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Abstract: Parking lots are places of high air pollution as numerous vehicles cruise to find vacant
parking places. Open parking lots receive high vehicle traffic, and when limited empty spaces are
available it leads to problems, such as congestion, pollution, and driver frustration. Due to lack of
return on investment, open parking lots are little studied, and there is a research gap in understanding
the magnitude of CO2 emissions and cruising observed at open parking lots. Thus, this paper aims to
estimate CO2 emissions and cruising distances observed at an open parking lot. A thermal camera
was utilized to collect videos during peak and non-peak hours. The resulting videos were utilized to
collect cruising trajectories of drivers searching for empty parking spaces. These trajectories were
analyzed to identify optimal and non-optimal cruising, time to park, and walking distances of drivers.
A new CO2 model was proposed to estimate emissions in smaller geographical regions, such as
open parking lots. The majority of drivers tend to choose parking spaces near a shopping center,
and they prefer to cruise non-optimal distances to find an empty parking space near the shopping
center. The observed mean non-optimal cruising distance is 2.7 times higher than the mean optimal
cruising distance. Excess CO2 emissions and non-optimal cruising were mainly observed during
visitor peak hours when there were limited or no empty parking spaces. During visitor peak hours,
several vehicles could not find an empty parking space in the region of interest, which also leads to
excess cruising.

Keywords: parking; CO2 emissions; cruising

1. Introduction

Parking has been considered a problem for several decades due to the increasing num-
ber of vehicles and the limited number of parking spaces at locations of interest (LOI), such
as city centers, shopping centers, airports, etc. Some of the common problems associated
with parking are additional cruising, pollution, congestion, and driver frustration. This is
a common problem across the globe, where the severity of these problems increases with
higher population density. The intensity of these problems varies spatially and tempo-
rally [1,2]. Further, the problem intensifies during peak hours when traffic flow is high,
which also leads to accidents [3–6]. According to a study in the central city area of Zurich,
parking occupancy was around 97% on a weekend, leading to congestion and pollution [7].
Based on a group of studies mentioned in Shoup (2015) [3], the cruising time to find a
vacant parking space was between 3.5 and 14 min. Cruising is defined as a slow-moving
vehicle in search of a parking space, and this cruising behavior is commonly observed in
parking lots. Searching for an empty parking space leads to cruising and frequent stops
which increases CO2 emissions [8]. Prolonged exposure to harmful emissions, such as
CO2, can lead to respiratory diseases like asthma [9]. Carbon and other emissions, such
as nitrogen oxide and carbon monoxide, peak during the morning and evening times.
Therefore, there is a need to understand the magnitude of these problems occurring at
parking lots, where frequent pedestrian movement is observed. Passenger vehicles account
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for 66% of pollution emitted by road traffic [10]. Hence, it is necessary to look at the cruising
behavior performed by many vehicles in search of empty parking spaces.

According to Weinberger et al., (2020) [11], cruising time and distance depend on the
configuration of the city, time, and location of parking spaces. However, there are not
many studies that compare optimal and non-optimal cruising behavior to find an empty
parking space. Based on Weinberger et al., (2020), it is considered optimal if the driver
finds an empty parking space within a threshold distance, while it is non-optimal if the
driver takes more than the threshold distance to find an empty parking space. Cruising
non-optimal distances also increase CO2 emissions. To the best of our knowledge, most
studies on parking behavior have focused on on-street parking lots [12]. Only a fraction of
the studies focused on cruising behavior in open parking lots. This is problematic since
parking lots are areas of high pollution due to the large number of cruising vehicles in
search of empty parking spaces, especially during peak hours and at locations of interest.
Unlike CO2 emissions observed at long road segments, CO2 emissions observed in an open
parking lot are concentrated in a smaller geographical area. Parking lots comprise the
movement of people and vehicles, and people are directly affected by the emitted CO2
emissions. Parking lots are classified into two categories: open and closed. Closed parking
lots provide parking spaces that are not free, while open parking lots provide free parking
spaces for a limited duration. The demand for parking spaces is higher in open parking
lots as they are free. Therefore, vehicle traffic is high in open parking lots compared to
closed parking lots [13]. Parking lots occupy large geographical areas, sometimes more than
needed, and it is vital to utilize these areas efficiently [14]. Understanding cruising behavior
will give insight into improving the design of parking lots, which will also facilitate the
reduction of non-optimal cruising. Non-optimal cruising distances may not be larger in
open parking lots, compared to on-street parking lots. However, the number of vehicles
searching for empty parking spaces is higher in open parking lots due to higher capacity
and free parking spaces. Thus, greater demand for parking spaces leads to higher traffic,
congestion, and CO2 emissions in open parking lots.

One problem observed is the methodology used to study cruising behavior in previous
studies. Based on van der Waerden et al., (2015) [15], travel surveys were utilized to under-
stand cruising behavior characteristics, such as choice and parking search time. However, it
is limited to the number of respondents and recollection of the driver’s memory. Therefore,
suitable sensors can be utilized to collect vehicle movement data to understand cruising
behavior. Sensors, such as optical cameras, onboard sensors, and Global Positioning System
(GPS), can be utilized to capture data from parking lots. However, GPS data is dependent
on volunteers and accuracy. Furthermore, using underground sensors requires expensive
installation on an open parking lot, and the use of optical cameras has illumination and
privacy issues. Therefore, thermal cameras were utilized in this study as they overcome
various illumination and privacy issues. To the best of our knowledge, this is the first time
a thermal camera was used to identify cruising behavior in an open parking lot. Usage
of the thermal camera also facilitates obtaining an overview of multiple moving vehicles
using a single device. The CO2 emitted from an open parking lot was also not estimated
in any of the previous studies. This study provides a glimpse of CO2 emissions emitted
during peak and non-peak hours.

