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Abstract:

Issues related to braking and acceleration in vehicles represent both technical and environmental challenges, regard-
less of the type of drive, whether combustion or electric. In conventional vehicles, the emission of particulate matter
is a problem associated with the friction between brake pads and discs, leading to air pollution and health hazards.
Brake dust contributes to up to 55% of particulate matter in urban environments. In electric vehicles, the processes of
braking and rapid acceleration affect battery wear; however, thanks to energy recovery technology, it is possible to
recuperate up to 70% of the kinetic energy. This paper proposes a solution involving the placement of induction loops
before intersections with traffic lights to enable the recovery and storage of energy, which could be used to power
vehicles waiting at intersections, as well as placement behind intersections to supply power to vehicles accelerating
when leaving the intersection. The study considers the application of various energy storage technologies, such as
flow batteries, supercapacitors, and flywheels. Each of these technologies offers unique benefits and limitations, such
as long operational life, a high number of charge/discharge cycles, and environmental friendliness. Simulations per-
formed using AIMSUN.Next software made it possible to analyze energy consumption and pollutant emissions in var-
ious scenarios, indicating the potential benefits of traffic optimization, the use of electric vehicles, and energy recov-
ery. The research results highlight the importance of traffic smoothness and the use of energy storage technologies to
reduce pollutant emissions (possible reduction: CO2 by over 40%, NOx by 48%, PM by 73%, and VOC by 40%) and
energy consumption (lack of smooth traffic flow leads to approximately 159% higher energy use). The proposed use
of energy storage technologies at intersections may significantly decrease particulate and carbon dioxide emissions.
The final choice of energy storage technology will depend on local conditions, such as space availability, investment
costs, and market availability.
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1. Introduction

The topic of braking and acceleration is the focus of
intensive research and remains a source of analysis
and further development. Regardless of the technol-
ogy—whether it is combustion or electric—it con-
tinues to pose both technical and environmental
challenges. For conventional vehicles, the primary
issues are the emission of particulate matter and the
consumption of vehicle components (Wieser et al.,
2022). In areas where braking occurs with increased
intensity, air pollution from brake dust can be ob-
served. This is due to the generation of fine solid
particles during braking resulting from friction be-
tween brake pads and discs. Such dust contains met-
als and other compounds, which significantly con-
tribute to air pollution. These particles can infiltrate
the lungs, posing health risks and contributing to res-
piratory and cardiovascular diseases. In fact, brake
dust accounts for between 16% and 55% of non-ex-
haust particulate emissions in urban environments
(Men et al., 2022). This type of pollution can persist
in the environment for decades, contributing to long-
term contamination. From an operational perspec-
tive, friction braking accelerates the wear of brake
pads and discs, leading to higher maintenance costs.
The intersection with traffic lights analyzed by the
authors in this article, by virtue of its function, forces
vehicles to stop and then accelerate according to the
traffic signal cycle. This operational mode leads to
increased emissions of greenhouse gases such as
CO2, NOx, and CO (Cristescu et al., 2011; Salek et
al., 2020). Emissions of particulate matter during ag-
gressive acceleration can increase by more than
500%, deteriorating air quality.

In electric vehicles as well, the processes of braking
and rapid acceleration are not negligible. Thanks to
regenerative braking, as much as 70% of kinetic en-
ergy can be recovered and stored in the battery
(Anbumani et al., 2023). This allows for a signifi-
cant reduction in the use of friction brakes, decreas-
ing their utilization and wear. Analyzing the braking
process in terms of battery wear, it can be concluded
that the advantages of energy recovery outweigh the
negative aspect, such as premature wear. The pro-
cess of rapid acceleration can be analyzed in terms
of its impact on battery lifespan. During accelera-
tion, greater current is drawn from the battery, which
can affect its service life. This is associated with the
generation of additional heat, which accelerates deg-
radation (M. Li et al., 2016).

In this article, the authors analyze one of the poten-
tial solutions to the aforementioned problems
through the recovery and storage of energy. The pro-
posed concept assumes the installation of induction
loops adapted for energy reception and vehicle
charging within the structure of the roadway lanes
before the intersection, allowing the capture of en-
ergy generated during braking (Amin et al., 2023).
Additionally, vehicles stopped at intersections could
replenish their batteries. Upon moving off, vehicles
would receive stored energy, thus reducing the use
of their own batteries and contributing to lower bat-
tery degradation.

