distribution, and left-turn percentage interact
with AV penetration to influence operational performance?
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3: What are the sustainability and policy implications of the observed performance
changes to the deployment strategies?

4. Experimental Design

The experimental setup in this research considered different parameters that are more
likely to occur in real-life scenarios at traffic signals. The varying factors considered in this
research were the total traffic volume at the intersection, the traffic distribution in each
approach, the percentage of left-turn movement, and different penetration rates of AVs.
The primary aim of this representation was to assess most of the critical cases in the real
world. This was to have a better understanding of the impacts of AVs on the performance
of traffic signals.

4.1. Percentages of AVs Considered

The analysis considered AV penetration rates from 0% to 100% in 20% increments,
reflecting the expected gradual market adoption. Previous studies on mixed traffic suggest
that AV shares below 20% have minimal impact, while 20% intervals provide clearer
insights into performance trends [77,86,87,103-105].

4.2. Traffic Volume and Distribution Scenarios

The total volumes selected for the intersection were to reflect three congestion levels
for the proposed signalized intersection. After testing various volumes, three represen-
tative values were selected to reflect typical traffic conditions. The three volumes were
moderate, high, and very high congestion. The three total volumes for the first layout of
the intersection were 3500, 4500, and 5500 veh/h, while these volumes were 5000, 6000,
and 7000 veh/h, for the second layout, respectively. These values were selected using
the intersection delay results for each case. To maintain a consistent approach to estimate
the congestion levels, three base cases were defined with an equal proportion of the total
traffic in all approaches. The turning movements were defined as 25% left turns (east-west)
and 30% left turns (north-south), 65% through movements (east-west) and 60% through
movements (north-south), and 10% right turns on all approaches. The three base cases
were named B.I.1, B.IL.2, and B.IIL.3. Each case was then evaluated using Synchro under the
stated assumptions. The selected volumes resulted in an LoS “D” for moderate congestion,
“E” for high congestion, and “F” for very high congestion levels.

The selected traffic volumes were simulated alongside varying factors, including
different traffic distributions on each approach and varying left-turn percentages in the
dominant traffic directions. These distributions and turn percentages, based on previous
research on signalized intersections [86], aimed to represent a wide range of realistic
traffic scenarios.

Figures 3 and 4 present all cases tested in this study for a typical isolated four-leg
intersection. The identification number for each simulation run was defined through
different levels. The first level represents three variations of left-turn percentages (A, B,
and C) on the two dominant traffic directions (northbound and southbound), as illustrated
in Figure 4. The second level reflects the total traffic volume (I, II, or III), as shown in
Figure 3. The third level represents three traffic distribution patterns, 1, 2, and 3, as shown
in Figure 3. The latter two distributions (2 and 3) approximate typical urban intersections
where a major road intersects with a minor road during peak hours.
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Figure 3. Schematic showing different scenarios analyzed. Values highlighted in red indicate
unbalanced directional traffic scenarios, where the northbound (NB) and southbound (SB) approaches

carry greater proportions of the total volume to simulate peak-directional demand conditions.

The fourth level corresponds to the different AV penetration rates described earlier.
For example, the simulation identification A.1.1-20% for the first intersection layout config-

uration denotes a scenario where

e Aindicates a left-turn percentage of 15% in the dominant traffic direction.
e I corresponds to a total intersection volume of 3500 vph.
e One represents equal traffic distribution of 25% per approach.
e Twenty percent specifies the AV penetration rate being tested.

The various combinations of traffic distributions were selected to ensure that the signal-
ized intersection studied was as close as possible to real-life conditions. A total of 27 traffic
distribution cases were simulated for each AV penetration rate for a total of 324 cases to
study the impact of the increasing share of AVs on intersection performance. Each simula-
tion was run for one hour using five different random seeds, with the trimmed mean of the
three central results used for comparison, consistent with previous similar studies [86,87].

Scenario identification key (example: A.1.1-20%)

Each scenario label had four components:
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1. Left-turn percentage in dominant approaches: A =15%, B = 30%, and C = 45%.
Total intersection volume level: I =low (first layout: 3500 vph; second layout: 5000 vph),
II = moderate (4500/6000 vph), and III = high (5500/7000 vph).

3. Approach distribution pattern: 1 = balanced (25% per approach), 2 = two-dominant
approaches, and 3 = single-dominant approach.

4. AV penetration: suffix “20%” indicated the AV share in that run (0-100% in 20% steps).

The decoded example (A.1.1-20%) represented 15% left turns in dominant approaches;
a low total volume (3500 vph in layout 1 or 5000 vph in layout 2); a balanced 25% approach
distribution; and 20% AV penetration.

Cases A, B, C

% of turning
movementon each

approach
[
SB SB
EE5 £53
25% . Llo% 25% 5 10%
EB 65% — A < 65% WB EB 65% = @ < 65% WB
10% Ty £ 25% 10% 3y £ 25%
o 1N 5 e
ZE8 555
NB NB
SB
£53
JI10
25% J L10‘36
EB 65% =P B @ 65% WB
10% " 3 £ 25%
-
NB

Figure 4. Representation of cases A, B, and C. Values highlighted in red denote unbalanced directional
traffic conditions, where northbound (NB) and southbound (SB) approaches carry higher proportions
of turning volumes to emulate peak-directional demand and evaluate intersection performance under
asymmetric loading.

In order to better facilitate the comparative analysis, combinations of cases were
created so as to focus on the most salient patterns found in the data and, as such, offer
a more lucid perspective on the repercussions of AVs on signalized intersection perfor-
mance. These groupings or “groups” were specifically formulated to neutralize the effect
of pivotal variables (thereby ensuring comparability across the different cases) and allow
for their isolated influences on the different performance metrics to be fully discerned.
Table 3 depicts the structure of the groupings (across the three group levels) as well as the
nomenclature adopted for each group. The groups were formed by fixing all variables
except for one, which was varied as the AV penetration rate also changed. In groups Al,
B1, etc., the left-turn percentage was held constant, and the total intersection volume was
modified in order to increase traffic demand; in groups ABC.I.1, ABC.IL.2, etc., the total
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traffic volume was fixed, and the left-turn percentage was increased so as to evaluate its
impact on signal performance.

Table 3. Proposed combination and groups and their notations.