This study aims to estimate excess CO2 emissions from the observed cruising of
drivers searching for empty parking spaces. To address this aim, the vehicles’ optimal and
non-optimal cruising distance, CO2 emissions, time taken by drivers to reach an empty
parking space, and the proximity to LOI are examined. The following research questions
are established:

• What are the estimated CO2 emissions caused by optimal and non-optimal cruising in
the open parking lot?

• How much optimal and non-optimal cruising time are taken to find an empty park-
ing space?

• Does the choice of parking space impact CO2 emissions?
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In this study, optimal distance refers to if the driver occupies an empty parking space
in the entered parking lane. Non-optimal distance refers to if the driver misses at least one
empty parking space in the entered lane and occupies an empty parking space in another
lane. Cruised distance is calculated using the trajectory of each vehicle. CO2 emissions
are estimated using the cruised distance and average CO2 emissions. Parking choice is
based on the selection of parking space and its proximity to the entrance of the location
of interest.

The following are the contributions of this study:

• The study utilizes vehicle cruising trajectories in an open parking lot to calculate
cruising distance, walking distance, and time. Cruising distance of multiple drivers
helps us to understand the magnitude of cruising performed in open parking lots.

• Since the area of study is a small geographical area, an open parking lot, a new
CO2 emissions model is proposed that is suitable for smaller areas based on fuel
consumption.

• Analysis of observed cruising behavior will also contribute to improving the design of
parking lots and facilitate the reduction of CO2 emissions. For instance, based on the
frequency of vehicles, the duration of parking time can be modified to accommodate
more vehicles. Due to shorter parking time, there will be more available empty
parking spaces, and vehicle traffic to these parking spaces can also be reduced, leading
to less pollution.

The remaining sections of the study are organized in the following way: Section 2
discusses relevant literature on cruising behavior. Section 3 presents the method and
discusses the process of data collection and analysis. Section 4 discusses and analyses
results. Finally, Section 5 presents limitations and Section 6 presents our conclusion.

2. Related Work

Parking search behavior in previous studies is analyzed and discussed in this section.
Similar studies utilized various data collection methods, such as travel diaries or surveys,
onboard sensors, GPS, and stationary cameras. The suitability of data collection methods
for open parking lots is also discussed. In a study by Brooke et al., (2014) [16], travel
survey data was used to analyze the time taken by drivers to occupy an empty parking
space. The study was conducted in the Netherlands where there were no open parking lots.
Cruising times were estimated by the driver, from the vehicle entering a parking facility
and occupying an empty parking space. The average time taken by drivers to occupy an
empty parking space was 36 s. The average search time across multiple parking lots is
low, as no open parking lots leads to higher demand and traffic. The study identified that
higher search time led to higher parking duration. There was a small percentage of drivers
who took more than 3 min to find a vacant parking space. Similarly, in another study, an
online questionnaire was conducted which identified the influence of previous experience
in the selection of parking lots [15]. The cruising time and choice of parking lot location
details were dependent on the accuracy of respondents’ input. The use of surveys limits
the data to a specific set of respondents, and it is not possible to obtain an overview of all
the drivers who parked their vehicles in a parking lot.

In Hampshire et al., (2016) [17], parking search behavior was analyzed using an
onboard camera and a GPS device in the vehicle. GPS was used to track the route and time
of the search, while gestures of the driver were used to identify the start of the parking
search. The study identified that the driver tended to search for a parking space for 100 m
before occupying an empty parking space. An onboard camera was installed to observe
the driver, and naturalistic movements of drivers were used to identify if the driver began
to search for an empty parking space. Other similar studies have utilized onboard cameras
and radars to analyze cruising behavior, not in parking lots but on highways, in multiple
lanes, and at roundabouts [18,19]. The use of onboard sensors, radars, or GPS limits the
study to specific vehicles or volunteers. An overview of multiple drivers is not possible
using onboard sensors. Similarly, in Garcia et al., (2012) and Verma et al., (2018) [20,21], the
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fusion of camera and sensor data was performed to detect and track vehicle movement.
Trajectories were generated to identify different vehicles maneuvers, such as lane changing,
overtaking, and turning. Usage of cameras would enable us to get an overview of the
driving behavior of multiple observed drivers. However, privacy issues may arise, as
vehicles or people can be recognized using optical cameras. In addition, millimeter-wave
radar has been used to alert researchers to the proximity of other vehicles on the road [22].
However, millimeter-wave radar has limited field view, making it difficult to detect vehicles
in multiple lanes.

