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Resume

In this study it was investigated how the traffic optimisation can reduce
the environmental impact of urban transport. Traffic flows were modelled
on a key urban road section, and traffic-light phases were optimised and
synchronised to create smoother movement and reduce intersection delays.
Data on traffic volume, delay time, fuel consumption and pollutant emissions
were collected before and after the implementation. The results showed a
20-25% reduction in intersection delays, accompanied by an average of 15%
decrease in CO2 emissions. Fuel consumption fell by 10% for cars and 15%
for trucks. Traffic-light optimisation also improved the flow distribution and
increased average speed. Environmentally, NOx emissions decreased by 12%
and particulate matter by 8%. The findings confirm the scalability of green-
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1 Introduction

Modern cities face numerous challenges related to
transport infrastructure, air quality, and the comfort of
the urban environment. With increasing urbanisation
and a rise in the number of vehicles, urban road networks
are becoming increasingly congested. This leads not
only to longer delays at intersections, higher fuel
consumption and greater air pollution, but to increased
traffic noise as well, which is one of the most disturbing
effects of road transport in built-up urban areas. In
this context, the road-traffic optimisation should be
considered not only as a means of improving mobility
and reducing emissions, but also as a measure that
can indirectly reduce acoustic pressure by decreasing
stop-and-go movement, unnecessary acceleration and
idling near intersections. Decky et al. [1] have also
emphasised the importance of assessing the traffic
noise as a part of the wider environmental impact of
road infrastructure, including in relation to roundabout
traffic and urban intersection design. These problems

require the implementation of innovative approaches to
traffic management, aimed at improving its efficiency
and reducing the negative impact on the environment.

The transport sector remains one of the largest
sources of greenhouse gas emissions, including
carbon dioxide (CO,), nitrogen oxides (NOx), and
particulate matter (PM). According to the World Health
Organization [2], the level of air pollution in cities has
a serious impact on public health, increasing the risk
of respiratory and cardiovascular diseases. This is
particularly relevant for densely populated metropolises,
where the traffic congestion exacerbates environmental
and social problems.

The city of Baku, as the capital of Azerbaijan, faces
a number of specific transport problems. Academician
Zarifa Aliyeva Street, being one of the city’s key
thoroughfares, frequently experiences congestion caused
by the irregular operation of traffic lights and high
traffic density. The low capacity of the road during peak
hours leads to the formation of traffic jams, increased
journey times, and a rise in environmental pollution.
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The introduction of an adapted system of coordinated
traffic flow on this thoroughfare could be an effective
solution, allowing for the improvement of the transport
situation and a reduction in the environmental burden.

One of the most promising methods of traffic
management is the implementation of a “green wave”
mode, based on the coordinated operation of traffic
lights. This approach allows vehicles to travel along a
route without stopping, provided that they maintain an
optimal speed, which helps to reduce delays and lower
emissions of pollutants.

Particular attention is being paid to the integration
of cloud technologies into traffic management. Li et al. [3]
proposed a strategy for global ecological speed planning
of vehicles using “vehicle-road-cloud” technologies. This
approach not only reduces delays but also minimises CO,
emissions, which is particularly important in the context
of modern environmental challenges. The application of
adaptive evolutionary strategies also occupies a central
place in modern research. Zheng et al. [4] proposed
methods for coordinating traffic light phases that allow
for effective responses to changes in traffic intensity.
These approaches provide management flexibility and
help to reduce congestion.

The use of artificial intelligence (AI) in transport
infrastructure opens new perspectives. Santhiya et al.
[5] showed that the application of AI not only optimises
traffic flow but also addresses issues related to climate
change by reducing the carbon footprint of the transport
sector. In conditions of high traffic density, adaptive
traffic light systems demonstrate their significance.
Ashokkumar et al. [6] emphasised that such systems
play an important role in improving air quality and
reducing CO, emissions, making them an integral part
of the sustainable development of urban infrastructure.

Zhang et al. [7] investigated the possibilities of
coordinating traffic light operation taking into account
pedestrian crossing times, which is particularly relevant
for complex urban networks. This solution helps to
minimise conflicts between traffic flows and pedestrians,
increasing road safety. Selvapriya et al. [8] considered
how the application of Al can contribute to mitigating
the effects of climate change. Their research showed that
the implementation of Al in traffic management makes
it possible to significantly reduce CO, emissions while
simultaneously increasing the efficiency of traffic flows.

Yang et al. [9] focused on energy-saving management
strategies for intelligently connected vehicles. Such
approaches help to minimise the impact of transport
infrastructure on the environment, reducing both fuel
consumption and pollutant emissions. For the city
of Baku, where the transport infrastructure faces
problems of congestion and insufficient traffic light
synchronisation, the implementation of a “green wave”
system is particularly relevant. Academician Zarifa
Aliyeva Street, as one of the main thoroughfares, is
characterised by high traffic intensity and significant
delays at intersections. The application of coordinated

traffic light operation on this street could not only reduce
delays but decrease pollutant emissions as well, which
is important for improving the ecological situation in
the city.

It is also important to emphasise that the study
of the “green wave” effect should take into account the
characteristics of both daytime and night-time. For
example, at night, when traffic intensity decreases, the
effectiveness of traffic light synchronisation may be even
higher, as highlighted in the work of El-Hameed [10].

Analysis of previous works show that despite
successes in optimising traffic flows, certain gaps remain
in the research. Firstly, more data is needed on the
long-term impact of coordinated traffic flow systems
on air quality in urban environments. Secondly, the
night period, characterised by low traffic intensity,
remains insufficiently studied in terms of “green
wave” implementation. Finally, the influence of local
characteristics, such as building density and road
network configuration, requires further study to ensure
the successful adaptation of such systems in various
conditions.

The aim of this research was to evaluate the
effectiveness of coordinated traffic-light control in
improving traffic flow, reducing intersection delays,
increasing road capacity, and lowering vehicle-related
emissions on an urban road corridor in Baku.

2 Materials and methods

The study was conducted in Baku, the capital of
Azerbaijan, in preparation for the 29th meeting of the
Conference of the Parties to the United Nations Framework
Convention on Climate Change (COP29), hosted in Baku
in 2024. COP29 was a major international climate-policy
event focused on strengthening global responses to climate
change, including mitigation, adaptation, climate finance,
and the development of sustainable urban solutions. In
this context, the optimisation of traffic flows in Baku was
considered not only as a trafficcmanagement task but also
as a practical measure aimed at reducing urban transport
emissions and improving the environmental performance of
the city’s road infrastructure.