Group Al B1 C1
ABCI1 All B.I1 ClIl1
ABC.II1 ALl B.IL.1 ClIL1
ABC.IIL1 A1 B.IIIL1 CII1
Group A2 B2 Cc2
ABCI.2 Al2 B.I1.2 Cl2
ABC.II.2 AlIlL2 B.IL.2 ClIL2
ABC.IIIL2 AIlL2 B.IIL.2 C.IIL.2
Group A3 B3 C3
ABCI3 AlL3 B.IL3 Cl3
ABC.IL3 AlIL3 B.IL3 C.IL3
ABC.IL3 AIL3 B.IIL.3 C.II1.3

4.3. Modeling AVs

Simulations of mixed traffic of AVs and HDVs were performed in the PTV VISSIM
2020 software to study how the different levels of AV penetration rates (0-100% in 20%
increments) impact the operational performance of signalized intersections. AVs were
modeled at SAE Level 5 automation to remove the human driver from the simulation
environment, as the AV models in VISSIM do not consider the implicit stochastic car-
following and lane-changing behaviors to represent human imperfection [102,106].

Table 4 highlights the main differences between the HDV, normal AV, and aggressive
AV. In this study, the normal AV driving profile was chosen as it is similar to HDVs and
suitable for urban intersections [102].

Table 4. Comparison of driving behavior of HDVs and AVs.

Vehicle Type HDV Normal AV Aggressive AV
Maximum look-ahead distance (m) 250 250 300

No. of interaction objects 4 2 10

No. of interaction vehicles 9 1 8

Standstill distance (m) (CCO0) 2.0 1.50 1.0

Following distance (sec) (CC1) N/A 0.9 0.6
Acceleration from standstill (CC8) N/A 3.5 4.0
Cooperative lane change Default Available Available

Behavior at amber signal after green

Continuous check

One decision

One decision

Behavior at red /amber signal

Go (same as green)

Stop (same as red)

Stop (same as red)

5. Results and Analysis

The analyses were carried out to determine the effect of different AV penetration rates

on the performance of a signalized intersection under different traffic conditions. Signal
timings were first optimized in Synchro to minimize the average intersection delay for the
0% AV case following the procedures described in the HCM [100]. The optimized timings
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were then adopted in VISSIM 2020 to capture the intersection performance for all of the AV
penetration scenarios. The average delay per vehicle was the performance measure used to
quantify the impact of different market shares of AVs on the intersection operation while
accounting for different traffic volumes, approach distributions, and left-turn percentages
on the dominant approach.

5.1. Signal Optimization and Intersection Delay

Synchro was used to optimize the signal timings for the first intersection layout
configuration under the given traffic conditions. The delays for the intersection, for the
0% AV cases, and all cases are given in Table 5. The corresponding results for the second
intersection layout configuration are presented in Table 6. As expected, the results show
that the average delay increased as volume increased and as the left-turn percentage in the
dominant approach increased.

Table 5. Synchro results for the base case scenario of 0% AVs (first intersection layout configuration).

Case ID g/e‘::l{) Case ID E/e\::l{) Case ID g/e‘::}}:)
All 30.5 B.I.1 35.5 ClL1 55.8
Al2 45.7 B.1.2 40.8 Cl2 74.0
A.L3 37.8 B.L.3 40.0 C.L3 733
A.IlL1 46.9 B.IL.1 72.6 C.I11 91.4
A.IlL2 51.7 B.IL.2 54.4 C.I1.2 111.9
A.IL3 50.4 B.IL.3 53.5 C.IL3 111.6
AIIL1 77.1 B.IIL.1 119.3 C.IIIL.1 137.0
A.IIL.2 81.4 B.IIL.2 75.9 C.II1.2 157.1
A.ITL3 80.5 B.IIL.3 76.2 C.IIL.3 156.6

Table 6. Synchro results for the base case scenario of 0% AVs (second intersection layout configuration).

Case ID E/e\}:l}:) Case ID Z/e‘::z) Case ID gf‘::}{)
Al1l 39.0 B.I.1 43.2 Cl1 72.8
Al2 58.6 B.1.2 52.4 Cl2 96.5
AlL3 48.5 B.L.3 514 C.L3 95.6
A.IlL1 56.1 B.IL.1 60.9 C.I11 111.4
A.IlL2 61.9 B.IL.2 66.7 C.I1.2 136.6
A.IL3 60.4 B.IL.3 65.6 C.IL3 136.2
AIIL1 88.1 B.IIL.1 89.4 C.IIL.1 159.4
A.IIL.2 929 B.111.2 90.5 C.II1.2 182.8
A.ITL3 91.9 B.IIL.3 90.9 C.IIL.3 182.3

Delays across groups ABC1, ABC2, and ABC3 increased on average with increasing
left-turn percentages, with the largest increase in delay at 45% LT demand. The differences
between 15% and 30% LT were small, especially at higher volumes when the two-lane
design was already at or near saturation. Groups ABC2 and ABC3 had a concentration
of demand in two approaches or one approach, respectively, and Synchro’s tendency to
allocate green time to meet demand replicated the delay pattern observed in ABC1. The
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delay across all three groups increased with the total demand volume, but the three-through
lane intersection always performed best.

5.2. Microscopic Simulation

The intersection scenarios were simulated using VISSIM 2020 to understand the im-
pact of increased AV penetration. VISSIM is a stochastic microsimulation package with
the ability to simulate both HDVs and AVs and their interactions. The 0% AV cases
were also re-evaluated with VISSIM, as the output generated by the deterministic soft-
ware Synchro does not account for differences in traffic distribution and driver behavior.
A microsimulation model was built for each. Each scenario was run five times, with the
minimum and maximum being removed from the dataset, and the average of the remaining
three used for analysis. Cases followed the A, B, and C configuration for left-turn percent-
ages (15%, 30%, and 45%) with groups 1, 2, and 3 representing balanced, two-dominant,
and single-dominant approach distributions, respectively. The VISSIM delay outputs
were post-processed to determine the effects of AV penetration, traffic volume, turning
movements, and approach distributions on intersection performance for both two- and
three-lane geometries [86,87].

