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Abstract: Efficient car parking management systems that minimize environmental impacts while
maximizing user comfort are highly demanding for a future sustainable society. Using electric or
gasoline vehicle-type information, emerging computation and communication technologies open the
opportunity to provide practical solutions to achieve such goals. This paper proposes an eco-friendly
smart parking management system that optimally allocates the incoming vehicles to reduce overall
emissions in closed parking facilities while providing comfort incentives to the users of electric
vehicles (EVs). Specifically, upon arrival of a car, the most suitable parking spot is determined by
minimizing an adaptive objective function that indirectly reflects anticipatory operation for the overall
performance maximization of the parking facility using electric or gasoline vehicle-type information.
The adaptive objective function includes a trade-off factor that tunes driving and walking distances,
relating emissions and comfort to treat incoming vehicles appropriately. The proposed system is
simulated for managing a model car parking facility in a shopping complex in Japan, and the aspects
related to fuel consumption, CO2 emissions, and user comfort are evaluated and benchmarked with
other standard parking management systems. The proposed system reduces CO2 emissions and
fuel consumption and improves parking efficiency compared to the current parking management
systems, while also prioritizing user comfort.

Keywords: smart city sustainable transportation; electric vehicles; eco-friendly parking management;
user comfort

1. Introduction

The emergence of smart cities is a current issue that makes use of cutting-edge
technologies to improve the energy, transportation, health, and educational systems of
society [1]. However, with the increase in urban traffic in recent decades, the management
of transportation-related concerns, such as traffic congestion on road networks and parking
spaces and environmental pollution, has become increasingly challenging for the devel-
opment of smart cities [2,3]. Specifically, finding unoccupied parking spots is a common
issue in most urban areas due to the large number of vehicles trying to reach persistently
congested regions, which further increases traffic congestion, fuel costs, and greenhouse
gas (GHG) emissions [4]. Additionally, finding a parking spot in an uncontrolled park-
ing lot adds extra driving distance, walking distance, time waste, and user discomfort.
Therefore, the parking management system is a continuing strategic issue to be worked
on from a research standpoint, taking into account social and economic concerns to create
a sustainable (or eco-friendly) society [5].

Intelligent Transportation Systems (ITS) could be a promising solution for enhancing
the parking management system to resolve such parking issues [6]. In particular, intelligent
parking systems, the development of inter-vehicle communication systems, and sensing
technologies can collect real-time data from vehicles to determine the status of available
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parking lots [7]. Furthermore, by implementing an intelligent parking system, parking
lot owners and users can experience a significant boost in parking efficiency and conve-
nience, ultimately leading to a smoother and hassle-free parking experience. Currently,
two types of parking systems are used in parking management: self-reservation [8–10]
and allocation [11–13]. While both approaches aim to improve the overall management
of parking spaces, the self-reservation system allows users to reserve a parking space
in advance. On the other hand, the allocation system assigns parking spaces based on
predefined criteria.

The work on self-reservation parking systems has become more complex due to the
challenge of ensuring a real-time parking system. In the literature, several works focused
on finding best-suited parking spaces by parking reservations with real-time data [14–16]
and letting drivers choose to park themselves in the available parking spaces. However,
a driver usually chooses the most convenient parking point without considering its utility
or the needs of others from a global perspective. In [17], a parking management system
based on the Internet of Things (IoT) is suggested to assist in identifying proper parking
spaces through a mobile application. The system utilizes image processing techniques
to detect vehicle registration plates and provides automatic gate control and other con-
venient facilities. In [18], a sensing platform with a mobile application was proposed to
ensure a real-time interaction between drivers and the parking infrastructure to minimize
drivers’ search time. Moreover, the first-come-first-reservation is one of the methods for
the reservation-based parking lot, which is not legitimate for those users who need better
or emergency service [19]. Furthermore, the self-reservation parking systems may increase
GHG emissions due to extra driving and other circumstances.

On the other hand, some methods have been suggested for allocating the best parking
spot by the parking authority for the approaching car [20–22]. Most existing works on park-
ing allocation systems have not given enough consideration to the environmental impact
and user comfort that could arise from the parking system. In [23], a cooperative approach
is proposed for parking allocation where space or information sharing is a primary concern.
Some works proposed dynamic allocation systems to reduce overall city congestion by the
equal distribution of parking spaces [24,25]. Some other studies focused on the driver’s
behavior and predicting previous parking records for parking allocation [26,27]. In [28],
a parking allocation system was proposed that prioritized equitable allocation of parking
spaces based on the overall number of people in each space to ensure smooth traffic flow.
However, these parking systems primarily investigated where parking allocation has a
better advantage for users based on their data. In summary, no state-of-the-art parking
allocation systems in the literature addressed emission reduction while prioritizing user
comfort by making optimal allocations based on real-time parking, car, and user states
under the given parking capacity and demands.