The object of the analysis was a 4.4 km section
of Academician Zarifa Aliyeva Street, one of the key
transport corridors in central Baku. The analysed corridor
included three major signalised intersections: with R.
Behbudov Avenue, Bulbul Avenue, and S. Vurgun Street.
This thoroughfare was selected because of its strategic role
in distributing traffic in the city centre and its influence on
the operational performance of adjacent roads.

For temporal classification, the study considered both
the national time-period definitions applied in Azerbaijan
and the framework commonly used in international
environmental-noise assessment. In Azerbaijan,
permissible noise levels are generally differentiated
between the daytime period (07:00-23:00) and the night-
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time period (23:00-07:00). Consequently, the observation
interval analysed in this study (00:00-07:00) falls entirely
within the nationally defined night-time period. The night-
time and early-morning period was selected not to exclude
traffic demand, but to analyse the corridor under off-peak
and transition-to-peak conditions that are relevant for both
road users and residents living near the local road network.
From a traffic-engineering perspective, this time horizon
made it possible to examine how the signal coordination
performs under lower but still variable traffic intensities,
when unnecessary stops and delays are mainly caused by
signal desynchronisation rather than oversaturation. From
an environmental perspective, night-time emissions are
also important because reduced atmospheric dispersion
and the proximity of residential buildings can increase the
local impact of idling vehicles, especially near intersections
and bus-stop areas.

During the observation period from 00:00 to 07:00 on
weekdays in 2024, more than 7,200 vehicle movements
were recorded across the corridor and its intersection
approaches, corresponding to an average all-approach
intensity of approximately 1,029 vehicles/hour. For the
main observed traffic stream, hourly intensity varied from
150 vehicles/hour during the lowest-load period between
03:00 and 04:00 to 300 vehicles/hour between 06:00 and
07:00.

A video-detection system was used for data collection.
The system recorded vehicle volumes, vehicle categories,
movement directions, average speed, delay time, queue
formation, traffic-light phase durations, and general traffic
dynamics. The infrastructure inventory included the length
of road sections, number of lanes, unregulated intersections,
parking zones, bus stops, traffic lights, pedestrian crossings,
and side-arm approaches. These data provided the basis
for reconstructing the existing operating conditions of the
corridor and for calibrating the traffic simulation model.

The traffic composition of the study corridor was
classified into five vehicle categories: passenger cars, taxis,
light commercial vehicles (LCVs), heavy goods vehicles
(HGVs), and buses. During the observation period,
passenger cars accounted for 58.0% of the total flow, taxis
for 18.0%, LCVs for 12.0%, HGVs for 7.0%, and buses
for 5.0%. Thus, the modelled traffic stream consisted
of approximately 4,176 passenger cars, 1,296 taxis, 864
LCVs, 504 HGVs, and 360 buses. This classification was
necessary since the vehicle categories differ in length,
acceleration, deceleration, lane-changing behaviour, road-
space occupancy, and emission intensity. For passenger cars
and taxis, the average desired speed was set at 50 km/h; for
LCVs, at 45 km/h; and for HGVs and buses, at 40 km/h.
Vehicle lengths were specified as 4.5 m for passenger cars
and taxis, 6.0 m for LCVs, 12.0 m for buses, and 12.5 m for
HGVs.

The influence of public transport was incorporated
through the explicit modelling of bus movements and bus-
stop areas along the corridor. Three bus-stop zones were
represented in the VISSIM network: one near the section
between R. Behbudov Avenue and Bulbul Avenue, one

near Bulbul Avenue, and one close to S. Vurgun Street.
Bus dwell time was modelled as a stochastic parameter
ranging from 12 to 35 s, with an average value of 22 s.
This parameter was important because buses stopping in
the outer lane temporarily reduced the effective capacity of
the adjacent lane and affected vehicle discharge during the
green phase. Where a bus stop was located within 60-80 m
of an intersection, the model additionally accounted for the
interaction between departing buses and through traffic.

Traffic behaviour was simulated in VISSIM using a
microscopic traffic-flow approach. The car-following logic
was based on the Wiedemann 74 model, which is suitable
for representing individual driver responses to the speed
and spacing of leading vehicles in urban arterial conditions.
The calibrated average standstill distance was 1.8 m for
passenger cars and taxis, 2.3 m for LCVs, and 2.8 m for
buses and HGVs. The additive part of the desired safety
distance was set at 2.2, while the multiplicative part was
set at 3.0. Maximum acceleration was specified as 2.6 m/s?
for passenger cars and taxis, 2.0 m/s? for LCVs, 1.3 m/s? for
HGVs, and 1.2 m/s? for buses. Normal deceleration was set
between —2.5 and -3.5 m/s? depending on vehicle category.
Lane-changing behaviour was calibrated using a minimum
headway of 1.2 s, a minimum lateral clearance of 0.6 m at
low speed, and a lane-changing distance of 150 m before
intersections.

The modelling workflow consisted of five consecutive
stages. First, the geometry of Academician Zarifa Aliyeva
Street was coded in VISSIM, including the number of lanes,
link lengths between intersections, pedestrian crossings,
parking zones, bus stops, parking areas, and side-arm
approaches. Second, traffic inputs were introduced by
direction and vehicle class using video-detection data
collected for each hourly interval between 00:00 and 07:00.
Third, the existing signal-control plans were reproduced for
the intersections with R. Behbudov Avenue, Bulbul Avenue,
and S. Vurgun Street. Fourth, the baseline model was
calibrated against observed traffic volumes, speeds, delays,
and queue lengths. Fifth, the optimised “green wave”
scenario was tested using a recommended corridor speed of
50 km/h, a 60 s signal cycle, and coordination offsets of 36
s for R. Behbudov Avenue, 22 s for Bulbul Avenue, and 11 s
for S. Vurgun Street.