Tables 7 and 8 present the delay comparisons for groups Al, A2, and A3, where
the left-turn percentage was fixed at 15% in the dominant approaches and 25% in the
others. The difference between groups Al, A2, and A3 lies in the traffic distribution across
approaches, as described in the experimental design. In all cases, increasing AV penetration
reduced the average delay, though the magnitude varied with both total volume and traffic
distribution. Larger reductions were observed at higher volumes and in more unbalanced
patterns (such as group A3), reflecting the capacity of AVs to improve efficiency under
saturated and asymmetric demand conditions. Figures 5-7 illustrate the delay comparisons
for each group.

Figure 5 shows the delay comparison for group Al for the two intersection layouts.
Group Al included the cases with 15% left turns in the major approaches and an equal
traffic distribution of 25% in each approach. Performance improvements with higher AV
penetration were more consistent, as indicated in Figure 5. Up to 20% delay reduction
was observed at 3500 vph and more significant improvements at higher traffic volumes,
up to nearly 50% at 5500 vph in the first intersection layout case, and 58% at 7000 vph
in the second layout. The more significant improvement with higher AV penetration at
higher traffic volumes was likely related to the lower AV headways releasing more capacity
before it was saturated. We observe that AVs can potentially lead to a significantly lower
average delay in balanced cases with a low percentage of left-turn traffic. The improvement
percentage increased directly with the penetration rate and the overall volume.

Figure 6 illustrates the delay comparison for the A2 groups for the two layouts. Group
A2 (35% of traffic in two major approaches and 15% in minor approaches) had a greater
range of delay reductions than Al, peaking at 62% for 5500 vph in the first layout case
and 44% for 7000 vph in the second layout case. For the second layout, the maximum
rate of improvement change was seen at 0—40% AVs, after which it tapered off at high
volumes near capacity. The improvement at 6000 vph was greater than at 7000 vph due to
oversaturation effects, which was also consistent with previous studies [86,87].
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Table 7. Results for group A under varying percentages of traffic volume and AVs (first intersection
layout configuration).

Avg. Delay Reduction at Each Percentage of AVs (%)

Group Case ID Volume (vph)
20 40 60 80 100
All 3500 0% 4% 9% 13% 16% 20%
Al AlIll 4500 0% 7% 15% 22% 28% 35%
ALl 5500 0% 12% 24% 33% 42% 50%
Al2 3500 0% 6% 12% 18% 24% 30%
A2 AlIL2 4500 0% 11% 22% 31% 40% 50%
A2 5500 0% 16% 30% 41% 52% 62%
AlL3 3500 0% 8% 16% 24% 32% 40%
A3 AlIL3 4500 0% 14% 28% 40% 52% 64%
AIIL3 5500 0% 20% 36% 50% 64% 78%

Table 8. Results for group A under varying percentages of traffic volume and AVs (second intersection
layout configuration).

Avg. Delay Reduction at Each Percentage of AVs (%)

Group Case ID Volume (vph)

0 20 40 60 80 100

All 5000 0% 4% 8% 10% 12% 14%

Al AllLl 6000 0% 9% 20% 24% 28% 30%
A1 7000 0% 16% 41% 48% 49% 58%

Al2 5000 0% 10% 18% 21% 23% 25%

A2 AlIlL2 6000 0% 25% 32% 39% 41% 42%
AIIl2 7000 0% 8% 18% 20% 34% 44%

AlL3 5000 0% 10% 15% 19% 20% 23%

A3 AIL3 6000 0% 18% 34% 41% 43% 46%
AIIL3 7000 0% 15% 19% 26% 26% 28%
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Figure 5. Comparison of delay for group A1l: first intersection layout configuration (left) and second
intersection layout configuration (right).
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Figure 7. Comparison of delay for group A3: first intersection layout configuration (left) and first
intersection layout configuration (right).

Figure 7 shows the comparison of delay for group A3, which considered heavily
unbalanced traffic (45% in one major approach, 25% in the other, and 15% left turns), and
achieved the largest delay reductions, up to 78% at 5500 vph with 100% AVs in the first
layout and 46% at 6000 vph in the second layout case. The first layout showed a consistent
and approximately linear rate of improvement. Meanwhile, the improvements for the
second layout were steepest between 0 and 40% AVs and then became more linear at
higher penetrations. Similar to A2, the benefits at 6000 vph exceeded those at 7000 vph, as
oversaturation and spillback at very high volumes limit further gains. These results align
with previous studies [66,104].

Tables 9 and 10 present the delay comparisons for groups B1, B2, and B3, where the
left-turn percentage was fixed at 30% in the dominant approaches and 25% in the others.
The groups differed only in their traffic distribution, as described in the experimental
design. For the first layout of the intersection, the average delay decreased steadily with
higher AV penetration, with the greatest reduction of up to 75% observed in case B.II1.3
(5500 vph). For the second layout of the intersection, similar trends were observed, though
one case (B.II.2) showed a delay increase between 80% and 100% AVs, reflecting instability
at oversaturated volumes. Overall, improvements were more substantial at higher volumes
and penetration rates, confirming the strong interaction between traffic load, distribution,
and AV share.
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Table 9. Results for group B under varying percentages of traffic volume and AVs (first intersection
layout configuration).

Avg. Delay Reduction at Each Percentage of AVs (%)

Group Case ID Volume (vph)
20 40 60 80 100
BI1 3500 0% 3% 8% 12% 16% 20%
B1 B.IIL1 4500 0% 6% 14% 21% 27% 34%
B.IIL1 5500 0% 10% 22% 31% 40% 48%
B.I2 3500 0% 5% 11% 17% 23% 28%
B2 B.IL.2 4500 0% 10% 20% 30% 39% 48%
B.IIL.2 5500 0% 15% 28% 40% 50% 60%
B.IL3 3500 0% 7% 15% 22% 30% 38%
B3 B.IL3 4500 0% 13% 26% 38% 50% 62%
B.IIL.3 5500 0% 18% 34% 48% 62% 75%
Table 10. Results for group B under varying percentages of traffic volume and (second intersection
layout configuration).
Avg. Delay Reduction at Each Percentage of AVs (%)
Group Case ID Volume (vph)
0 20 40 60 80 100
B.I1 5000 0% 7% 13% 16% 19% 21%
Bl B.IL1 6000 0% 31% 41% 48% 54% 56%
B.IIL.1 7000 0% 13% 23% 42% 57% 60%
B.I2 5000 0% 22% 29% 33% 35% 36%
B2 B.IL2 6000 0% 26% 37% 43% 45% 57%
B.IIL.2 7000 0% 6% 6% 8% 9% 4%
B.I.3 5000 0% 14% 32% 37% 45% 49%
B3 B.IL.3 6000 0% 10% 11% 13% 14% 16%
B.IIL.3 7000 0% 1% 3% 14% 22% 23%