For sustainable development in smart city transportation, it is essential to implement
eco-friendly measures that reduce the adverse environmental effects of human activity [29].
With the increasing concern for the environment and the rising cost of gasoline, electric
vehicles or EVs (including hybrid EVs, for simplicity) [30] have become an attractive option
for vehicle users and are prevalent in many countries worldwide. The road transportation
sector contributes to 16% of global emissions, highlighting the importance of transitioning
to EVs to mitigate environmental emissions [31]. Due to the increasing popularity of EVs,
it is possible to achieve net zero CO2 emissions in the transportation sector by 2050 [32].
Some metropolitan cities in various countries have enacted ordinances prohibiting diesel-
powered commercial vehicles from operating on the streets unless they meet a specific
limit on emissions of carcinogenic particles. However, from the road-traffic management
viewpoint, such zero-emission vehicles are not receiving much attention despite their
potential to improve overall environmental impacts [33]. Specifically, all types of EVs can
maintain almost zero emissions in parking lot areas during low-speed driving. An optimal
parking allocation system, properly allocating EVs and other vehicles in a parking lot,
can reduce overall emissions and fuel expenses.
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As a pioneering approach, this paper presents a novel allocation technique that opti-
mizes total emissions in a parking lot while maintaining individual user comforts by incor-
porating vehicle emission classification and users’ information into an optimal allocation
system. Such a novel vision of parking allocation is expected for the future technology-
driven, innovative, and dynamic society. In a successive approach, upon receiving the
request from each upcoming vehicle, an optimization problem is solved to allocate the
appropriate parking point. Specifically, the electric or gasoline vehicle-type (henceforth
regarded as emission-classified vehicle) information, i.e., whether it produces emissions
in low-speed driving in the parking lot, and the priority and number of users are used to
tune an adaptive objective function that indirectly reflects anticipatory operation for overall
performance maximization of the parking facilities. Precisely, as the driving distance corre-
sponds to the amount of CO2 emissions and walking distance is coupled to user comfort,
their weightage is tuned in the objective function based on the emission-classified vehicle
in such a way that in a whole day operation, the overall driving distance of all vehicles
and walking distance of all passengers are minimized, despite their contradictory aspects.
The proposed eco-friendly smart parking management system is simulated for managing
a model car parking facility of a shopping complex in Japan, and various performance
aspects, including the CO2 emission, fuel consumption, and factors related to user comfort,
are compared to other parking allocation systems. The proposed system can be used for
any closed parking lot of considerably large size (e.g., hundreds of cars), usually found in
shopping complexes, hospitals, or public service buildings.

The paper is organized as follows: Section 2 describes problem formulation and the
proposed eco-friendly optimal parking allocation system. Section 3 presents key simulation
results and analysis. Section 4 gives the discussion, and finally, Section 5 concludes the paper
with future research directions.

2. Parking Management System
2.1. Parking Allocation Problem

A car parking management system includes a decision system interaction mechanism
with incoming vehicles and interfacing with a suitable sensor network for monitoring
individual parking point occupancy and relevant information. A car is assumed to request
a parking point, providing relevant information upon arrival, and the management system
determines an available spot suitably based on the decision algorithm or objectives. We fur-
ther assume that the driver follows the standard path within the parking facilities and
smoothly places the car at the specified point, i.e., no vehicle places itself at a point different
than the specified one. Precise sensing, communicating, and computing mechanisms are be-
yond the scope of this study, as the main focus is only to develop optimal parking allocation
decision mechanisms compatible with any such infrastructure. This paper assumes that
some parking spots near the walking entrance are reserved for wheelchair users (or users
with special priority).