The software workflow was organised as an integrated
modelling chain. First, video-detection data were exported
as hourly traffic records containing vehicle counts, vehicle
categories, directions of movement, observed speed, delay
time, and queue formation. Second, MATLAB was used to
clean the dataset, aggregate hourly indicators, calculate
traffic density, estimate travel time, and determine
preliminary signal offsets for the green-wave mode. Third,
the geometric and operational structure of the corridor was
reproduced in VISSIM, including the main road, side arms,
bus stops, pedestrian crossings, parking zones, and signal-
control logic. Fourth, the observed traffic volumes and
modal shares were introduced into VISSIM by vehicle class
and direction. Fifth, the baseline scenario was calibrated
against observed speeds, delays, queue lengths, and traffic
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volumes. Finally, the optimised signal-control plan was
tested using the 60 s cycle, the recommended progression
speed of 50 km/h, and the calculated coordination offsets.

Scikit-learn and TensorFlow were used as supporting
analytical tools rather than as substitutes for microscopic
simulation. Scikit-learn was wused for traffic-state
classification and short-term demand estimation based
on time interval, vehicle volume, vehicle composition,
approach direction, speed, and delay. TensorFlow was used
to test the stability of the predicted traffic states under
different demand scenarios and to support the selection of
signal-control parameters. The outputs of these algorithms
were then compared to the VISSIM simulation results and
field observations.

The machine-learning component was evaluated using
numerical indicators. For traffic-volume estimation, the
calibrated model achieved a coefficient of determination of
R%=0.93 and a mean absolute percentage error of 6.4%. For
average speed estimation, the mean absolute error was 2.8
km/h, while the difference between observed and simulated
average speed was 5.8%. For intersection delay estimation,
the root mean square error was 1.2 s, and the difference
between observed and simulated delay values was 8.6%.

The signal-control parameters were calibrated
separately for each intersection. For R. Behbudov Avenue,
the optimised effective green time was 22 s, the red interval
was 38 s, and the yellow interval was 4 s. For Bulbul
Avenue, the green and red intervals were both 30 s, with a
4 s yellow interval. For S. Vurgun Street, the green interval
was 27 s, the red interval was 33 s, and the yellow interval
was 4 s. In the simulation, the 60 s cycle was treated as the
basic red-green control cycle, while the yellow interval was
represented as an intergreen transition within the signal-
control logic.

The main calibrated parameters included vehicle input
volumes, desired speed distributions, acceleration and
deceleration profiles, standstill distance, safety-distance
parameters, lane-changing distance, minimum headway,
queue discharge rate, bus dwell time, green time, red time,
yellow interval, and offsets between adjacent intersections.
The data used for calibration included video-based vehicle
counts, directional turning volumes, vehicle-type shares,
observed speeds, delay times, queue lengths, traffic-light
phase durations, bus-stop locations, and road geometry. The
dataset was divided into calibration and validation subsets:
70% of the observations were used for calibration and 30%
for validation. Calibration was performed iteratively until
the simulated traffic volumes, travel times, average speeds,
and queue lengths corresponded closely to the observed
values.

Model validity was assessed by comparing simulated
and observed traffic volumes, travel times, speeds, and
delay values. The Geoffrey E. Havers (GEH) statistic was
used to compare the modelled and observed traffic volumes
for the main approaches and side arms of the intersections.
The final model achieved GEH < 5 for 91.7% of the analysed
movements and GEH < 10 for 100% of the movements, with
an average GEH value of 2.1. The mean absolute percentage

error between the observed and simulated traffic volumes
was 6.4%. The difference between observed and simulated
travel time along the corridor was 7.2%, while the difference
in average speed was 5.8%. The simulated average delay
differed from the observed delay by 8.6%.

The traffic behaviour on the side arms of the
intersections was modelled separately because cross-street
demand directly affected the efficiency of the coordinated
“green wave” on the main corridor. At the intersection
with R. Behbudov Avenue, side-arm traffic accounted
for approximately 31% of total intersection demand and
produced the highest risk of short queue spillback. At Bulbul
Avenue, side-arm traffic accounted for approximately 27%
of total demand, but its hourly variability was higher,
especially between 05:00 and 07:00. At S. Vurgun Street,
side-arm demand was lower and more stable, accounting
for approximately 22% of total intersection demand. For
this reason, R. Behbudov Avenue was treated as the most
critical intersection in terms of cross-flow interaction,
while S. Vurgun Street allowed more stable progression
along the main corridor. Including side-arm traffic in the
model prevented overestimation of the green-wave effect
and made the simulation more representative of real
intersection operation.

To evaluate the operational effect of signal coordination,
three additional performance indicators were calculated:
traffic density, average corridor speed, and travel time.
Traffic density was calculated as the ratio between
hourly traffic intensity and average speed, average speed
was obtained from video-detection records and VISSIM
simulation outputs, and travel time was calculated for
the 4.4 km corridor between the first and last analysed
intersections. These indicators were selected because they
reflect the operational effect of signal coordination more
directly than total traffic volume alone. The corresponding
density, speed, and travel-time values are presented in the
Results section.

The environmental effect of the system was evaluated
by analysing the reduction in delays and the associated
changes in fuel consumption, CO,, NOx, and particulate
matter emissions. Emission changes were estimated based
on the traffic intensity, average speed, stop frequency,
and delay time before and after implementation of the
optimised signal-control scenario.

Traffic density was expressed in vehicles per
kilometre, speed in km/h, and travel time in seconds.
Figures 5-8 generated from the model were used not only
for visualisation but also for quantitative comparison of
density, speed, travel time, delay, and environmental effects
before and after implementation of the “green wave” mode.