Figure 8 shows the comparison of delay for group B1 with 30% left turns and a uniform
25% traffic distribution, showing consistent delay reductions as AV penetration increased.
At 5500 vph in the first intersection layout, delays fell by about 50%, while at 7000 vph in
the second layout case, the reduction reached 60%. Improvements were mainly linear at
lower volumes, with sharper gains between 0 and 40% AVs. At higher volumes, spillback
from heavy left-turn demand limited further benefits, though the cooperative behavior of
AVs still provided noticeable capacity gains at 80-100% penetration.

Figure 9 presents the comparison of delay for group B2 with 30% left turns and an
uneven distribution (35% in the two major approaches and 15% in the minor ones), showing
strong delay reductions at moderate-to-high volumes. Reductions reached 62% at 5500 vph
for the first intersection layout and 57% at 6000 vph for the second intersection layout.
Gains were uniform at lower volumes but peaked before capacity was reached, while at
7000 vph, improvements fell to below 10% due to oversaturation and spillback on the
left-turn lanes. In some cases, at high AV penetration (80-100%), delays even increased
slightly, reflecting the relatively conservative AV behavior under oversaturated turning
conditions compared with HDVs.
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Figure 8. Comparison of delay for group B1: first intersection layout configuration (left) and second

intersection layout configuration (right).
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Figure 9. Comparison of delay for group B2: first intersection layout configuration (left) and second

intersection layout configuration (right).

Figure 10 shows the comparison of delay for group B3 with 30% left turns and uneven

traffic (45% in one major approach and 25% in the other). The results show the largest

benefits at moderate volumes, with delay reductions of up to 78% at 5500 vph and 49% at

5000 vph. As the figure shows, improvements were highest between 20 and 40% AVs but

flattened or became irregular at higher penetrations due to oversaturation and spillback

effects. At 6000-7000 vph, benefits were limited, and simulation anomalies under extreme

congestion further constrained results.
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intersection layout configuration (right).
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Tables 11 and 12 present the delay comparisons for groups C1, C2, and C3, with
left turns fixed at 45% in the dominant approaches and 25% in the others. The groups
differed only by traffic distribution, as described in the experimental design. For both
layouts of the intersection, average delays decreased with higher AV penetration, though
the magnitude varied with both volume and distribution. In a few oversaturated cases
(C.III.2 and C.II1.3), delays increased slightly from 80% to 100% AVs, reflecting instability at
very high penetration rates.

Table 11. Results for group C under varying percentages of traffic volume and AVs (first intersection
layout configuration).

Avg. Delay Reduction at Each Percentage of AVs (%)

Group Case ID Volume (vph)
20 40 60 80 100
ClIl1 3500 0% 18% 34% 46% 51% 54%
C1 ClII1 4500 0% 16% 27% 37% 46% 50%
C.III.1 5500 0% 13% 23% 32% 40% 44%
ClIl2 3500 0% 6% 12% 22% 33% 36%
C2 ClIL2 4500 0% 5% 10% 18% 26% 30%
CII.2 5500 0% 4% 8% 15% 22% 25%
CIlL3 3500 0% 12% 18% 22% 24% 27%
C3 CIL3 4500 0% 9% 15% 19% 21% 23%
C.IIL3 5500 0% 8% 13% 17% 18% 20%
Table 12. Results for group C under varying percentages of traffic volume and AVs (second intersec-
tion layout configuration).
Avg. Delay Reduction at Each Percentage of AVs (%)
Group Case ID Volume (vph)
20 40 60 80 100
ClIl1 5000 0% 15% 30% 42% 47% 50%
C1 CIL1 6000 0% 14% 21% 28% 38% 43%
CII1 7000 0% 2% 9% 11% 18% 25%
Cl2 5000 0% 4% 7% 17% 29% 32%
C2 CIL2 6000 0% 3% 4% 6% 6% 6%
C.III.2 7000 0% 10% 14% 18% 19% 15%
ClL3 5000 0% 10% 13% 17% 17% 21%
C3 C.IL3 6000 0% 3% 5% 11% 13% 21%
C.II.3 7000 0% 9% 15% 18% 19% 17%

The trends of delay variations for C1, C2, and C3 were similar to those observed for
B1, B2, and B3.

Tables 13 and 14 show the effect of increasing left-turn percentages (15%, 30%, and
45%) under fixed volumes and traffic distributions. Groups ABC.I, ABC.II, and ABC.III
represent equal, moderately uneven, and highly uneven distributions. Delays decreased
with higher AV penetration in all cases, though gains were small at low volumes, moderate
at medium volumes, and largest at high volumes, with reductions exceeding 70% in some
scenarios at 100% AVs.
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Table 13. Results for groups ABC under varying percentages of left-turn movement and AVs (first

intersection layout configuration).