GPS data to analyze parking search behavior is objective and not based on estimation,
unlike surveys, travel diaries, or visual inspection [23]. In one study, [24], parking search
behavior was analyzed using GPS devices in a city in Belgium. A GPS logger with 3 s signal
frequency was used to capture driving behavior. The average time to find a vacant parking
space was 1.18 min. Parking search time was higher in this study as it focused on on-street
parking lots in the city center, where vehicle traffic was higher than the available number
of parking spaces. Similarly, another study utilized GPS data to identify and analyze the
cruising of vehicles, where excess cruising was found in 6% of total vehicle trips [11]. If the
cruising distance was more than 200 m, then drivers who took that route were assumed to
drive an additional distance to reach their destination. The study collected data using GPS
and performed map matching to measure the cruising distance of the vehicle. In addition,
in this study, the driving path of the vehicles was map matched to capture traveled distance
in the open parking lot. Walking distance was used to identify the choice of parking space,
based on its proximity to the location of interest. The open parking lot chosen consisted of a
few parking spaces closer to the LOI, while a few parking spaces were located further apart
from the LOI. Walking distance to the LOI would provide the driver’s preference in the
selection of empty parking spaces. Driving distance alone would not provide insight into a
driver’s preference, as a driver can cruise non-optimally to occupy an empty parking space.
However, this is only applicable when there are several empty parking spaces available.
Similarly, in Montini et al., (2012) [23], walking distance was used to observe the distance
between the parked vehicle location and the destination in a cluster of parking lots, using
GPS data. The study identified that an acceptable walking distance to reach a destination
was 600 m as it covered multiple parking lots. A radius of 800 m around the parking lot
was a parking search starting point and based on the stop location, walking distance to the
destination was measured. GPS is capable of capturing long vehicle trajectories, but the
accuracy of data is dependent on several factors, such as the satellite’s position, weather
conditions, and other obstructing structures [25]. A GPS device should be carried by the
driver or a mobile application for GPS tracking while the driver is cruising in the parking
lot should be used. The study would be limited to a few volunteers where accuracy is
dependent on external conditions. The route taken by the driver might not be ascertained
in an open parking lot, due to limitations in the frequency of GPS signals. Therefore, GPS
is not well suited to identify cruising behavior in an open parking lot.

Detection and tracking of vehicles over continuous frames is complicated, due to
occlusion and size variability, based on distance and position [22]. One study utilized a
stationary camera and estimated that 15% of total traffic was cruising for parking [26].
A sample of 876 observations was made on two days in September 2017. The camera
was mounted on lamps and signal poles overseeing an on-street parking lot. After a car
vacates a parking space, the number of vehicles passing the vacant parking space is counted
until the vacant parking space is again occupied. Using the number of traversed vehicles,
the method estimates the number of vehicles cruising for parking. In another study, an
optical camera was utilized to capture data, and vehicle trajectories were generated over
a road segment, using the background subtraction method [27]. Speed, acceleration, and
deceleration of multiple vehicles were captured, which will be useful for city planning
administrators. In another study, background subtraction, corner-feature tracking, and
cluster tracking were used to track and draw trajectories of pedestrians, bicycles, and
vehicles [28]. Usage of videos would limit the study to a particular place or parking lot [11].



Sustainability 2022, 14, 3742 5 of 18

The movement of all vehicles within camera range can be captured and analyzed, which
makes it a suitable approach for this paper. However, the usage of an optical camera might
present problems of varying illumination conditions and privacy concerns.

Carbon and other harmful emissions were estimated for several vehicle categories,
such as car, truck, and bus [29]. These pollutant emissions coefficients were utilized in
Song et al., (2019) [30] to estimate emission levels at several zones, such as an expressway, a
business zone, an industrial zone, and ports. Surveillance cameras were utilized to collect
vehicle traffic data in those zones. Vehicles were detected using Yolo, which is a deep
learning algorithm used to obtain a vehicle count. The count of vehicles was multiplied
by the pollutant emissions coefficient to estimate emission levels, and it was found that
pollution levels from cars were highest at business zones, such as shopping centers. This
study also captures the distance of cruising vehicles in the parking lot. Therefore, the
method proposed in [31] was relevant for estimating carbon emissions. The method defines
pollution coefficients for cruising vehicles in urban conditions. In Jia et al., (2013) [32], GPS
was utilized to calculate CO2 emissions to and from a popular shopping center. The data
was collected from 151 volunteers using a portable GPS device. The average CO2 emissions
amount identified for drivers traveling to the shopping center was 176 g/km. Usage of
GPS provides more details, such as velocity and timestamp, compared to usage of videos.
GPS is commonly utilized for a larger geographical area, where the signal frequency is
between 5 and 30 s. However, in this study, cruising of drivers is observed only in the
parking lot, which is a smaller geographical area. Therefore, usage of GPS is not reliable
as it requires a frequency ping every 1 s. The usage of GPS limits the study to a certain
number of volunteers. Therefore, a camera would give a broader overview of cruising
behavior and CO2 emissions in a parking lot.

3. Materials and Methods

The present study was carried out in Sweden, a country with harsh weather conditions
and limited daylight during the winter, which affect the visibility of optical cameras.
Furthermore, since the usage of optical cameras is restricted, due to privacy issues, thermal
cameras serve as an alternative. A thermal camera detects objects based on emitted heat,
and it does not depend on illumination conditions. Thus, privacy concerns are avoided, as
pedestrians or vehicles cannot be identified [33]. Hence, a thermal camera was utilized in
this study to collect data from the parking lot. This section further discusses the setup of
the parking lot, data collection, and identification of parking behavior.