To compare the operational and environmental effects
of different traffic-control approaches, three modelling
scenarios were defined. The baseline scenario represented
the existing traffic-light operation before optimisation,
with non-coordinated signal phases at the analysed
intersections. The first alternative scenario represented
fixed-time “green wave” coordination, in which the traffic
lights were synchronised using a 60 s cycle, a recommended
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Table 1 Definition of baseline and alternative modelling scenarios

Scenario Description Signal-control Main parameters included Purpose of comparison
principle
S0 - Baseline Existing traffic-light operation Non-coordinated Observed signal phases, To reproduce actual
before optimisation signal operation observed traffic volumes, pre-optimisation traffic
existing delays, side-arm conditions
traffic, bus stops
S1 - Fixed-time Coordinated traffic-light operation  Fixed-time signal 60 s cycle, 50 km/h To estimate the
green wave along the corridor coordination progression speed, offsets of effect of basic signal
36s,22sand 11 s synchronisation
S2 - Adaptive Coordinated traffic-light Adaptive signal 60 s base cycle, 50 km/h To test whether adaptive
Al-supported operation supported by traffic- coordination progression speed, vehicle-  adjustment improves the
green wave state classification and demand class shares, side-arm fixed green-wave scenario

estimation

demand, bus dwell time,
traffic-state prediction

progression speed of 50 km/h, and fixed offsets between
intersections. The second alternative scenario represented
an adaptive Al-supported “green wave” mode, in which the
same coordination principle was retained but traffic-flow
classification, short-term demand estimation, and public-
transport effects were incorporated into the adjustment of
signal-control parameters. The scenarios were compared
using the same road geometry, traffic composition,
observation period, and vehicle-demand input to ensure
methodological consistency (Table 1).

3 Results

3.1 Baseline traffic-flow characteristics
and justification of the study interval

Analysis of traffic-flow intensity was one of the key
stages of the study because it made it possible to identify

Figure 1 Phases of traffic lights and actual traffic intensity
by direction at intersections with R. Behbudova Street

the operational characteristics of traffic on Academician
Zarifa Aliyeva Street and at the adjacent intersections.
The characteristics of the traffic flow were determined
using video-detection data collected for each hourly
interval from 00:00 to 07:00. The analysis included
vehicle counts by direction, vehicle-category distribution,
average speed, delay time at signalised intersections,
queue formation, and the relationship between traffic
volume and signal phases. The recorded data were then
grouped by time interval and intersection approach,
which allowed the identification of periods with stable
flow, reduced flow, and emerging congestion.

The “green wave” mode was tested on Academician
Zarifa Aliyeva Street during the weekday interval from
00:00 to 07:00. This time interval was selected because
it combines two analytically important traffic conditions:
the night-time off-peak period, when the traffic volumes
are lower and delays are mainly caused by signal
desynchronisation, and the early-morning transition

Figure 2 Phases of traffic lights and actual traffic intensity
by direction at intersections with Bulbul Avenue

44—

—
-—

Figure 3 Phases of traffic lights and actual traffic intensity
by direction at intersections with S. Vurgun Street
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period, when the traffic intensity begins to increase
towards the daytime peak. Therefore, the selected
interval made it possible to assess whether coordinated
signal control could improve traffic progression under
both low-volume and gradually increasing demand
conditions. The weekday period was chosen to ensure
comparability of traffic patterns and to avoid irregular
fluctuations associated with weekends, holidays, and
special events. In addition, the interval from 00:00 to
07:00 is relevant from an environmental and urban-
comfort perspective, as unnecessary stops, idling,
acceleration, and braking near intersections may affect
nearby residential areas even when total traffic volume
is lower than during the daytime peak. Figures 1-3 show
the phases of traffic lights and actual traffic intensity
by direction at the intersections of Academician Zarifa
Aliyeva Street.

3.2 Green-wave coordination and modelled
operational effects

The green wave graph shows that the critical
intersection is the second intersection, the first
intersection has an offset of 36 seconds and the last
intersection has an offset of 11 seconds (Figure 4).

The highest traffic intensity was recorded from
06:00 to 07:00, reaching 300 vehicles/hour, including
passenger cars, taxis, light commercial vehicles, heavy
goods vehicles and buses, rather than passenger cars
only. This value exceeded the average figure for the
night period by 20%. The lowest congestion within the
analysed night-time interval was recorded from 03:00 to
04:00, when traffic intensity decreased to 150 vehicles/
hour; according to 24-hour monitoring, the daily traffic
intensity on the main corridor was approximately 18,000
vehicles/day. Analysis of these data showed that traffic
intensity increased during the early-morning transition
period from 06:00 to 07:00; however, since the study

£

covered only 00:00-07:00, this interval should not be
interpreted as the full morning peak of the 24-hour
traffic cycle, but as the transition from night-time traffic
to the beginning of daytime demand.

Time delays at the intersections varied significantly
with traffic volume. During the peak hours, the average
waiting time at traffic lights reached 14 seconds, while
during the period of minimum congestion it decreased
to 8 seconds. The difference is explained by the uneven
distribution of traffic flow as well as insufficient
synchronisation of the traffic lights phases.

Additionally, the change in the average speed of
traffic was analysed. During the peak hours the speed
decreased to 48 km/h due to increased traffic density,
while during less busy periods it increased to 53 km/h.
These data indicate the need to implement a “green
wave” mode that can smooth out traffic flow fluctuations
and provide a more uniform traffic flow.

A detailed analysis of the flow distribution at the
intersections showed that the intersection with R.
Behbudov Avenue was the busiest. This is explained by
its complex configuration and high number of vehicles
crossing this zone. For comparison, the intersection
with S. Vurgun Avenue showed more stable traffic due
to efficient organisation of traffic lights phases. At the
Bulbul Avenue intersection, there was a high variability
in traffic volume, which required a special approach to
system tuning.

In addition to textual analysis, data visualisation
allows the effects of optimisation to be clearly
demonstrated. For example, the plotted graph illustrates
the changing average delay times at intersections
as a function of time of day before and after the
implementation of the “green wave” mode (Figure 5).
The graph shows that at the conditionally recommended
speed of 50 km/h the delay time decreases, which
confirms the effectiveness of the system.

The optimisation of traffic lights has significantly
reduced the delay time, which contributes to smoother

Distance along corridor, km

Time, s

Figure 4 Green wave graph on Zarifa Aliyeva Street

COMMUNICATIONS



BAGHIROV, AHMEDOV

§ . » ~®
15 —®- Before implementation o
—&— After implementation | ™

14 2 -

13 -
~
3
£ 12 -
3]
2
~ 11 al
)
g
> 10
=
5]
A 9.

8
74
0 1 2 3 4 5 6 7
Time of day (hours)
Figure 5 Changing delay times at intersections
—8— Before optimisation
604 After optimisation
5.5 4

bk
o
Il

Traffic density, veh/km
-y
(9]

4.0 -
3.5
3.0
o o Q o o o o
& o & > ©° ©° ®
o o o o o o o
N o ¥ e o el oo

Time interval

Figure 6 Modelled traffic density before and after implementation of the “green wave” mode

and more uniform traffic flow. Reduced waiting
time has a positive impact not only on the street
capacity, but on environmental performance, as
well: reduced idling leads to lower fuel consumption
and, as a consequence, lower CO,, NOx and PM
emissions.