Avg. Delay Reduction %

Group Case ID %LT

0% 20% 40% 60% 80% 100%

All 15% 0% 4% 9% 13% 16% 20%

ABC.I.1 B.1.1 30% 0% 3% 8% 12% 16% 20%
Cl1 45% 0% 18% 34% 46% 51% 54%

A21 15% 0% 7% 15% 22% 28% 35%

ABC.IL.1 B.2.1 30% 0% 6% 14% 21% 27% 34%
C21 45% 0% 16% 27% 37% 46% 50%

A3.1 15% 0% 12% 24% 33% 42% 50%

ABC.IIL.1 B.3.1 30% 0% 10% 22% 31% 40% 48%
C3.1 45% 0% 13% 23% 32% 40% 44%

Al2 15% 0% 6% 12% 18% 24% 30%

ABC.I.2 B.1.2 30% 0% 5% 11% 17% 23% 28%
C1l2 45% 0% 6% 12% 22% 33% 36%

A22 15% 0% 11% 22% 31% 40% 50%

ABC.I1.2 B.2.2 30% 0% 10% 20% 30% 39% 48%

C22 45% 5% 10% 18% 26% 30% 5%

A32 15% 0% 16% 30% 41% 52% 62%

ABC.IIL.2 B.3.2 30% 0% 15% 28% 40% 50% 60%
C3.2 45% 0% 4% 8% 15% 22% 25%

Al3 15% 0% 8% 16% 24% 32% 40%

ABC.L3 B.1.3 30% 0% 7% 15% 22% 30% 38%
C13 45% 0% 12% 18% 22% 24% 27%

A23 15% 0% 14% 28% 40% 52% 64%

ABC.IL3 B.2.3 30% 0% 13% 26% 38% 50% 62%
c23 45% 0% 9% 15% 19% 21% 23%

A33 15% 0% 20% 36% 50% 64% 78%

ABC.IIL.3 B.3.3 30% 0% 18% 34% 48% 62% 75%
C.3.3 45% 0% 8% 13% 17% 18% 20%

Table 14. Results for groups ABC under varying percentages of left-turn movement and AVs (second
intersection layout configuration).
Avg. Delay Reduction %
Group Case ID %LT

0% 20% 40% 60% 80% 100%

All 15% 0% 4% 8% 10% 12% 14%

ABC.I1 B.1.1 30% 0% 7% 13% 16% 19% 21%
Cl11 45% 0% 15% 30% 42% 47% 50%
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Table 14. Cont.
Avg. Delay Reduction %
Group Case ID %LT

0% 20% 40% 60% 80% 100%

A21 15% 0% 9% 20% 24% 28% 30%

ABC.IL.1 B.2.1 30% 0% 31% 41% 48% 54% 56%
cz21 45% 0% 14% 21% 28% 38% 43%

A31 15% 0% 16% 41% 48% 49% 58%

ABC.IIL1 B.3.1 30% 0% 13% 23% 42% 57% 60%
C31 45% 0% 2% 9% 11% 18% 25%

Al2 15% 0% 10% 18% 21% 23% 25%

ABC.L.2 B.1.2 30% 0% 22% 29% 33% 35% 36%
C12 45% 0% 4% 7% 17% 29% 32%

A22 15% 0% 25% 32% 39% 41% 42%

ABC.IL.2 B.2.2 30% 0% 26% 37% 43% 45% 57%

Cc22 45% 0% 3% 4% 6% 6% 6%

A32 15% 8% 4% 18% 20% 34% 44%

ABC.IIL.2 B.3.2 30% 0% 6% 6% 8% 9% 4%
C32 45% 0% 10% 14% 18% 19% 15%

Al3 15% 0% 10% 15% 19% 20% 23%

ABC.L3 B.1.3 30% 0% 14% 32% 37% 45% 49%
C13 45% 0% 10% 13% 17% 17% 21%

A23 15% 0% 18% 34% 41% 43% 46%

ABC.IL3 B.2.3 30% 0% 10% 11% 13% 14% 16%
C23 45% 0% 3% 5% 11% 13% 21%

A33 15% 0% 15% 19% 26% 26% 28%

ABC.IIL3 B.3.3 30% 0% 1% 3% 14% 22% 23%
C33 45% 0% 9% 15% 18% 19% 17%

5.3. LoS Comparison

Tables 15 and 16 summarize the level of service (LoS) results across all scenarios for
the first and second intersection layouts, respectively. The LoS, calculated from the con-
trol delay following HCM 2022, reflects the combined effects of the signal phasing, cycle
length, and volume-to-capacity ratio. The results show that higher left-turn percentages
significantly degrade LoS, limiting the benefits of AV penetration under oversaturated
conditions where spillback and geometric constraints dominate. Case A consistently
outperformed B and C, while evenly distributed flows (case 1) achieved better LoS than
unbalanced distributions (cases 2 and 3). The color coding from green (C) to red (F)
provides an intuitive view of how LoS rapidly declined as both left-turn demand and
traffic volume increased.
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Table 15. Delay and LoS comparison for all of the 27 cases, at each penetration rate of AVs (first
intersection layout configuration).