3.1. The Setup of the Data Collection Area

Business zones, such as shopping centers, had the highest amounts of carbon emis-
sions [30]. Thus, an open parking lot beside a shopping center was chosen for this study.
To monitor the chosen open parking lot, a thermal camera was set up at the entrance of a
typical shopping center in a mid-sized city, namely Borlänge. The chosen open parking lot
under surveillance is located outdoors and is one of the main parking lots of the shopping
center (see Figure 1). Since the parking lot is outdoors, it is subjected to varying illumina-
tion and seasonal conditions. The entire region of the parking lot could not be covered,
as the visibility of vehicles is diminished outside the proposed region of interest (ROI).
Even though the sample area is simple, it is large enough for this study. The ROI covers
approximately 15% of the total occupancies in the entire parking lot. However, the ROI is
placed close to the LOI, which is assumed to have a higher vehicle traffic density, compared
to parking spaces farther from the LOI. The location of the ROI at the parking lot is shown
in Figure 1, and the movement of vehicles within this region is detected and tracked. The
parking lot consists of 4 entrances, namely E1, E2, E3, and E4. The current time limit for
parking vehicles is 3 h in the parking lot. Vehicles can enter the parking lot from multiple
directions, which will lead to multiple orientations of the vehicle. The circular structure is
the shopping center, highlighted by a red line in Figure 1, as the location of interest (LOI).
An Axis Q1942-E thermal camera was positioned on top of a shopping mall to observe the
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cruising of vehicles (see Figure 1). The camera’s focal length is 19 mm and the viewing
angle is 32 degrees.

Figure 1. The layout of the parking lot at the shopping center.

As shown in Figure 1, the vehicles parked are visible in the camera from the side view
and not from the front or rear. The front or rear view of a vehicle is ideal for object detection,
due to discernible features. Since the vehicles in the parking spaces are viewed from the
side, they appear clustered and cannot be detected individually. Figure 2 shows the region
of interest, from the viewpoint of the thermal camera. Cruising patterns to disabled parking
were not analyzed in this study, and therefore the small region within the ROI is excluded,
as it was allocated to the disabled. The total distance of the cruising path in ROI is 320 m,
which is highlighted with a green line in Figure 2.

Figure 2. ROI layout information.

3.2. Data Collection and Illustration of Process

The data utilized in this paper was collected over two days in January 2020. A total of
four hours of video was utilized in the study, where two hours of data were selected for
each day. Even though only two hours of data are selected for each day, the selected sample
represents most of the traffic movement in the parking lot. Each day consists of one video
with several empty parking spaces and another video with minimal, or no, empty parking
spaces. Videos with several empty parking spaces were referred to as visitor non-peak
hours, and minimal or no empty parking spaces were also referred to as visitor peak hours.
Visitor non-peak hours consist of empty parking spaces between 30% and 100%, while
visitor peak hours consist of empty parking spaces between 0% and 30%. These two cases
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cover the majority of cruising situations. Therefore, videos from other high vehicle traffic
durations, such as evening, were not obtained. For variability and to identify differences
in cruising behavior, based on the availability of parking spaces, one set of videos was
collected from Friday (i.e., weekday), and another set was collected from Saturday (i.e.,
weekend). Friday is chosen, as it is expected to have higher weekday vehicle traffic, while
Saturday is expected to have a higher number of weekend vehicle traffic. The movement of
the driver was tracked to capture the trajectory of the vehicle in the parking lot. The process
of tracking is illustrated in Figure 3. The training and evaluation of Mod Yolo and Kalman
filters were discussed in a previous paper [34]. Mod Yolo is a deep learning algorithm
used to detect moving vehicles, while a Kalman filter is an estimator used to maintain data
associations of detected vehicles. An identity (ID) is assigned to each detected vehicle, and
this ID is maintained throughout the vehicle detection; this process is also referred to as
data association.

Figure 3. The process to collect trajectories of drivers and calculate CO2 emissions.

The total number of observed drivers searching for empty parking spaces was 316.
The two hours of video was split into multiple videos based on each driver. The framerate
of the utilized videos was 8 frames per second. Drivers searching for empty parking
spaces were captured, while drivers exiting the parking lot were not captured. Trajectories
of these 316 drivers were calculated using Mod Yolo and Kalman filters (see Figure 4b
for an example of a trajectory). Each trajectory represents the search path taken by the
driver in searching for an empty parking space. The captured driver’s trajectory was map
matched on a GIS application to measure cruising distance and its proximity to the LOI.
The time taken by the driver to reach the empty parking space was captured using videos,
as illustrated in Figure 3. Average speed of vehicles was captured using cruised time
and distance. The CO2 model proposed in Section 3.5 estimates emissions based on fuel
consumption and mileage information. The mileage information of vehicles observed in
the open parking lot is not available. Therefore, an experiment was conducted on multiple
vehicles cruising for empty parking spaces in the open parking lot to capture mileage
information, as shown in Table 1. The average mileage information was utilized in the CO2
model to estimate emissions of multiple vehicles.
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Figure 4. Optimal driving behavior was observed in an open parking lot. Figure (a). The cruising
distance of the driver is shown by the red line. The walking distance from the parked vehicle to the
location of interest is illustrated by the red dotted line. (b) The green trajectory illustrates an optimal
cruising path while the dotted line illustrates the walking distance to the LOI.