To complement the analysis of delay reduction,
the next stage assessed changes in modelled traffic
density along the studied corridor. Density was
used as an additional indicator since it reflects how

compactly vehicles move through the road section and
whether signal coordination reduces local accumulation
near intersections. The comparison before and after
implementation of the “green wave” mode is shown in
Figure 6.

Changes in average corridor speed were then
analysed to determine whether the reduction in delays
was accompanied by smoother and more continuous
vehicle progression. Unlike isolated delay values at
intersections, average speed characterises the overall
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Figure 8. Travel time along the 4.4 km corridor before and after implementation of the “green wave” mode

operational performance of the 4.4 km corridor and
shows how effectively vehicles move between consecutive
signalised intersections. The corresponding before-and-
after comparison is presented in Figure 7.

Finally, the travel time along the full analysed
corridor was calculated to evaluate the practical effect
of signal coordination from the road-user perspective.
This indicator integrates the influence of speed, stops,
and delays and therefore provides a direct measure
of the time savings produced by the optimised traffic-
light regime. The modelled travel-time dynamics

before and after implementation are presented in
Figure 8.

In the next stage the baseline and alternative
modelling scenarios were compared. The comparison
was conducted to determine whether the observed
improvements resulted only from fixed signal
synchronisation or whether additional benefits could
be obtained when the adaptive traffic-state estimation
and public-transport effects were incorporated into the
control logic. The same traffic-demand input and road
geometry were used in all scenarios, which made it
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Table 2 Comparison of baseline and alternative traffic-control scenarios

Indicator S0 - Baseline  S1 - Fixed-time green S2 - Adaptive Al-supported green
wave wave
Average intersection delay, s 12.0 9.6 9.0
Delay reduction compared with baseline, % - 20.0 25.0
Average corridor speed, km/h 51.0 53.0 54.0
Average travel time along 4.4 km corridor, s 309.4 296.7 292.0
Average traffic density, veh/km 4.2 4.0 3.9
CO, reduction compared with baseline, % - 12.0 15.0
NOx reduction compared with baseline, % - 9.0 12.0
PM reduction compared with baseline, % - 6.0 8.0
Fuel-consumption reduction for passenger - 8.0 10.0
cars, %
Fuel-consumption reduction for HGVs, % - 12.0 15.0

possible to isolate the effect of the traffic-control strategy
(Table 2).

Both alternative scenarios improved the traffic and
environmental indicators compared to the baseline.
The fixed-time green-wave scenario reduced average
intersection delay from 12.0 s to 9.6 s, corresponding to
a 20.0% reduction. The adaptive Al-supported scenario
produced a stronger effect, reducing average delay to
9.0 s, or by 25.0% compared with the baseline. Average
corridor speed increased from 51.0 km/h in the baseline
scenario to 53.0 km/h under fixed-time coordination and
54.0 km/h under adaptive coordination. Travel time along
the 4.4 km corridor decreased from 309.4 s to 296.7 s in
S1 and to 292.0 s in S2. The environmental indicators
followed the same pattern: the adaptive scenario achieved
the greatest reductions in CO,, NOx, PM emissions
and fuel consumption. This confirms that coordinated
signal control is effective per se, while the adaptive
adjustment based on traffic-state estimation provides
additional operational and environmental benefits.

3.3 Traffic-light phase optimisation
and implementation parameters

The next stage of the study was the optimisation of
traffic-light phases to address the main deficiencies of
the baseline system: insufficient coordination between
adjacent intersections, uneven green-time distribution,
short green phases on loaded approaches, unnecessary
stops between intersections, queue formation near R.
Behbudov Avenue, and increased delays during the
06:00-07:00 early-morning transition period. Data from
video detection and machine learning algorithms were
used to calculate the optimal traffic light operation
parameters. Individual settings of green, yellow and red
signal durations were proposed for each intersection,
taking into account traffic intensity at different time
intervals.

At the intersection with R. Behbudov Avenue,

the duration of the green phase in the morning hours
was increased, which significantly reduced delays.
At the intersection with Bulbul Avenue, additional
synchronisation with neighbouring intersections
was introduced, which improved the capacity of the
section. For the intersection with S. Vurgun Avenue,
the operating phases were adapted to the variable load
characteristic of the night hours.

The optimisation results showed that the average
delay time was reduced by 20-25%. This, in turn, reduced
CO, emissions by 15%, as well as NOx emissions by 12%
and PM emissions by 8%. In addition, a reduction in
fuel consumption of 10% for cars and 15% for lorries was
recorded.

The optimisation of traffic lights not only improved
the traffic situation, but it had a positive impact
on environmental performance, as well. A more even
flow distribution reduced the number of stops, which
improved the smoothness of traffic flow and reduced
stress for drivers. The introduction of the “green wave”
mode ensured that vehicles travelled through the
study area without stopping at a red light, which also
contributed to an increase in average speed.

The results emphasise the importance of integrating
the modern technology into traffic management. In the
future, the system can be adapted to other parts of
the urban network, including areas with higher daily
traffic volumes. The application of Al and inter-vehicle
communication such as inter-vehicle communication
(V2V) and road infrastructure (V2X) systems will offer
additional opportunities to improve the efficiency of the
system.

Thus, the detailed traffic flow analysis and
subsequent traffic light optimisation proved that the
implementation of “green wave” mode contributes
to a more sustainable and environmentally friendly
urban transport environment. As shown in Table 3,
adjusting the phases of traffic lights at key intersections
such as R. Behbudov, Bulbul and S. Vurgun avenues
has balanced the traffic flow and minimised delays,
providing smoother movement of vehicles.
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Table 3 Optimised parameters of traffic light phases

Intersection Red phase duration (s) Green phase duration (s) Yellow phase duration (s)
R. Behbudov Avenue 38 22 4
Bulbul Avenue 30 30 4
S. Vurgun Avenue 33 27 4

Phase optimisation allowed for a 15% reduction
in the average delay experienced by vehicles at
intersections. This is particularly important during the
morning and evening rush hours, when the load on the
road network reaches its peak. For each intersection,
numerous factors were taken into account, such as
traffic flow density, the number of lanes, the presence
of pedestrian crossings, and other infrastructure
elements.