2. Literature review

2.1. Energy storage

To properly implement the concept discussed here,
the use of energy storage is essential. However, for
this to be economically and ecologically justified, it
is necessary to select the appropriate technology.
This technology must meet operational require-
ments, such as the highest possible number of
charge/discharge cycles, a service life of 20 years or
more, and minimal environmental impact. These
characteristics constitute very stringent criteria and
significantly limit the energy storage options that
can be utilized. Fortunately, there are commercially
developed and available solutions that can be de-
ployed. The first among them is flow batteries. Their
operating principle is based on storing energy in
chemical form within two tanks containing liquid
electrolytes (Choi et al., 2017). In order to charge or
discharge the storage, the electrolytes are pumped
through an electrochemical cell, where reduction
and oxidation reactions occur. A key element of the
electrochemical cell is a membrane that enables ion
exchange but prevents the mixing of fluids. The
main advantage is their long service life, reported as
more than 10,000 cycles. This is due to the absence
of degradation of electrode materials, since solid-
state phase changes are avoided, and the electrolyte
is resistant to wear, provided it is properly protected
(Yu, 2024). These parameters allow for an opera-
tional life of up to 20 years. After this period, it may
be necessary to replace the accompanying infra-
structure, such as hydraulics, pumps, containers, and
other mechanical components; however, the electro-
lyte itself remains functional and can still be reused.
From a system design perspective, this technology
enables scalability of capacity by increasing the
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volume of electrolyte tanks and scalability of power
output by adding more electrochemical cells. The ef-
ficiency of flow batteries is approximately 75%
(Viswanathan et al., 2023). Safety must also be con-
sidered, as these systems do not exhibit thermal run-
away and use non-flammable electrolytes. The pos-
sibility of full recycling of vanadium, on which the
most popular solutions of this type are based, makes
flow batteries highly competitive with lithium-ion
cells in this aspect (Whitehead, 2023).

Another technology to mention in terms of long-life
energy storage capable of performing hundreds of
thousands of cycles is supercapacitor technology
(Afif et al., 2019). Energy is stored in these devices
by the separation of charge in the Helmholtz double
layer at the interface between the conductive elec-
trode surface and the electrolyte (Czagany et al.,
2024). Such capacitors can achieve cycle numbers
approaching one million without significant capac-
ity loss. They enable charging within one minute and
can deliver current of several kiloamperes. Like flow
batteries, there is no risk of explosion or fire caused
by thermal runaway. Additionally, supercapacitors
offer a wide operating temperature range from
—40°C to +60°C and an efficiency of about 95% (Z.
Xu et al., 2022). With regard to the considered ap-
plication, their main limitation—relatively low en-
ergy density, on the order of several tens of Wh/kg—
does not constitute a major disqualifying factor. It
should be noted that supercapacitors are a more ex-
pensive technology than lithium-ion batteries. How-
ever, because they have an indisputable advantage in
the number of cycles, a properly designed system
that efficiently uses available capacity can perform
hundreds of times more cycles at a much lower ca-
pacity (Simon et al., 2014). This will lead to signifi-
cant economic benefits for supercapacitors when
calculated per operating cycle.

In the analyzed application, energy storage can also
be implemented by storing energy in the form of ro-
tational kinetic energy (K. Xu et al., 2023). This is
possible through the use of a flywheel with an elec-
tric machine serving as both a motor and a generator
(X. Li & Palazzolo, 2022). This technology is often
analyzed for stabilizing energy processes and short-
term power buffering (Ji et al., 2024). Its principle
of operation consists in increasing the rotational
speed of the wheel when surplus energy needs to be
stored and releasing this energy from rotation when
needed. This technology is particularly desirable in

locations where short-term energy storage is re-
quired, in such cases achieving efficiencies in the
range of 85-90% (Amiryar & Pullen, 2020). A
properly constructed and maintained storage system
based on this technology can achieve long service
life reaching even hundreds of thousands of charge
and discharge cycles (Haidl et al., 2019). Such in-
stallations can absorb and deliver large amounts of
power in a short time, ranging from seconds, which
makes them interesting for the application analyzed
in this article. It should also be mentioned that they
do not contain toxic chemicals or heavy metals, re-
ducing their environmental impact, making them a
better choice in this respect than lithium-ion cells
(Esparcia et al., 2022). Their advantages over previ-
ously mentioned technologies also include signifi-
cant robustness and operational reliability across a
wide range of temperatures. As noted earlier, these
storage units are dedicated to applications requiring
short-term energy storage due to the fact that they
have significant self-discharge losses, which can
reach 3% to even 10% per hour (K. Yao etal., 2024).