In this study, We formally represent a model of the parking allocation problem using
mathematical notations and equations to formulate an optimal allocation system. We as-
sume P is the set of all parking points. For simplicity, we denote the set of all parking spots
as P := {1, 2, . . . , NP}, i.e., each spot has an identification number. The occupancy of any
parking point p ∈ P is denoted by ζp ∈ {0, 1}, where ζp = 1 indicates it is unavailable or
being used by a car and vice versa. For any parking point p, the minimum required driving
distance ddrive from the entry to the exit is given by

ddrive(p) = dentry(p) + dexit(p), (1)

where dentry(p) and dexit(p) are the respective distances to and from p. After parking the
car at p, the user has to walk to the nearest entrance of the establishment by moving a
distance dwalkway(p). Therefore, the total walking distances for parking at p is given as

dwalk(p) = 2dwalkway(p). (2)
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The cars arriving are denoted by their sequence number n = 1, 2, 3, . . ., with the arrival
time of car n being t = τn. Each car communicates its relevant data Dn to the parking
management system and requests a parking point. The car information Dn ∈ {µn, ρn, δn}
includes its model µn ∈ {EV, HEV, GV}, its number of passengers ρn, and their type
δn ∈ {0, 1}. If any of the passengers in car n requires a wheelchair or priority parking point,
then δn = 1. Although there are significant variations in car models, we categorize them
into three major groups and consider their types as EVs (electric vehicles), HEVs (hybrid
electric vehicles), and GVs (gasoline vehicles) since they can be classified directly by their
emissions in the parking facility. Upon the arrival of a car n at time t, the task of the parking
allocation system is to select a suitable parking point p ∈ P subject to ζp(t) = 0. Figure 1
demonstrates the operating process of the proposed eco-friendly optimal parking allocation
system, where information from the vehicle is processed to determine the appropriate
parking point for the vehicle through a tuned optimization process.

Car / User

Parking static database

Output (Parking ID)

Current parking status

Parking decision optimization

Optimal Parking Allocation System

Parking 
data

(Sensor based)

--------------------------------------------------------------------

----------------------------------------------------------------------
--

--
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--

--
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- ---------------------------------------
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Car type
No. of user
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Car information Parking information

Occupancy

Data processing

Figure 1. Operating process of the proposed eco-friendly optimal parking allocation system.

Typical Parking Allocation Schemes

First, we study some typical parking allocation schemes to illustrate better the un-
derlying concepts and comparative notions of an eco-friendly optimal parking allocation
system proposed in this paper. Usually, individuals desire to choose the parking point with
the least walking distance (comfort maximization), whereas environmentalists expect to
restrict the driving distance for lower emissions. Considering these contradictory aspects,
we describe three possible baseline methods first.

(i) The traditional greedy method involves allocating parking spots near the walking
entrance of the establishment (building) to minimize the overall walking distance for
users (i.e., maximize user comfort).

(ii) The uncontrolled or random selection method involves allocating parking spots ran-
domly when a user arrives and requests it. An uncontrolled or random allocation
system may prevent users from conflicting with each other.

(iii) The objective-balanced (simply balanced method) involves allocating parking spots
considering both walking and driving costs in a balanced or equal way.

The above (i) traditional and (iii) balanced methods fall in the optimal parking selection
systems category based on some objective functions. In a straightforward approach, we de-
fine a weighted composite cost Jbase(p) incorporating the walking and driving distances
required for using a parking point p for car n at time t as

Jbase(p) = ωd̄drive(p) + (1 − ω)d̄walk(p), (3)
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where ω is a trade-off factor to consider the conflicting objectives, i.e., when ω = 0.5,
each term is equally emphasized. Since ranges and variations of driving and walking
distances of all parking points are not similar, instead of actual distances, normalized
distances d̄drive, d̄walk are used in (3). Specifically, they are normalized to have a maximum
value of one, i.e., varying from 0 to 1, as

d̄drive(p) =
ddrive(p)

Dmax
, ∀p ∈ P

d̄walk(p) =
dwalk(p)

Wmax
, ∀p ∈ P

where Dmax = maxp ddrive(p) is the maximum possible driving distance and
Wmax = maxp dwalk(p) is the maximum possible walking distance.

In the case of the traditional (a greedy selection) method, the driving distance in (3) is
ignored with ω = 0, and a parking point p for ζp(t) = 0 is selected for car n arrived at t as

min
p

Jbase(p)|ω=0 (4)

Note that the uncontrolled or random method is still better than the traditional greedy
method, since in the traditional method, multiple drivers may rush to the best parking
point, eventually causing some of them extra costs.

On the other hand, for an objective-balanced method, both driving and walking
distances in (3) are considered with a suitable weight 0 ≤ ω ≤ 1, and a parking point p for
ζp(t) = 0 is selected for car n arrived at t as

min
p

Jbase(p)|ω=γ (5)

where γ is a positive constant. Considering the objective of minimizing total emissions
in a day and the average walking distance of all users, the above typical methods have
obvious limitations.