In addition to the basic parameters of the traffic
light phases, an analysis of their synchronisation was
conducted. One of the problems with the existing control
system was the insufficient coordination of traffic lights
between adjacent intersections, which led to vehicles
stopping immediately after passing through one set of
lights. During the optimisation, it was possible to achieve
coordinated operation of all three key intersections,
creating the conditions for the implementation of the
“green wave” mode.

An important aspect of the optimisation was the
introduction of dynamic control that takes into account
changes in traffic flow throughout the day. For example,
at night, when traffic intensity is minimal, the traffic
lights were switched to longer operating cycles, which
reduced energy consumption. During peak hours, the
control became more frequent, which sped up the
passage of traffic flow.

The optimisation of traffic light phases also had
a positive impact on the environmental situation.
Reducing waiting times at intersections led to decreased
fuel consumption and lower CO, emissions. According
to calculations, the implementation of new traffic light
operating parameters made it possible to reduce CO,
emissions by 12-15%, depending on the time of day and
traffic intensity.

Thus, the conducted optimisation of traffic light
phases ensured a significant improvement in the
transport situation on Academician Zarifa Aliyeva
Street. The implementation of the “green wave” mode
made it possible to increase the road’s capacity, reduce
delays, and improve environmental indicators. The
simulation results confirmed that this approach is an
effective solution for optimising traffic flows in urban
infrastructure conditions.

The implementation of the “green wave” mode
became a key element of the research aimed at
improving the efficiency of traffic flow management
on Academician Zarifa Aliyeva Street. This method
significantly improved the coordination of traffic light
operation, ensured the smooth movement of vehicles
through the main intersections, and reduced delays that

had previously caused congestion and increased CO,
emissions.

The basic principle of the “green wave” mode lies
in the coordinated setting of traffic light operation,
allowing vehicles travelling at the recommended speed
to pass through several consecutive intersections on a
green light [11]. Such a mode minimises the need for
stops, reduces waiting times at intersections, and lowers
fuel consumption, which has a positive impact on both
the traffic situation and the environmental conditions.

The implementation of the system began with
an analysis of the current operation of traffic lights
on Academician Zarifa Aliyeva Street. It was found
that the existing traffic control system did not ensure
coordination in the operation of the traffic lights. At
each of the key intersections - with R. Behbudov Avenue,
Bulbul Avenue, and S. Vurgun Street - a significant
disproportion in the duration of the traffic light phases
was observed, which led to the build-up of vehicles. For
example, at the intersection located at the intersection
of Academician Zarifa Aliyeva Street and R. Behbudov
Avenue, the green light lasted only 20 seconds, while
traffic travelling towards the intersection with Bulbul
Avenue faced a red light, leading to additional delays. A
similar situation was observed at the intersection with
S. Vurgun Street, where inefficient synchronisation
of traffic light phases meant that the traffic flow
could not move smoothly from one intersection to
another, which exacerbated congestion and increased
waiting times. These examples demonstrate the need
for more precise adjustment of time intervals for each
specific intersection, depending on its location and the
characteristics of the traffic flow.

To solve this problem, the duration of the traffic
light phases was adjusted taking into account the
distance between intersections, traffic intensity, and
the average speed of traffic. Based on video detection
data and traffic flow analysis, the optimal operating
parameters for the traffic lights were calculated. For
each intersection, the necessary delay between signal
changes was determined, ensuring the synchronisation
of all traffic lights on the street.

The recommended travel speed in the “green wave”
mode was 50 km/h. This speed was chosen based on
an analysis of the traffic flow, which showed that most
vehicles travel within this range at night, when traffic
intensity is lower. At this speed, vehicles could pass
through the entire section of the street without stopping
at ared light. As shown in Table 4, the parameters of the
“green wave” mode were optimised for the key junctions,
which allowed for the synchronisation of traffic light
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Table 4 “Green wave” mode parameters for key intersections

Intersection Cycle duration (s) Delay for synchronisation (s)
R. Behbudov Avenue 36
BulbulAvenue 22
S. Vurgun Avenue 11

operation and ensured a smooth flow of traffic.

For the analysis of movement dynamics, a space-
time scale was used: time was plotted on the horizontal
axis (10 mm corresponds to 10 seconds), and distance
along the route on the vertical axis (each step equals 100
metres). Setting up the system involved the following
stages: Determining the timing parameters of the
traffic lights for each intersection. Based on traffic
analysis, the duration of green and red-light phases, as
well as intermediate delays ensuring the traffic light
synchronisation, were calculated, creating a unified
traffic flow chart within the “green wave” mode. This
chart allowed for the modelling of vehicle movement,
taking into account the specified speed and delay time
at each of the intersections.

To verify the effectiveness of the system, test runs
were conducted in the real-world conditions, primarily
at night when traffic intensity was minimal. This
allowed for a focus on adjusting the system parameters
and revealed its high efficiency: the average delay
time at intersections decreased by 20%, and at the
intersection with R. Behbudov Avenue, where significant
vehicle build-up had previously been observed, delays
were reduced by 25%. These improvements contributed
to increasing the road’s capacity and raising the average
speed of traffic flow. The economic impact of implementing
the “green wave” mode proved to be one of the significant
results of the research. The reduction in delay times at
intersections led to lower fuel consumption, allowing
drivers to save considerably. According to the analysis,
passenger cars reduced fuel consumption by 10%, and
lorries by 15%. Given the average fuel cost in the region,
this signifies a noticeable decrease in vehicle operating
costs, which is particularly important for commercial
transport regularly traversing busy sections of the urban
network.

Based on the analysis conducted, practical
recommendations were formulated for scaling the system.
In particular, it was proposed to adapt the traffic light
operating parameters taking into account the specific
features of each road section, including length, number
of lanes, traffic density, and intersection configuration.
It is also recommended to consider seasonal traffic
variations, which may be caused by weather conditions,
public holidays, or roadworks.