2.2. Simulation Methods

Traffic modeling enables verification of pollutant
emissions resulting from the number and structure
of vehicle types within a road network. The
AIMSUN.Next software (version 24.0.2) allows for
the analysis of energy consumption in vehicle traf-
fic, combined with the characterization of driver be-
havior patterns. Studies indicate that a vehicle’s en-
ergy consumption is correlated with the driver’s
driving style (Merkisz et al., 2014), which is signif-
icant—30% of greenhouse gas emissions generated
by road transport are attributed to this factor (Xiao-
tong et al., 2024). Aggressive driving, mainly char-
acterized by frequent acceleration (Larusdottir & Ul-
farsson, 2014) and braking, results in up to 32%
higher energy consumption required for vehicle
movement (Yan & FAN, 2017). These data empha-
size the significant potential for energy savings
through interventions aimed at modifying driver be-
havior (Larusdottir & Ulfarsson, 2014), as well as
through energy recovery. Infrastructure construction
that optimizes the energy efficiency of transport can
also yield benefits. This can be determined on a
global scale using simulation environments or
through precise studies related to verification of ve-
hicle power profiles correlated with driving meth-
ods, which are the basis for individual
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(vehicle/driver-specific) eco-driving techniques (E.
Yao et al.,, 2013; Zhang et al., 2022). Research
shows that so-called eco-driving—progressive ac-
celeration and deceleration—allows for about 30%
energy savings for a vehicle (Bingham et al., 2012;
Szumska & Jurecki, 2020). The problems of intense
acceleration and braking mainly pertain to specific
elements of the road network, especially urban driv-
ing (Wu et al., 2010), which should be considered by
infrastructure managers in the context of control and
management.

Studies confirm that microsimulations using soft-
ware tools can serve as a means to determine poten-
tial energy savings in transportation (Gotda et al.,
2017; Jacynaet al., 2014). The cited software allows
for the analysis of various research scenarios, in-
cluding driver behaviors in the context of their im-
pact on fuel consumption (Bennaya & Kilani, 2024;
Muzir et al., 2023). Simulation methods are now
widely used for controlling and optimizing road traf-
fic (Jacyna & Merkisz, 2014; Sippel et al., 2024),
and enable the inclusion of both conventional and
electric vehicles in a given simulation scenario (Ja-
cyna et al., 2021; Muzir et al., 2023). An important
aspect is the ability to verify the implementation of
advanced driver assistance systems (Muzir et al.,
2023; Wang et al., 2017), whose purpose is to in-
crease the energy efficiency of vehicle movement.
There is also notable potential for autonomous vehi-
cles (Tumminello et al., 2023) to significantly im-
prove traffic flow and energy efficiency, benefitting
even traditional road users (Chen et al., 2023; Su et
al., 2023), thereby significantly reducing energy
consumption due to optimization and the reduction
of unnecessary vehicle maneuvers (Jahangard et al.,
2023). Simulation techniques thus provide an oppor-
tunity to verify the application of clean transport
zones in the context of energy consumption for
transport purposes and pollutant emissions (Hasan et
al., 2022; Mintsis et al., 2016).

In this article, simulation techniques were used to
verify transport-related emissions and determine en-
ergy consumption for vehicle movement. This ap-
proach enables the development of conceptual as-
sumptions for infrastructure expansion with solu-
tions that enable energy recovery and its distribution
for charging vehicles waiting for a green signal at
intersections equipped with traffic lights.