% of AV

%
Left Turn (%) Distribution of Vehicles Traffic Volume Case ID 0% 20% 40% 60% 80% 100%
in Each Approach
Low (3500 vph) ALT
Moderate
Case 1 -(4500 vph) ALl 44.77 (D) 42.08 (D) 39.40 (D) 36.71 (D)
igh (5500 vp! RIS 37.80 (D,
Low (3500 vph) Al2 48.30 (D) 44.92 (D 41.05 (D, 37.67 (D
o, Moderate
Case A (15%) Case 2 (4500 vph) AlIlL2 54.79 (D) 48.76 (D) 42.74 (D) 37.81 (D)
ig vp! RIS 54.42 (D 46.80 (D 39.18 (D
Tow (3500 vph) AL NS 7190 ) 62.10 (E) 54.75 (D 4739 (D
Case 3 (%%%evr;f) AIL3 74.53 (E) 62.11 (E) 52.35 (D) 4259 (D)
High (5500 vph) AI3 71.43 (E) 57.18 (E) 1467 (D)
Tow (3500 vph) BIT  3443(0)  3340(C)  3168(0) _ 3030(Q)  2892(Q)  2754(Q)
Moderate
Case 1 (4500 vph) B.IL.1 40.79 (D) 38.75 (D) 36.30 (D)
High (5500 vph) BII1 40.79 (D) 37.93 (D)
Tow (3500 vph) B12 76.2% (E) 71.67 (E) 60.23 (E 55.66 (E 50.32 (D
Case B (30%) Case2 %%%evraf) BIL2 58.74 (E) 52.87 (D) 4699 (D) 4112 (D) 35.83 (D) -
High (5500 vp RIS 58.86 (E 51.21 (D, 43.56 (D 39.49 (D 34.43 (D
Low (3500 vph) B.I3 7732 (E 67.01 (E
Moderate
Case 3 (4500 vph) BIL3 71.62 (E) 60.67 (E) 5056 (D) 4213 (D)
High (5500 vp T, 70.61 (E) 56.83 (E) 1473 (D) WSO 2158 |
Low (3500 vph) CIL1 56.92 (E 46.67 (D 37.57 (D
Case 1 (%%%e‘fgﬁf) CIL1 77.70 (E) 73.04 (E) 68.38 (E) 60.61 (E) 52.06 (D) 49.73 (D)
ig] vp! RIS 78.45 69.04 64.33 61.19 59.62 57.27
Low (3500 vph) CI2
o Moderate
Case C (45%) Case 2 (4500 vph) Cl12
High (5500 vph) CII2
Low (3500 vph) CI3
Moderate
Case 3 (4500 vph) C.IL3
High (5500 vph) CIIL3
The letters (C-F) represent the Level of Service (LOS), and the background colors visually correspond to these
categories: green indicates C, yellow indicates D, amber indicates E, and red indicates F.
Table 16. Delay and LoS comparison for all of the 27 cases, at each penetration rate of AVs (second
intersection layout configuration).
o % of AV
Left Turn (%) Distribution of Vehicles Traffic Volume Case ID 0% 20% 40% 60% 80% 100%
in Each Approach
Tow (3000 vph) AL MO e S A7) Q) BAQ)
Moderate
Case 1 (6000 vph) AIL1 47.0 (D) 429 (D) 37.7 (D) 35.7 (D)
High (7000 vp T, 703 (E) 6I4(@E)  605()  498(D)
Tow (5000 vph) AlLZ 43.0 (D) 389 (D) 35.1(D)
o Moderate
Case A (15%) Case 2 '(6000 vph) AllL2 69.8 (E) 52.2 (D) 47.2 (D) 42.6 (D) 41.2 (D) 40.2 (D)
ig] vp! RIS 73.2
Low (5000 vph) Al3 43.0 (D 38.6 (D 36.5 (D
Case 3 (%%%e‘f;*he) AIL3 75.5 (E) 619 (E) 49.6 (D) 44.4 (D) 43.0 (D) 41.1 (D)
High (7000 vph) AI3 796 (E) 796 (E) 775 (E)
Tow (5000 vph) BII 38.1 (D 35.3 (D
Moderate
Case 1 (6000 vph) BIL1 77.9 (E) 53.8 (D) 462 (D) 402 (D) 36.1 (D)
High (7000 vph) B.IMT 71.8 (E 66.0 (E
Tow (5000 vph) BIZ 6l. 48.1 (D 44.0 (D 41.3 (D 40.1 (D) 39.8 (D)
Moderate
Case B (30%) Case 2 (6000 vph) B.IL.2 71.5 (E) 55.7 (E)
High (7000 vp] 1.2
Tow (5000 vph) B13 77.1 (E) 66.4 (E) 52.8 (D) 489 (D) 42.1 (D) 39.7 (D)
Moderate
Case 3 (6000 vph) B.IL3
High (7000 vp T
Tow (5000 vph) CII 59.4 (E 495 (D) 453 (D) 424 (D)
Moderate
Case 1 (6000 vph) ClIL1
igh (7000 vp! I
Low (5000 vph) CI2
o Moderate
Case C (45%) Case 2 (6000 vph) Cl12
High (7000 vph) CII2
Low (5000 vph) CI3
Moderate
Case 3 (6000 vph) C.IL3
High (7000 vph) C.II.3

The letters (C-F) represent the Level of Service (LOS), and the background colors visually correspond to these
categories: green indicates C, yellow indicates D, amber indicates E, and red indicates F.
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5.4. Impact of Aggressive Behavior of AV's

AVs were first modeled with normal driving behavior, which assumes conservative
attributes suitable for mixed-fleet conditions. In some extreme cases with high volumes and
heavy left-turn demand, 100% AV penetration unexpectedly increased delay. These cases
were re-simulated using aggressive AV behavior, defined by a shorter standstill distance,
a reduced following distance, and higher acceleration and deceleration rates. The results
shown in Tables 17 and 18 indicate that aggressive behavior reduced the delay in all critical
cases, with improvements ranging from 4% to over 30%. The largest gain was in case B.IIL.2
at 5500 vph and full AV penetration, where the delay dropped by 18%. This indicates that
more dynamic AV strategies can deliver extra efficiency under severe congestion.

Table 17. Improvement in delay after applying aggressive AV driving behavior (first intersection
layout configuration).

Condition Case ID }\SI/O‘::'}ISI AV Avg. Delay éﬁirﬁ)s sive AV Avg. Delay % Improvement
B.IIL2 28.37 23.06 18%

5500 VPH

+100% AV C.IIL.2 98.84 94.89 4%
C.IIL3 147.86 136.03 8%

Table 18. Improvement in delay after applying aggressive AV driving behavior (second intersection
layout configuration).

Condition Case ID }\sI/ovrenl:E)ﬂ AV Avg. Delay é %gerlf)s sive AV Avg. Delay % Improvement
B.IIL2 136.47 92.81 32%

7000 VPH

+100% AV C.IIL2 180.44 173.21 4%
C.IL3 174.68 162.20 7%

Case C.IIL.3, with 45% left turns, showed limited gains under normal AV behavior,
with delay reductions plateauing at high penetration rates. To test whether driving style
influenced this, the case was re-simulated with aggressive AV behavior at 100% penetration
(Figure 11, left and right). The results showed improvement, with the average delay
reduction rising from about 19% to 23-25%. The gains at lower penetration levels were
modest, since interactions with human-driven vehicles still constrained flow. These findings
suggest that in fully automated conditions, more dynamic AV parameters, shorter standstill
distances, reduced following gaps, and quicker acceleration can unlock extra efficiency,
though pedestrian and cyclist phases must be preserved to ensure safety.

1.3 C.1L3

AV aggressive behavior at 100% AV AV normal behavior

= - ) ~
o Q 7] S a

% AVG. DELAY REDUCTION (S/VEH)

Q

60 80 100 0 10 20 30 40 50 60 70 80 90 100

PERCENTAGE OFAV (%) PERCENTAGE OF AV (%)

Figure 11. Case C.IIL3 revisited with aggressive driving behavior at 100% AV: first intersection layout
configuration (left) and second intersection layout configuration (right).
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5.5. Average Delay Reduction Across All Cases

Tables 19 and 20 summarize the average percentage reduction in delay across all
evaluated cases, using 0% AV penetration as the benchmark case. The results show that
AVs can reduce average delay by up to 32-40% at full penetration. The greatest incremental
improvement occurred between 0% and 20% AVs, with reductions of around 10%. Beyond
this early stage, the rate of improvement declined steadily, dropping to 8-9% between
20 and 40% AVs, about 5-7% between 40 and 60% AVs, 4-5% between 60% and 80% AVs,
and only 3-4% from 80% to 100% AVs. This indicates that the most significant efficiency
relative gains were realized during the early adoption phase, while benefits tapered off as
saturation was approached.