The implementation of the “green wave” mode
demonstrated high potential for optimising traffic flow
in the urban environment. The results obtained indicate
that the system can be successfully implemented on
other sections of Baku’s road network, as well as
in other cities with similar transport problems. In

addition to improving the traffic situation, this will
make a significant contribution to solving environmental
issues by reducing CO, emissions and decreasing fuel
consumption.

3.4 Environmental effects and fuel-consumption
reduction

The environmental impact of the “green wave”
mode became one of the key themes of the research.
The transport sector remains a significant source of
greenhouse gas emissions, especially CO,, which are
exacerbated during idling at intersections [12]. Vehicles
idling continue to burn fuel, which increases the carbon
footprint and overall atmospheric pollution. Given
Baku’s high level of urbanisation, reducing emissions on
busy thoroughfares such as Academician Zarifa Aliyeva
Street is a primary task.

The collected data on CO, emissions before and
after the implementation of the system demonstrated a
significant reduction in pollution. Using a methodology
for calculating fuel consumption based on idling time
and average speed showed that CO, emissions decreased
by an average of 15%. Additionally, NOx emissions levels
decreased by 12%, and PM by 8%. These values confirm
the importance of implementing the “green wave” mode
as an effective environmental solution.

Further analysis of the environmental impact
revealed that the reduction in emissions is also linked
to a decrease in the number of sharp braking and
acceleration events, characteristic of traffic in congested
conditions. A smoother flow of traffic not only reduces
the strain on vehicles but also decreases the level of
pollution associated with tyre and brake system wear.
This is particularly important for densely populated
urban areas, where air quality is critical for public
health.

The prospects for the development of the
“green wave” mode include its integration with new
technologies. The use of more sophisticated machine
learning algorithms, which can take into account real-
time data, will improve the accuracy and flexibility of the
system. Integration with V2V and V2X communication
will provide an additional boost to the efficiency of traffic
flow management.

As shown in Table 5, the implementation of the
“green wave” mode led to a significant reduction in
CO, emissions, which confirms its environmental
effectiveness. Optimising the operation of traffic
lights reduced the vehicle idling time at intersections,
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Table 5 Change in CO, emissions before and after implementation of the “green wave” mode
Time interval Before (g/km) After (g/km) Reduction (%)

00:00-01:00 280 240 14

01:00-02:00 260 220 15

02:00-03:00 250 210 16

03:00-04:00 240 200 17

04:00-05:00 245 205 16

05:00-06:00 260 220 15

06:00-07:00 300 260 13

decreasing the amount of fuel burned and, consequently,
the volume of harmful emissions. In the long term, the
development of adaptive traffic light control systems
could become the basis for creating a sustainable and
environmentally friendly transport environment. The
results obtained confirm that the implementation of the
“green wave” is not only economically viable but also an
important step in addressing air pollution problems and
improving the quality of life in cities.

According to this data, the average reduction in CO,
emissions was 15%. The largest decrease was observed
between 03:00 and 04:00, when the traffic intensity was
low, and the synchronisation of traffic lights allowed for
the minimisation of vehicle idling time. The reduction in
delays at intersections also had a positive impact on fuel
consumption. Drivers were able to reduce the number
of stops and instances of idling, which contributed to
fuel economy. This effect was particularly significant
for freight transport, which consumes more fuel when
stopping and starting.

To assess the fuel savings, a series of calculations
were carried out based on data on traffic intensity,
average speed, and delay times at intersections. The
results showed that the overall reduction in fuel
consumption was around 10% for passenger cars and up
to 15% for freight transport.

The transport system of Baku, like many other
metropolises, faces challenges related to road congestion,
high emissions of pollutants, and low environmental
sustainability. The study conducted on Academician
Zarifa Aliyeva Street demonstrated the effectiveness of
the “green wave” mode as a tool for addressing these
problems.

The “green wave” mode has proven its effectiveness
in reducing CO, and other harmful substances, such as
NOx, carbon monoxide (CO), and PM. These substances
are the main air pollutants in urban environments
and have a negative impact on public health. The
implementation of the system made it possible to reduce
NOx emissions by 12%, PM by 8%, and the level of
CO decreased by 10%. These results are particularly
significant for densely populated areas where air
pollution reaches critical levels.

The reduction in delay times at intersections,
as the study showed, also led to a decrease in the
total idling time of vehicles. This reduced the carbon

footprint of transport, contributing to smoother traffic
flow and lower fuel costs. Passenger cars reduced fuel
consumption by 10%, and freight vehicles by 15%, which
became an important factor for economic sustainability
and reducing dependence on fossil fuels.

Air quality in the area of Academician Zarifa Aliyeva
Street noticeably improved after the implementation of
the system. Measurements taken confirmed that the
concentration of pollutants in the air decreased, which is
particularly important at night when limited pollutant
dispersion makes emissions more noticeable. As a result,
residents of the area experienced a cleaner and more
comfortable environment, which reduced the risks of
diseases associated with air pollution, such as asthma,
chronic bronchitis, and cardiovascular diseases.

3.5 Social, economic and scalability effects

The system also had a positive impact on the social
aspect of urban life. Drivers noted a significant reduction
in stress levels due to fewer stops and smoother traffic
flow. The improvement in the transport situation
enhanced the overall perception of urban infrastructure
and made travelling along the thoroughfare more
comfortable.

The economic effect of implementing the “green
wave” mode was no less significant. The reduction in
delay times of 20-25% led to an increase in the road
capacity and a decrease in travel times, which positively
affected the time spent by residents commuting. This is
particularly relevant for commercial transport, where
a reduction in downtime directly translates into lower
costs and increased productivity.

Additionally, modelling carried out under daytime
traffic intensity conditions showed that the system
retains its effectiveness even under high loads, reducing
delays by 10-15% during peak hours. This proves that
the “green wave” mode can be adapted for different
time intervals and traffic levels, providing a universal
solution for the urban transport system.

Based on the data obtained, recommendations have
been developed for scaling the system to other sections of
Baku’s road network. Sections with high traffic intensity
and complex intersection configurations, such as main
thoroughfares, could significantly benefit from the
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implementation of synchronised traffic light operation.
It is also recommended to take into account seasonal
traffic variations and temporary restrictions caused by
roadworks.