3. Methods

3.1. Study Area

For the purpose of this analysis, the intersection of
Grojecka Street — Wawelska Street — Kopiniska
Street (City of Warsaw) (Fig. 1) was selected and
subsequently reconstructed within the simulation
environment. Real measurement data collected by
the infrastructure manager on September 20, 2023
(Wednesday, no precipitation, sunny day) were used
for this purpose.

The traffic control at the intersection is implemented
via traffic lights, operating according to three signal
programs depending on the time of day (Table 1).
The daily vehicle type structure at the analyzed in-
tersection is as follows: 88.0% passenger cars, 5.3%
delivery vans, 2.7% motorcycles, 2.4% buses, and
1.6% trucks. Based on the conducted measurements,
the traffic volumes for reference vehicles are as fol-
lows: during the morning peak—4,656 vehicles
(8:00-9:00), off-peak—3,873 vehicles (12:00-
13:00), and afternoon peak—4,332 vehicles (16:00—
17:00). To illustrate the traffic characteristics of in-
dividual approaches, cartograms for the morning
and afternoon peak periods are presented below

(Fig. 2).

oA . J 3 '
Fig. 1. Selected study area. (City of Warsaw Office,
2024)

Table 1. Traffic Signal Control Programs (Urzad
m.st. Warszawy, 2024)

Program Cycle[s] OFFSET [s] Wﬁgh'rng
1 110 96 5:00-9:00
2 102 84 9:00-12:00
3 96 94 12:00-5:00
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Fig. 2 Morning peak (on the left), afternoon peak (on the right). (City of Warsaw Office, 2024)

Additionally, on the approach to the intersection,
there are dedicated lanes for buses and electric vehi-
cles, which will be considered in the context of ve-
hicle charging infrastructure. These include the far-
right lane of Wawelska Street, designated for
straight and right-turn movements, as well as the far-
right lane for straight-ahead traffic on Kopinska
Street.

3.2. Energy Storage

In the analyzed case, there are several methods to
reduce emissions of pollutants and greenhouse
gases. One can examine the impact of traffic light
cycle settings and strive to optimize this parameter
from an environmental perspective. Another ap-
proach involves reconstructing the intersection so
that traffic flows unimpeded in one direction, for
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example, via an overpass. Introducing speed limit
zones, increasing the number of trees, and promot-
ing alternative forms of transport are also viable
strategies.

In this publication, however, the authors focus on
considering energy storage technologies that could
both recover braking energy and supply accelerating
vehicles. Additionally, it would be possible to
charge vehicles while they are stationary at the in-
tersection. As previously mentioned, there are tech-
nologies that meet the criteria required for a system
implementing the analyzed functionality. These
technologies must ensure long operational life, fast
charging capability, and environmental friendliness,
as described in the literature review section. The en-
ergy storage system must also be sized

appropriately, with a capacity that matches the en-
ergy to be recovered from vehicles braking at the in-
tersection and the ability to deliver this energy when
vehicles start and accelerate.

The construction of the analyzed system is presented
in the diagram below, which shows the main ele-
ments—including the inductive section integrated
with the roadway, energy converters, and the energy
storage unit (Fig. 3).

Figure 4 below presents the arrangement of induc-
tive elements according to the conducted simulation.
The green elements indicate components that re-
ceive energy during the braking process, while the
red elements represent the energy transfer system
supplying vehicles during acceleration.

C

S
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T

Fig. 3. Block diagram of the analyzed energy storage solution

Fig. 4. Arrangemenf of inductive elements according to
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thé”presented method
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3.3. Simulation Assumptions

Based on the intersection geometry, traffic data, and
the assumed traffic signal cycle, a digital model of
the study area was developed in the AIMSUN envi-
ronment (Fig. 5).

For the simulation, scenarios were developed for the
morning peak period, which is characterized by the
highest infrastructure load. The following four re-
search scenario variants were assumed: a) Autono-
mous vehicle movement at the intersection without
traffic light control, with the following vehicle
powertrain distribution: diesel 40%, petrol 50%, and
electric 10%. b) Scenario a) with 100% electric ve-
hicles. ¢) Intersection controlled by a traffic signal
program with a 110-second cycle and the vehicle
powertrain distribution from scenario a). d) Scenario
¢) with 100% electric vehicles. e) No electric vehi-
cles in scenario c).