Table 1. Illustration of the mileage information captured during the experiment.

No. Model of Vehicle, Year KM/L

1 Volvo v50, 2014 5.05

2 Opel Astra, 2011 10.1

3 Volkswagen Tiguan, 2018 8.19

4 Toyota Auris, 2015 12.56

5 Kia Ceed, 2012 7.19

6 Kia Sorento, 2018 5.63

7 Mercedes Benz, 2018 5.95

8 Saab sports, 2007 4.29

9 Nissan Juke, 2019 11.6

3.3. Some Illustrations of Observed Cruising Behavior and Choice of Parking

Parking choice is evaluated based on its proximity to the LOI and on the cruising and
walking distance. Proximity to the LOI is measured by walking distance, while cruising
distance facilitates an understanding of the importance given by the driver to LOI. In
Figure 4a, walking distances are illustrated by a red dotted line, while a non-dotted red line
represents the cruising path. The same can also be observed in Figure 4b. We assume that
the choice of parking and cruising distance is dependent on availability of parking spaces.
Therefore, choice was evaluated based on visitor non-peak and peak hours, respectively.

3.4. Classification of Optimal and Non-Optimal Cruising Behavior

The cruising path was considered optimal if the driver parked the vehicle in the
same lane, as illustrated in Figure 4. The shortest path to an empty parking space is
not considered optimal, due to the short distance of each parking lane. Thus, it is not
considered non-optimal even if the driver passes an empty parking space and occupies
another empty parking space in the same lane. Therefore, in this study, optimal cruising
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does not lead to additional cruising. As illustrated in Figure 5a, non-optimal cruising refers
to when the driver passes the entered lane and cruises to another lane in search of a parking
space. Cruising to another lane increases the traveling distance and it can also lead to
congestion during peak hours. Therefore, non-optimal cruising also refers to additional
cruising observed in an open parking lot.

Figure 5. Illustrates excess cruising. (a) Illustrates two non-optimal cruising drivers when there are
limited available empty parking spaces. (b) Illustrates cruising of drivers when there are no empty
parking spaces available.

In Figure 5a, the red trajectory indicates the driver entering the ROI in one lane and
parking in another lane. Similarly, the orange trajectory indicates the driver entering one
lane and parking in another lane. Hence, this cruising trajectory is non-optimal, leading to
additional cruising. In Figure 5b, the red trajectory indicates a driver entering the parking
lot, having traveled in two lanes and exited the ROI. Similarly, the green trajectory indicates
that the driver could not find a parking space in one lane and left the ROI. As illustrated
in Figure 5b, additional cruising also occurs when the driver is unable to find an empty
parking space. However, as the driver could not find an empty parking space in the ROI,
these cruising trajectories were excluded from non-optimal cruising, as we are not sure if
the driver parked in a farther region or left the open parking lot.

Illustrating Cruising and Walking Distances of Cruising Trajectories during Visitor
Non-Peak and Peak Hours

A sample of observed trajectories of cruising vehicles is illustrated and discussed in this
section. Cruising distance (DD) and walking distance (WD) information were illustrated
in Figure 6 with several available empty parking spaces available. This illustrates the
trajectory of cruising vehicles along with cruising and walking distances. As shown in
Figure 6a, one driver with a green trajectory can be seen parking near the location of interest
non-optimally. The driver passed several empty parking spaces in one row and occupied a
space in another row. The driver did not prefer to or missed the opportunity to park in the
first row. In Figure 6b, all three drivers parked their vehicles near the location of interest
without changing the lane. Exiting vehicle trajectories are ignored as they do not illustrate
cruising behavior, which can be seen in Figure 6b.
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Figure 6. Trajectories of vehicles during visitor non-peak hours. (a) Trajectories of two drivers
entering the parking lot from different directions and occupying parking spaces. (b) Trajectories of
multiple drivers parking.

As shown in Figure 7a, one driver with a purple trajectory can be seen cruising within
the ROI to occupy an empty parking space. In Figure 7b, the driver with a purple trajectory
could not find an empty parking space in one row and can be seen exiting the ROI. The
location of interest is still relevant when there are minimal or no empty parking spaces.
Drivers in Figure 7a can be seen searching for parking spaces in the rows near the location
of interest, and cruising for additional distance is not a problem. However, Figure 7b
illustrates that the driver decided to search for a parking space far from the location of
interest when there were no available empty parking spaces in one row.

Figure 7. Trajectories of vehicles during visitor peak hours: (a) The purple trajectory shows the driver
searching for empty parking space in two rows; (b) Shows the vehicle searching for an empty parking
space and exiting the ROI, as no space is available.