Table 19. Average delay reduction combining 162 simulations (first intersection layout configuration).

% AV Penetration Rate 0% 20% 40% 60% 80% 100%
Avg. delay reduction (%) 0.0 10.41 19.76 28.05 35.31 39.64
Incremental improvement (%) 0.0 1041 9.35 8.29 7.26 433

Table 20. Average delay reduction combining 162 simulations (second intersection layout configuration).

% AV Penetration Rate 0% 20% 40% 60% 80% 100%
Avg. delay reduction (%) 0.0 10.60 18.80 24.30 29.0 319
Incremental improvement (%) 0.0 10.60 8.22 5.49 4.70 2.90

Figure 12 (left and right) shows the average delay reduction across all cases as AV
penetration increased. Consistent with earlier studies [86,87], the largest benefit occurred
at 100% AVs, with an average reduction of around 40%. While the overall trend was nearly
linear, the actual range of improvements varied widely across scenarios (4-60%), depending
on traffic volumes, turning percentages, and operating conditions.

Average delay reduction forall cases

35.00%

)

w
©
Q
=}

25.00%

20.00%

15.00%

10.00%

Avg. delay reduction (%;

5.00%

0.00%
60 80 100 0% AV 20% AV 40% AV 60% AV 80% AV 100% AV

Percentage of AV (%) Percentage of AV (%)

Figure 12. Average delay reduction combining 162 scenarios: first intersection layout configuration
(left) and second intersection layout configuration (right).

6. Discussion of the Approach, Limitations, and Future Work

The following limitations may have affected the results and should be considered
when interpreting them. The modeling of AV behavior in VISSIM, although calibrated to
alternative driving behavior profiles (cautious, normal, or aggressive) as an output of a
previous European Commission-funded project, does not fully capture some real-world
complexities, such as the interactions with HDVs during cooperative merging and other
maneuvers, the potential variability in human driver reactions and behaviors in response
to AVs, and the impact of weather conditions and poor visibility on AV performance. The
simulation was not calibrated against real-world observed traffic data, as empirical data for
AV operation at higher penetration levels are currently unavailable. This limitation reflects
a common challenge in AV simulation studies and should be considered when interpreting
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the quantitative outcomes. This study focused on isolated intersections and did not con-
sider network-wide effects, coordination, or adaptive signal control, which may influence
AV benefits in real-world urban networks. In particular, the role of adaptive or cooperative
signal control remains unexplored, even though such systems are increasingly deployed in
urban networks and could amplify (or reduce) the marginal gains from AV penetration. It
also did not explicitly consider environmental sustainability impacts, such as emissions
or energy consumption. Although these impacts may be indirectly affected by changes in
delay, direct quantification would provide a more complete assessment. To address this
limitation, future research should integrate explicit environmental performance modeling
within the simulation framework. This could involve coupling the VISSIM outputs with
established emission and energy consumption models, such as MOVES, COPERT, or VER-
SIT+, to capture changes in fuel use, carbon dioxide, and pollutant emissions under varying
traffic scenarios. Such integration would enable a direct quantification of environmental
effects beyond delay-based inference and align the analysis with the objectives of smart
and sustainable cities, where operational efficiency is linked to measurable reductions in
energy use and emissions. Future work should explicitly quantify emission reductions
and energy savings from AV adoption, as such evidence would directly support policy
frameworks like SDG 11 (sustainable cities and communities) and SDG 13 (climate action).

Furthermore, the analysis assumed that AV technology and performance are consistent
across all penetration levels. It did not consider transitional-phase effects, such as the
evolution of AV software and algorithms, the potential coexistence of different levels of
automation (SAE Levels 2—4), and the impacts of driver behavior and adaptation. Moreover,
most near-term deployments will involve SAE Levels 2—4 rather than full automation, and
mixed fleets of varying automation capabilities may produce different dynamics than those
modeled here. Behavioral and social factors, such as mode shift, public perception, trust,
and acceptance of AVs, which may strongly influence their actual uptake and performance,
were not captured by the simulation. Finally, the simulation design only considered
one intersection type. It is likely that the impact of AVs varies with intersection design
and geometry, which should be explored in future work. It will also be important to
consider intersections with unconventional geometries, multimodal crossings, and varying
infrastructure quality, especially in low- and middle-income contexts where AV adoption
pathways may differ.

Future work should aim to provide empirical calibration of AVs based on long-term
field trials in mixed-traffic conditions. Operational assessment should also integrate a
range of sustainability metrics and include more network-scale studies that can identify the
broader effects across corridors and the city as a whole. Cross-context validation of these
findings in varying road geometries, driving cultures, and regulatory environments, with a
particular focus on low- and middle-income countries, would also be necessary to create a
globally relevant and transferable evidence base. Through these efforts, future research can
provide more robust and generalizable insights to support the global commitments to the
Sustainable Development Goals, including SDG 11 (sustainable cities and communities)
and SDG 13 (climate action). Ultimately, the findings call for a phased and context-sensitive
deployment strategy, underpinned by rigorous evaluation and policy integration, to ensure
AVs contribute meaningfully to resilient, sustainable, and inclusive urban mobility.

7. Conclusions and Recommendations

This study provides a comprehensive exploration of operational and policy consider-
ations for the deployment of SAE Level 5 AVs at a typical urban signalized intersection.
Utilizing both Synchro and PTV VISSIM to model the same intersection has allowed this
study to account for both high-level, optimized control inputs from the HDV baseline
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modeled in Synchro, as well as for the granular vehicle-to-vehicle interactions in mixed
HDV-AV traffic provided by PTV VISSIM. This has established a thorough and validated
base model for both control-centric and microsimulation approaches that is reflective of the
network and allows for fine-tuned and detailed behavior of AVs at the intersection to be
investigated. This dual approach enhances the robustness of the findings and provides a
methodological template that can be adapted in future urban AV evaluations.