For the purposes of the simulation, the default vehi-
cle mix was assumed, considering emission classes
representing varying levels of energy efficiency,
while also using the standard driver behavior model
built into the software.

AIMSUN software features built-in transport envi-
ronmental impact assessment modules. To verify the
impact of road transport on environmental pollution,

Fig. 5. Digital twin of the analyzed intersection

models embedded in AIMSUN will be used. Within

the scope of microsimulation, five models can be

used:

—  the Fuel Consumption Model — assigns total
traveled distance (in km) and total fuel con-
sumption (in liters) for the entire network, a
specified section, or route;

— the Battery Consumption Model — assigns total
traveled distance (in km) and total battery en-
ergy consumption (in kWh) for the entire net-
work, a specified section, or route;

—  the QUARTET Pollutant Emission Model — as-
signs total traveled distance (in km) and deter-
mines the mass (in kilograms) of each type of
emitted pollutant for the entire network, a spec-
ified section, or route;

— the Panis et al.'s Pollutant Emission Model —
provides two time series for each type of pollu-
tant (CO2, NOx, VOC, and PM), reporting
their values in grams and in g/km (labeled as
"interurban™);

— the London Emissions Model (LEM) — two
time series for CO2 and NOx are added to sec-
tions (g/km), links (g/h), and replication (g).
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In the article, the instantaneous emission models
(IEM) were used, which are particularly based on
parameters such as vehicle speed, acceleration and
deceleration, and engine load. The analysis focused
on changes in emissions parameters: carbon dioxide
(C0O2), nitrogen oxides (NOx), particulate matter
(PM), and volatile organic compounds (VOC), also
indicating indices relating to pollutant amounts per
kilometer of road. This will allow for an environ-
mental assessment of the selected study area and the
potential for decarbonizing the intersection. An im-
portant parameter is the energy consumption for
transportation in relation to electrification, which
will constitute the basis for assessing the potential
use of infrastructure for energy redistribution.

4. Results and Discussion

Based on the simulations conducted for the defined
research scenarios, the results obtained are presented
in Table 2.

The results indicate the importance of smooth traffic
flow and electric vehicles in the context of transport
decarbonization. Smooth autonomous vehicle traf-
fic, based on self-regulation, enables a reduction of
CO2 emissions by over 40% at the intersection com-
pared to real-life traffic conditions. For other pollu-

significance of traffic management and control opti-
mization, with the necessity to incorporate energy
efficiency issues into control algorithms.

The above data directly provide information about
the differences between ideal conditions in variant
B, where there is no traffic signal cycle and every
car is autonomous, positioned and controlled
through V2G and V2E systems, and the operation of
electric vehicles driven by humans, where the flow
is regulated by the traffic light cycle—variant D.
Comparing the energy consumption results for these
two cases, we obtain a difference of 102.51 kWh in
a one-hour window. According to the data, there are
32.72 light changes per hour. This translates to en-
ergy consumption of 3.13 kWh per light change cy-
cle. Each cycle lasts about 1 minute and 50 seconds.
The braking process for a vehicle traveling at 50
km/h with a deceleration of 1 m/s? lasts approxi-
mately 13 seconds, covering a distance of about 96
meters, which fits within the experiment radius of
150 meters from the intersection axis. It can be as-
sumed that this time is twice as long for all vehicles
from the analyzed traffic segment.

Therefore, the energy amount of 3.13 kWh must be
stored within 26 seconds. Using equation (1), we ob-
tain a power output of 433.384 kW.

tant emission parameters, the possibility of reduc- p= E )

tion was as follows: NOx by 48%, PM by 73%, and Tt

VOC by 40%. It is important to emphasize that, in

the case of electric vehicle traffic, traffic lights—  where:

which result in more frequent stops and the associ- P — power,

ated accelerations and decelerations—cause an in- E — energy,

crease in the energy consumption required for vehi- t—time.