3.5. Estimating CO2 Emissions of Vehicles Cruising in the Parking Lot

The carbon emissions are typically directly proportional to the distance cruised, al-
though the type of engine, fuel, speed of the vehicle, and time can affect the pollution
levels. The use of GPS devices can facilitate obtaining more details, such as velocity and
timestamp. As mentioned in Jia et al., (2013) [32], the Oguchi model is well suited to
calculating CO2 emissions based on varying time, distance, and velocity. However, in the
case of an open parking lot, the cruised distance is not large and varying velocities are
also minimal. The ROI in this study is 320 m, and the driver velocities vary between 5



Sustainability 2022, 14, 3742 11 of 18

and 15 km/h based on peak hours and traffic. The velocities of the drivers also do not
vary much, leading to inaccurate estimations. Hence, the Oguchi model does not suit
areas such as open parking lots. In Sing et al., (2019) [30], videos were utilized to calculate
CO2 emissions using emission coefficients. The CO2 coefficients were multiplied with the
count of detected vehicles to estimate emissions. The vehicle type was classified, using
a deep learning algorithm, and subsequent coefficients were utilized. However, in this
study, the type of vehicle cannot be determined, due to the lack of discernible features
of the vehicle. Similarly, in Stead (1999) [31], cruised distance and CO2 emissions factor
were utilized to calculate estimated CO2 emissions. However, in this study, distance alone
cannot be considered, as a vehicle also idles for pedestrians or other vehicles. Hence, this
model is also not suitable for estimating CO2 emissions in an open parking lot. Therefore,
a CO2 emissions model was proposed in this paper, which is suitable for open parking
lots, as shown in (1). The emissions model calculates CO2 emissions in grams (g), based on
estimated fuel burnt. Since neither the vehicles nor their fuel types can be recognized, it is
assumed that only petrol vehicles are observed in the open parking lot.

CO2 in g = (

(
AS
ML

)
× T)× EM (1)

AS is the average speed in kilometers per second
ML is the mileage, i.e., kilometers per liter of fuel
T is the time taken to reach an empty parking space
EM is CO2 emissions per liter of fuel type. For Petrol EM = 2.39 [35].

In the proposed model, time taken by the driver to reach an empty parking space,
average speed, and mileage information were utilized to estimate the amount of fuel used
by the vehicle. Time taken by the driver and average speed were collected using the
trajectories generated from the videos. However, the mileage information could not be
estimated from the videos, as they are dependent on the model, fuel, and age of the vehicle.
Hence, an experiment was conducted with a group of drivers to estimate the mileage
of vehicles in an open parking lot. The vehicles selected for the experiment possessed
an internal computer that captured the mileage information. Once the driver was in the
open parking lot, the existing measurements were reset, and the driver was instructed to
cruise in the region of interest for 2 and 5 min. To simulate actual conditions, the driver
cruised between 5 and 10 KMPH (kilometers per hour) while experimenting. The mileage
information which was displayed by the internal computer was noted down, and the
average mileage is shown in Table 1. The average mileage of all the observed vehicles in
the experiment is 7.84 KM/L, which is the ML value in (1). Hence, using these values and
the proposed model, CO2 emissions were estimated for the open parking lot.

4. Results and Discussion

This section discusses the results generated in this paper. The cruising distance
and walking distances were compared for peak and non-peak hours to understand the
correlation. Similarly, time taken to find an empty parking space was plotted to understand
average parking times. The calculated cruising distances and CO2 emissions of multiple
drivers searching for empty parking spaces are summarized and discussed.

When the traffic density is low, the majority of the drivers park near the location of
interest, which might be to reduce the walking distance from the parking location to the
shopping center. Figure 8 illustrates the walking and cruising distances observed in visitor
non-peak hours for two days. The majority of drivers traveled less than 200 m as there
were several empty parking spaces. One driver cruised for nearly 400 m to find an empty
parking space. However, this can be regarded as an outlier as it was unusual cruising
behavior. Figure 9 illustrates the walking and cruising distances observed for two days in
visitor peak hours. The number of drivers searching for a parking space during visitor peak
hours was larger than visitor non-peak hours, demonstrating that peak traffic also exists
within parking lots. Higher vehicle traffic leads to a greater number of cruising vehicles,
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which also increases CO2 emissions. Due to a smaller number of available empty parking
spaces, the increased number of drivers traveling non-optimal distances can be seen in
Figure 9. More drivers cruised more than 200 m during visitor peak hours, due to a lower
number of available empty parking spaces. One row of the parking lane is 120 m and there
were several drivers who cruised more to find an empty parking space. Figure 9 excludes
the drivers who could not find an empty parking space. The drivers who were unable to
park their vehicles cruised for longer, as illustrated in Figure 10.

Figure 8. Cruising and walking distances of drivers in visitor non-peak hours.

Figure 9. Cruising and walking distances of drivers in visitor peak hours.

Unlike during visitor non-peak hours, not all drivers could find an empty parking
space during visitor peak hours. The drivers who could not find an empty parking space
are illustrated in Figure 10. As illustrated in Figure 10, two drivers cruised more than 500 m
in the ROI and still could not find an empty parking space. All the drivers performed
additional cruising when they could not find an empty parking space in the ROI. As
observed in this study, most of the drivers were looking for empty parking spaces near
the shopping center, leading to higher traffic. Even though these drivers could not find an
empty parking space in the ROI, this is not assumed as non-optimal in this study. A total of
244 drivers managed to find an empty parking space out of 316 total observed drivers.
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Figure 10. Illustrates the cruising distances of drivers who could not find an empty parking space in
the ROI.