The base cost function Jbase defined in (3) has some limitations in that any vehicle
type and number of users per vehicle are treated similarly. Specifically, the term ωd̄drive(p)
relating to the environmental impact due to vehicle emission should vary based on vehicle
type, as the EV does not produce direct emissions. At the same time, the comfort of all
users per car should be considered instead of counting the walking distance of only one
user per car. These aspects are considered in the proposed scheme described next.

2.2. Eco-Friendly Parking Allocation System

Here, we develop an eco-friendly parking allocation system to minimize CO2 emis-
sions in the parking facility for environmental sustainability while retaining the overall
user comfort by enhancing the optimization problem further. Specifically, we consider that
EVs or HEVs do not produce direct emissions while driving at low speeds, and GVs emit
significant emissions in a closed parking space. Such information is suitably quantified in
the objective function with appropriate tuning based on the type of the arrival car. In the
proposed system, we consider a convex objective function concerning the decision of a
discrete parking location. The optimal problem can be solved using any exhaustive search
algorithm with time complexity O(n). Therefore, for a parking lot with a capacity of a few
hundred to a thousand cars, the allocation problem can be solved in a fraction of a second.

With modifications to (3), we introduce adaptive weighted costs incorporating the
walking and driving distances required for using a parking spot p for car n arrived at time
t, considering the influences of car types and number of users, as

Jeco(p, n) = ψ(n)d̄drive(p) + (1 − ψ(n))d̄walk(p)
+β(ρn − 1)d̄walk(p))

(6)
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where β is a constant or a factor to consider the additive cost for extra users in the car,
ρn is the number of users, and with constants w1, w2 (w1 < w2) the adaptive trade-off factor
ψ(n) of car type is tuned as

ψ(n) =
{

w1, if µ(n) ∈ {EV, HEV},
w2, otherwise.

(7)

Here, w1 and w2 are chosen in a way that partially maps the driving distance to the
emission produced in the parking facility. Specifically, w1 is chosen to be smaller than
w2 as the EVs (or HEVs) do not produce direct emissions in low-speed drives. The first
term in (6) partly includes costs for the required time and CO2 emission by the car n
for traveling the distance, reflecting the car emissions attribute. The second term in (6)
is the balancing cost of discomfort due to the walking distance from the parking spot.
The third term is introduced for cars with more than one user to consider extra costs for
their walking discomforts.

Based on the above considerations, in the proposed eco-friendly allocation scheme,
a parking point p is selected for car n arrived at t as

min
p

Jeco(p, n), (8)

subject to (7) and ζp(τn) = 0.

In this parking allocation scheme for successively arriving cars of different types
and varying numbers of users, the instant (non-predictive) status-based optimization is
expected to provide an optimal solution that reflects the overall cost function minimization
for a day-long operation with proper parameter tuning.

3. Simulation Results
3.1. Parking Lot Simulation Model

To better evaluate the proposed eco-friendly parking allocation system, this study
investigates an existing shopping complex parking lot model in Japan. A simulation model
of the study parking lot is designed in MATLAB R2022b, as shown in Figure 2, and the
performance of the proposed eco-friendly optimal parking allocation system is evaluated.
The parking lot is about 150 m long and 70 m wide, offering 181 parking spots. Each parking
spot has a designated path to drive to it. There is one entry and exit for cars in the parking
lot and two entrances for users to enter the shopping complex. It is observed that most cars
prefer to park near the main walking entrance of the complex, which often causes conflicts
with other drivers and sometimes increases the driving distance, increasing CO2 emissions.
On the other hand, a car park near the parking entrance increases the walking distance but
reduces emissions. To balance these conflicting aspects, an optimal parking allocation is
necessary for approaching vehicles (e.g., GVs, EVs, (or HEVs)) to provide a user-efficient
solution with lower emissions, considering the occupancy trends in the parking lot.

The parking management system is assumed to have a static database containing
relevant information, such as the required driving distance (from entry to exit) and walk-
ing distance for each parking spot in the lot. In real-time, another dynamic database is
maintained to list the parking status (i.e., empty or occupied, priority spots, etc.) and car
types with the number of users. When a car arrives, the system must successfully organize
the available parking spaces and assign one spot to each car based on the information on
emission-classified vehicles. It is presumed that the car drives onto the designated parking
spot and parks properly on time according to the instructions.
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Figure 2. Model layout based on a real parking lot of a shopping complex in Japan. The arrows
indicate the traveling directions of vehicles.