cle movement by about 159%. This highlights the

Table 2. Results for individual variants

Variant B C D E

Traffic signal control No Yes Yes Yes
Share of electric vehicles [%] 100 10 100 0
Battery Consumption - Car [KWh] 17,95 170,92 28,51 273,43 0
IEM Emission - Car - CO; [g] 269970,17 0 452876,44 0 509289,7
IEM Emission - Car - Nox [g] 618,8 0 1198,82 0 1136,05
IEM Emission - Car - PM [g] 60,54 0 226,85 0 208,56
IEM Emission - Car - VOC [g] 237,19 0 396,01 0 660,17
IEM Emission - Car - CO, - Interurban [g/km] 162034,59 0 271813,91 0 305672,84
IEM Emission - Car - NOx - Interurban [g/km] 3714 0 719,52 0 681,85
IEM Emission - Car - PM - Interurban [g/km] 36,33 0 136,15 0 125,18
IEM Emission - Car - VOC - Interurban [g/km] 142,36 0 237,69 0 396,23
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It is precisely this high power requirement that will
be the main challenge for the energy storage tech-
nology. As can be seen, the system will be charac-
terized by very unique parameters, where the power
output represents over 100 times the storage capac-
ity. In typical grid applications, such as energy stor-
age for capacity markets, these are usually four-hour
solutions—meaning the entire stored energy is re-
leased over a period of four hours. In the analyzed
case, however, the entire energy storage must be
both absorbed and released within less than half a
minute. This clearly demonstrates how specific and
unique this solution is. Given the limited space,
safety concerns, and functional requirements, the
choice is limited to supercapacitor and flywheel
technologies. The main parameters of both technol-
ogies are summarized below (Table 3).

Table 3. Main parameters of flywheel and superca-

pacitors
Parameter Flywheel Supercapacitors
Number of cycles 500000 500000
Service life >20 year >20 year
Storage volume ~1m3 12m3
Efficiency 85-90% 85-90%

At this point, it is worth mentioning the expected
amount of stored energy. Although the assumed ca-
pacity of the storage unit is relatively small—3.13
kWh—the fact that there are almost 728 light
changes per day means the total energy processed
can reach almost 2.5 MWh. This is a significant
value in terms of both the energy that would be re-
used (thus saving its primary source) and environ-
mental benefits, as it would reduce particulate matter
and carbon dioxide emissions by more than 2 tons.
The final decision regarding the preferred technol-
ogy at a given location will depend on commercial
conditions, the amount of space available for instal-
lation, market availability of the solution, and the
proposed service and maintenance arrangements.
The comparative analysis of traffic scenarios allows
for the evaluation in a predictive way of the best
strategy to be adopted in infrastructure management
and urban planning policies of cities (Madziel et al.,
2021).

5. Conslusion

Contemporary analyses highlight the necessity of in-
tegrating energy efficiency and emission indicators
into urban traffic control algorithms. Such optimiza-
tion is crucial for improving air quality and reducing
the carbon footprint of transportation, especially in
cities where frequent braking and acceleration are
unavoidable. Research and simulations indicate that
the use of energy recovery and storage technologies,
such as supercapacitors and flywheels, has a signif-
icant impact on reducing emissions of carbon diox-
ide, nitrogen oxides, particulate matter, and volatile
organic compounds.

Autonomous vehicles, through optimized road ma-
neuvers, can substantially reduce energy consump-
tion and CO2 emissions. With energy storage and re-
covery systems from braking, it is possible to further
increase the efficiency of urban transport, which
may positively impact the quality of life for residents
of large metropolitan areas. It is proposed to develop
systems based on inductive loops, enabling energy
redistribution to and from electric vehicles.

The integration of energy recovery systems and
V2G (vehicle-to-grid) technologies in public
transport vehicles could further decrease pollutant
emissions. Economic analysis should take into ac-
count the costs of installation and maintenance of
these solutions as well as the potential savings re-
sulting from reduced energy consumption.

Further research should address variable traffic con-
ditions, such as intensity at different times of day
and weather conditions, to allow for more precise
modeling and optimization of energy systems in
transportation. The current study includes models
related to passenger vehicle traffic and will be ex-
panded in the future to include public transportation
flows.

In summary, advanced technologies and traffic con-
trol algorithms supported by a developed decarbon-
ization infrastructure offer significant environmen-
tal and operational benefits. Collaboration with in-
stitutions responsible for road infrastructure will en-
able the broad implementation of such solutions.
The development of energy recovery technologies in
urban transport carries considerable potential for re-
ducing its environmental impact, making it a key
area for future investment in sustainable mobility.
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