The time taken to find an empty parking space in visitor non-peak hours is shown
in Figure 11, while the time taken to find an empty parking space in visitor peak hours is
shown in Figure 12. Based on Figures 11 and 12, it is evident that the amount of time to find
an empty parking space is longer during visitor peak hours. There were only four drivers
who took approximately 1 min to find an empty parking space during visitor non-peak
hours. However, during visitor peak hours, 19 drivers took more than 1 min to find an
empty parking space. During visitor non-peak hours, the average time taken to occupy
an empty parking space was 23 s. During visitor peak hours, the average time taken
to occupy an empty parking space was 43 s. During peak hours, the number of drivers
looking for empty parking spaces also increases due to high traffic, and this leads to higher
amounts of CO2 emissions. A few drivers also idled their vehicles when they learned a
driver was about to exit a parking space. This behavior also increased the amount of time
taken to park, which also increases CO2 emissions, as illustrated in Figure 12. Cruising
distance and time were distributed normally during visitor non-peak hours, which had a
correlation coefficient of 0.48 and a p-value of 2.518 × 10−9. Similarly, during visitor peak
hours, cruising distance and time had a correlation coefficient of 0.61, with a p-value of
4.465 × 10−13. Hence, during both high and non-peak visitor hours, there is a positive
correlation between cruising distance and time. Therefore, cruising distance increases with
time, which subsequently also increases CO2 emissions.

Cruised Distances and CO2 Emissions Observed in an Open Parking Lot

The cruising distance of optimal driving is less than 120 m, which is the length of one
parking row. However, a non-optimal cruising distance is greater than 120, as the driver
leaves the first row and enters the other lane to find a vacant parking space. The mean
non-optimal cruising distance is 2.7 times higher than the mean optimal cruising distance.
The average non-optimal cruising distance covers 65% of the total length of the ROI, which
is 320 m. Mean optimal and non-optimal cruising distances are two extremes identified
in finding a vacant parking space. Cruising distance and time are majorly affected by the
number of available empty parking spaces and the position of the driver in the parking lot.
Hence, due to non-optimal cruising distances, higher levels of CO2 emissions were emitted.
As shown in Table 2, 9% of the total drivers were cruising non-optimal distances, which
amounts to 27% of the total cruising distance in the parking lot. Due to higher cruising
distances of non-optimal drivers, a lower proportion of drivers cruised larger distances
compared to total optimal cruising distances.
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Figure 11. The time that is taken by the driver to occupy an empty parking space during visitor
non-peak hours.

Figure 12. The time taken by a driver to occupy an empty parking space during visitor peak hours.

Table 2. Summary of observed cruising distance and drivers.

Visitor Hour Types Number of Optimal
Drivers

Number of
Non-Optimal Drivers

Total
Cruising
Distance
(Meters)

Total Number of
Observed Drivers

Visitor non-peak hours 119 13 11,013 132

Visitor peak hours 96 16 11,155 112

Total 215 29 22,168 316

Estimated CO2 emissions of petrol are illustrated in Table 3. The CO2 emissions
observed during visitor non-peak and peak hours were similar, even though a lower
number of drivers was observed during non-peak hours. During visitor peak hours, due
to the lack of available empty parking spaces, 23% of total drivers could not park their
vehicles in the ROI. This 23% of drivers was not included in the non-optimal drivers, as



Sustainability 2022, 14, 3742 15 of 18

they could not find an empty parking space in the ROI. Hence, higher vehicle traffic, non-
optimal driving, and lack of empty parking spaces lead to higher CO2 emissions during
visitor peak hours. The mean CO2 emissions of non-optimal drivers was almost triple,
compared to optimal drivers during visitor peak hours. While the mean CO2 emissions
appears to be small, it adds up to higher total CO2 emissions, due to a higher number of
drivers. This was mainly due to a lower number of available empty parking spaces. The
majority of drivers drive optimally when there are several empty parking spaces, while
they drive non-optimal distances when there are limited available empty parking spaces.
Since non-optimal cruising is majorly visible during visitor peak hours, the time taken to
occupy an empty parking space is almost doubled.

Table 3. Summary of CO2 emissions in (g) using proposed CO2 model and petrol as the fuel type.

Visitor Hour Type Optimal Cruising
CO2 Emissions

Mean of Optimal
CO2 Emissions

Non-Optimal
CO2 Emissions

Mean of
Non-Optimal

CO2 Emissions

Total CO2
Emissions Based

on Hour Type

Visitor non-peak
hours 2620 22 737 57 3357

Visitor peak hours 2281 24 1119 70 3400

Total 4901 23 1856 63 6757

On a Friday during visitor peak hours, a total of 114 drivers traveled more than 15 km
in an area of 320 m searching for empty parking spaces. Even though individual drivers
tend to cruise smaller distances, the aggregated distance observed by multiple drivers
in the ROI tends to be larger. Thus, it is necessary to reduce CO2 emissions in a parking
lot, even though the geographical area of the parking lot is smaller. In open parking lots,
non-optimal driving can be reduced by providing real-time or forecast information on
available parking spaces.

Based on the identified cruising behavior, drivers tend to choose parking spaces near
the location of interest. If a parking assistance system were to provide navigational direc-
tions to empty parking spaces, then providing navigational directions to empty parking
spaces near the location of interest should be prioritized. However, as the parking spaces
near the location of interest are in higher demand, alternative parking spaces should also
be shown for the driver when the empty parking space near the location of interest is no
longer available.