The results of this study have shown that the introduction of SAE Level 5 AVs can
be expected to have a beneficial impact on average delay at signalized intersections, with
a potential total average delay reduction at 100% AV penetration of nearly 40%. The
results of this study, however, also show that these benefits are not guaranteed to be
evenly distributed across all AV penetration rates or across all intersection scenarios. The
introduction of AVs resulted in the largest change in delay reduction when AV penetration
increased from 0% to 20%, with the rate of reduction decreasing incrementally as AV
penetration increased, with a delay reduction of around 4% when AV penetration increased
between 80% and 100%. These findings are in line with a number of other simulation-
based studies that have been highlighted in the literature review [78,87,103]. The relatively
small increment in the percentage gain for AVs in the high penetration rates is expected to
be due to the existence of geometric and other intersection-level constraints that cannot
be overcome by AV technology, but also may be caused by residual vehicle-to-vehicle
interaction that is not entirely eliminated by the SAE Level 5 AV penetration. It must also
be noted that the benefit achieved in each scenario varied significantly, from one scenario
performing consistently worse to one achieving a benefit exceeding 60% across all AV
penetration rates. This variance in performance can be due to the characteristics of the
intersection in each scenario, with the lower left-turn proportion and more equal approach
volumes showing the highest benefits. This confirms that intersection-specific geometry
and traffic composition are critical determinants of AV performance and that uniform
deployment strategies may risk underperformance in many contexts. It is important to
note, however, that many trial sites do not fit this description, with a number of high-
turning-volume and oversaturated intersections likely to exist within typical urban areas.
As a result, it is unclear whether the high performance seen in these scenarios could be
replicated at trial sites or in reality. The limited generalizability of results from a single
intersection trial site also points to the dangers of using isolated deployments as a basis
for scaling AV technology across an urban area and calls into question how these results
can be used to extrapolate to larger areas. In particular, the lack of benefit seen at many
intersections with a high turning volume and oversaturated flows means that benefits are
unlikely to be realized without localized fine-tuning to the traffic composition, intersection
geometry, and control system capability. Therefore, staged deployment guided by empirical
performance monitoring is essential to avoid misallocation of infrastructure investment.

In the context of policy and planning, the most significant finding of this study is that
the deployment of AVs should be selective. As has been shown in the results, the greatest
rate of improvement for the benefits can be achieved in the early stages of AV deployment
in intersection scenarios that benefit most from these changes, without requiring AVs to
reach 100% market penetration. These sites are prime targets for the early introduction of
AVs. As AV penetration increases beyond these levels, additional measures may be required
to achieve the same levels of improvement in change rates. These measures may include
geometric redesigns, adaptive or cooperative signal control approaches, and dynamic lane
allocation, among others. In this way, the deployment of AVs can be achieved in a way that
quickly achieves significant benefits for the city in the early stages, and as AVs become more
capable, additional improvements can be made as AV technology develops. Furthermore,
the importance of links between simulation and real-world trials, also highlighted in the
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results, suggests that the behavior and characteristics of AVs should be carefully studied
through these deployment strategies, and assumptions regarding AVs should be calibrated

through empirical evidence and validated prior to any attempt to scale up these results.

Policymakers should also recognize that AVs are not a stand-alone solution; integration

with broader sustainable mobility strategies, such as public transport enhancement and

demand management, will be crucial to maximize benefits while advancing climate and

equity goals.

A summary of the findings from the literature review, the detailed results from this

study, and recommendations for implementation in a policy-friendly format are shown in

Table 21. This includes the list of targeted actions and the stakeholder responsible for their

implementation, as well as the relevant deployment context for each of the measures.

Table 21. Recommendations for AV deployment at urban signalized intersections.

Recommendation

Key Actions (What)

Lead Actors (Who and How)

Priority Deployment Contexts (Where)

Target intersections with favorable traffic
characteristics in early phases

Focus initial deployment on sites with low
left-turn proportions and balanced
approach volumes

Local highway authorities and
transport operators

Medium-high volume urban intersections
with adaptive control

Combine AV introduction with adaptive or
cooperative signal control

Implement signal systems that respond to
AV communication and real-time
traffic states

City transport departments and
ITS vendors

Multi-intersection corridors

Calibrate AV driving profiles for balanced
efficiency and safety

Optimize following distances and
acceleration/deceleration patterns using
trial data

AV manufacturers and regulators

Controlled operational domains
and testbeds

Mitigate turning-movement bottlenecks

Redesign lanes or adjust signal timings to
reduce delay from high-turn movements

Highway engineers and local
councils

Intersections with high turning volumes

Integrate sustainability assessment into AV trials

Combine traffic performance analysis
with emissions and energy modeling

Research institutions and
environmental agencies

Areas with air quality improvement targets

Plan for mixed-traffic conditions

Develop operational strategies for long
transitional phases with HDVs

Department for Transport and BSI

National and regional adoption strategies

Strengthen evidence base through longitudinal
field trials

Conduct multi-year, real-world
monitoring of AV-HDV interactions
across varied traffic and

weather conditions

Universities, transport research
centers, and city authorities

Diverse testbeds across high-income and
low-/middle-income contexts

Embed equity and accessibility considerations

Ensure AV trials include equity audits and
accessibility impact assessments for
vulnerable road users

Transport departments, equality
commissions, and disability
advocacy groups

Urban corridors with high multimodal use

The method presented in this research provides a more operationally relevant means

of assessment, although necessarily at the cost of oversimplifying certain aspects of AV

technology and traffic system behavior in the real world. Behavioral parameters for AVs

(such as reaction time, gap acceptance behavior, and adherence to signal optimization) are

calibrated on best-practice simulation settings rather than long-term, real-world operational

data. Interactions with pedestrians and other road users, as well as more nuanced multi-

modal conflicts, were beyond the scope of this study. The optimization process based

on Synchro should also be considered a lower bound to the true potential for efficiency

improvements, as the modeling was not used to investigate more adaptive, real-time

control in the presence of AVs to its full extent, which could identify potential synergies

with cooperative vehicle and signal technologies. A stronger integration of simulation

outputs with adaptive signal systems in future studies would provide clearer operational

guidance for cities considering AV deployment.
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