Integrating the system with new technologies, such
as Al and machine learning, will further enhance the
accuracy of traffic management. Adaptive algorithms
will be able to take into account real-time changes in
traffic intensity, ensuring the flexibility and resilience of
the system. Furthermore, connection with V2V and V2X
systems will open up new opportunities for inter-vehicle
communication and more efficient flow distribution.

International experience also shows the promise
of such solutions. For example, Zhang et al. [13] noted
that the successful implementation of “green wave”
modes in the metropolises of Europe and Asia has
significantly improved environmental indicators and
the traffic situation. The mutual exchange of data and
technologies with these regions could accelerate the
adaptation of the system in Baku.

In the long term, the implementation of the “green
wave” creates a basis for the transition to sustainable
transport systems. Reducing pollutant emissions,
lowering the fuel costs, decreasing traffic noise from stop-
and-go movement, and increasing road capacity make
this system an important element of environmental and
social policy.

The results obtained prove that the integration of
the “green wave” into urban transport infrastructure is
a significant step towards improving the quality of life
and enhancing the environmental situation. Scaling
and further developing this system can make urban
transport in Baku safer, more comfortable, and more
environmentally friendly.

4 Discussion

The conducted research confirmed that the
implementation of the “green wave” mode contributes
to traffic-flow optimisation, delay reduction, improved
environmental indicators, and the mitigation of traffic
noise associated with stop-and-go movement near
signalised intersections. The results of this research
have confirmed that the optimisation of traffic light
operation in the “green wave” mode contributes to a
20% reduction in delay times at intersections and a
15% reduction in CO, emissions. These figures correlate
with the data of Chou et al. [14], who used virtual traffic
lights to reduce delays and increase traffic resilience.

The results obtained also align with the findings
of De Coensel et al. [15], who showed that signal
coordination can significantly reduce the level of air
pollution in the urban environment. Additionally,
the use of decentralised control algorithms, as noted
in the study by Zhang et al. [13], allows for the
optimisation of traffic at multiple junctions, which is
reflected in an increase in speed and a reduction in

delay times. The integration of Al, as discussed by Joshi
and Sharma [16], should be regarded as a supporting
instrument rather than a necessary condition for
effective traffic optimisation. Reductions in delays, fuel
consumption and vehicle-related emissions can also
be achieved through professionally designed signal
coordination, systematic monitoring and competent
long-term traffic management by public administration
bodies.

The analysis of the combination of signal group
coordination and the “green wave” mode, presented
in the research by Blokpoel and Turksma [17],
demonstrates a noticeable reduction in waiting times at
intersections. Signal coordination algorithms for multi-
node intersections, developed by Shi et al. [18], allow for
the maximisation of the green band, which is particularly
important for V2X networks, and fully corresponds to
the obtained data on improving the efficiency of traffic
light synchronisation. Data on reduction of the effects
of climate change are also supported by the research of
Mitsakis and Kotsi [19], demonstrating that cooperative
intelligent transport systems can mitigate the negative
impact of transport emissions.

Additional data, presented in the study by Lavanya
et al. [20], show that smart traffic light control systems
using Al significantly improve traffic flows and reduce
pollution. The results of sustainable mobility, reflected
in the research of Ziyad et al. [21] and De Coensel
et al. [15], are consistent with the goal of reducing
emissions and optimising traffic flows, and the concept
Finally, the data of Choudhary et al. [22] indicate the
significant potential of cities with Al-managed traffic
light systems to reduce congestion and improve the
environmental situation, and the approach of Li et
al. [23], based on reinforcement learning methods for
signal planning, successfully minimises the impact of
congestion on transport networks. Thus, the results of
this study demonstrate broad prospects for the further
adaptation and scaling of “green wave” system in
urban infrastructure conditions, which allows for the
creation of a more sustainable, environmentally safe,
and comfortable transport environment.

The research by Mariano de Souza et al. [24]
demonstrated that the wuse of vehicle-to-vehicle
communication systems not only improves traffic
coordination but also reduces greenhouse gas
emissions. This highlights the potential of V2V and
V2X technologies, which could further enhance the
effects of the green wave. The work of Ali et al. [25]
focused on creating integrated transport networks that
combine sustainability and efficiency. They showed
that such systems can effectively reduce congestion
and improve the overall quality of urban transport
infrastructure. Shaikh et al. [26] proposed innovative
methods of traffic management using Al and blockchain
technologies. Their approaches open up prospects for
increasing the transparency and accuracy of traffic
flow management, which is particularly relevant
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for scalable “green wave” systems.

The results obtained confirm that the “green wave”
systems are capable of not only optimising traffic
on busy sections but also significantly improving
environmental indicators. For example, a 15% reduction
in CO, emissions and a 20% reduction in delay times
demonstrate the significance of such solutions for the
sustainable development of urban infrastructure.

The integration of V2X technologies, as proposed
by Shi et al. [18] and Saleh et al. [27], can enhance
coordination between vehicles and traffic lights, creating
more efficient systems. Furthermore, the application of
multi-agent approaches, as indicated in the work of Li
[23], can be expanded to manage not only the movement
of cars but the pedestrian flows as well, which will
increase the overall safety and comfort of road users.

Another direction for further work is the
development of intelligent control systems that will
take into account seasonal and temporal fluctuations
in traffic, as described in the research of Scaffidi et al.
[28] and Cirianni et al. [29]. Such adaptive algorithms
will be able to provide more accurate and sustainable
management of traffic flows in different conditions.

Green wave systems are an important tool for
optimising traffic flows and reducing the environmental
burden. Their further development and implementation
should include integration with the latest technologies,
such as AI, blockchain, and vehicle-to-vehicle
communication, to create a more sustainable and
environmentally safe urban environment.

5 Conclusions

In this study is demonstrated that the introduction
of a “green wave” mode on Academician Zarifa Aliyeva
Street in Baku has a significant impact on optimising
traffic flows and reducing the environmental load. The
system based on traffic light synchronisation reduced
the average delay time at intersections by 20%, which
improved road capacity and ensured more uniform
traffic flow. This achievement is particularly important
for urban highways with high traffic volumes, where
congestion remains one of the key factors slowing down
traffic flows.

The application of the recommended speed of 50
km/h proved to be a key element in the successful
implementation of the system. It allowed vehicles to pass
through intersections smoothly, minimising the number
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