Unlike CO2 emissions observed on long road segments, CO2 emissions observed in an
open parking lot are concentrated in a smaller geographical area. The total CO2 emissions
observed in this study were for two hours of visitor parking time. A shopping center
that has opening hours between 9:00 and 20:00 each day does not have a constant influx
of visitors over the whole day. Instead, visitors would be categorized as high and low
traffic, based on varying times. Therefore, reducing the amount of time to park would
subsequently reduce CO2 emissions. The results observed in this study represent a small
proportion of CO2 emissions observed in a whole day. For instance, the shopping center is
open for 11 h, where 4 h represent visitor non-peak hours and the remaining 7 h represent
visitor peak hours. Therefore, estimated CO2 emissions for a whole working day would be
37 kg, which is equivalent to 122 km driven by an average passenger vehicle in an area of
320 m. Therefore, it is vital to improve the design of the parking lot and deploy feasible
parking information systems to reduce CO2 emissions.

5. Limitations of the Work

This study only covers a small area of the parking lot. However, if the whole parking
lot is considered, the amount of excess cruising and subsequent problems, such as pollution
and congestion, would be even higher. The current region of interest is beside a shopping
center and the results from this study can be relevant to other open parking lots whose
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regions are near the location of interest. When an entire parking lot is considered, there will
be regions that are near, and a little farther from, the location of interest. Even though the
distance between near and a little farther is not much, it still makes an impact on the choice
of parking space. Similarly, when we consider another location of interest in a major city,
the size of the parking lot will be much larger, and the regions of the parking lot, which
would be of interest, will also be larger. This is mainly dependent on the location of the
parking lot and the population size of the city.

6. Conclusions and Future Work

This study aims to estimate excess CO2 emissions from observed cruising of drivers
searching for empty parking spaces. The use of a thermal camera helps to collect cruising
data of multiple drivers based on time. Cruising trajectories are utilized to analyze the
choice of parking space and excess cruising performed by drivers to reach an empty parking
space. This study contributes to research by estimating the magnitude of CO2 emissions due
to excess cruising in an open parking lot. Since parking lots occupy smaller geographical
regions, CO2 emissions from these places are scarcely researched. However, hundreds of
thousands of vehicles cruise every day in open parking lots and the accumulation of all
these vehicles increases the environmental impact.

The study proposes a new CO2 estimation model which is suitable for smaller geo-
graphical regions, such as open parking lots. This CO2 model estimates emissions based
on the time taken by the driver to reach an empty parking space. The proposed model can
also be utilized to estimate emissions in other smaller geographical regions. Most drivers
cruising for empty parking spaces near the location of interest are visible during visitor
non-peak and peak hours. This preference for a parking space near the location of interest
can lead to non-optimal cruising. However, to utilize the entire parking lot and reduce
cruising, the time limit of the parking spaces near the location of interest can be reduced to
30 min or less. Reducing the time limit would make the parking spaces near the location
of interest less attractive to at least some of the drivers. The design of the parking lot can
also be modified to accommodate a greater number of parking spaces near the location
of interest.

Most of the optimal cruising was found during visitor non-peak hours and the mean
of optimal cruising was around 78 m. Whereas 90% of drivers who drove optimally to
find an empty parking space was during visitor non-peak hours. Furthermore, 57% of
drivers drove optimally during visitor peak hours. Non-optimal cruising was found to be
low during visitor non-peak hours, as there were several available empty parking spaces.
During visitor peak hours, non-optimal cruising and drivers who were unable to find
empty parking spaces captured approximately 67% of the total cruising distance. This
implies that non-optimal cruising increases with higher vehicle traffic and a limited number
of available empty parking spaces. Similarly, during visitor non-peak hours, the average
time taken to occupy an empty parking space was 23 s, while it took 43 s to occupy an
empty parking space during visitor peak hours.

Parking spaces near the location of interest, in this case, a shopping center, were of
higher demand compared to other spaces. When there were several empty parking spaces
available, most drivers tended to park the vehicle near the location of interest, leading to
the lower mean of WD, which is 79 m. However, the observed non-optimal driving during
visitor non-peak hours might have occurred due to the choice of parking space. Similarly,
drivers tend to cruise non-optimal distances while searching for empty parking spaces near
the location of interest, before moving to further parking spaces during visitor peak hours.
Therefore, the choice of parking space has an impact on CO2 emissions during visitor peak
and non-peak hours.

Cruising behavior was analyzed based on the availability of several, minimal, or no
empty parking spaces. However, in the future, cruising data from the entire parking lot can
be analyzed to understand the variability of CO2 emissions and cruising behavior based
on time. CO2, or other harmful emissions, can be collected using external tools at several
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locations to evaluate their impact on the health of individuals walking in the parking lot.
The use of Mod Yolov3 and Kalman filters generated the trajectories of vehicles in the
parking lot. However, errors can be identified in maintaining data association using the
Kalman filters. Nonetheless, sufficient data association was maintained to identify vehicle
trajectory. In the future, the performance of tracking can be improved by utilizing an
extended Kalman filter or particle filter.
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