3.2. Simulation Parameter Settings

According to a recent report [34], about 40% of cars sold in Japan are EVs (or HEVs).
In the simulation, we also consider about 40% EVs (or HEVs) selected randomly while
generating the incoming vehicles in the parking lot. We conducted thorough observations
of parking flow and occupancy at different hours of the day and surveyed a sample of
users to analyze their parking habits. Based on this information, we created a typical
hourly demand distribution over a day to generate car flow data independently to feed
the car parking system. Specifically, in the simulation, about 2000 incoming cars in the
parking lot from 7 a.m. to 11 p.m. are typically set for five days a week, and their arrival
patterns are generated using a specified distribution. The resulting hourly arrival patterns
of cars with (emission-classified) car types in a single weekday are shown in Figure 3.
Moreover, car arrival patterns are observed on weekdays, with the busiest hours being
noon (at 1.00 p.m.) and evening (at 6.00 p.m.). Most cars arriving at the shopping center
spend about 20 to 60 min, with some exceptions of long-staying users for operating the
business or other purposes. Based on such observations, the simulation data regarding the
car stay time are typically set from a predefined distribution, which provides a median
parking time (stay time plus time to walk to and from the car) of 38 min.
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Figure 3. Hourly arrival patterns of cars in the parking facility from 7 a.m. to 11 p.m. with emission-
classified vehicle types in a single weekday.

First, we consider some typical optimization schemes, as stated above, without con-
sidering emission-classified car information to evaluate our proposed system better. Specif-
ically, the Traditional (or greedy) method (based on (3) and (4)) is considered, where most
drivers prefer to park near the entrance of the shopping complex (due to the shortest
walking distance), often resulting in the increased driving distance as to find better parking
spots in a real case. Such Traditional method, as the weight parameter ω of (3) is set as
ω = 0, ignores costs of the driving distance or respective CO2 emissions. When the parking
allocation is chosen randomly using the Uncontrolled method, the optimization parameter
settings are not required. This random method is better than the traditional method since



Sustainability 2024, 16, 4145 8 of 14

driving or walking distances are chosen randomly, reducing the overall driving distance.
Next, we consider a Balanced (or controlled) method as given by (5), equally treating costs
for driving and walking distances by choosing γ = 0.5.

In the proposed eco-friendly system for EVs, a lower weight w1 with driving distance
denotes a higher weight (1 − w1) with walking distance than the respective values for GVs.
An improper choice of them may lead to worsening overall user comfort by excessively
emphasizing and facilitating the users of EVs to better locations. Therefore, w1, w2 are
tuned in such a way as to minimize the driving distance of GVs while ensuring the overall
walking distance of all users is the same as balanced optimal allocation (which uses the
same weight ω for EVs and GVs). Specifically, the optimization parameters of the proposed
eco-friendly parking allocation system are set as Dmax = 228.5 m, Wmax = 78 m, w1 = 0.4,
and w2 = 0.6 based on the above techniques.

Finally, in the proposed Eco-friendly method, we incorporate the information on
emission-classified vehicles into the parking allocation system as stated by (6)–(8), be-
sides incorporating the number of users in the car for their comfort. Moreover, to reduce
CO2 emissions, better incentives are provided for eco-friendly vehicles (e.g., EVs (or HEVs))
to have more driving access as they produce almost zero emissions during low-speed
driving. With such parameter settings, the four parking allocation methods are evaluated
independently for weekday parking allocation tasks, and the results are compared by
taking the averages of the five days. To estimate fuel consumption and CO2 emissions of
vehicles based on their instantaneous speed and acceleration for typical parking maneu-
vers, the VT-micro model [35] is used. The VT-Micro model is widely known for having
a simple structure and is often employed to evaluate fuel consumption and emissions in
transportation studies [36–38]. Note that within a closed parking facility, vehicles need
to drive at a low but steady speed to find a suitable parking spot; hence, we consider a
maximum driving speed of 15 km/h.

3.3. Simulation Results Analysis

At first, the day-long performance data are observed from the simulation when the
proposed scheme is employed. Particularly, we analyzed distributions of walking and
driving distances of vehicles in the study parking space based on their (emission-classified)
types as illustrated in Figure 4. It is found that the EVs (or HEVs) are allocated to parking
spots with less walking distances compared to GVs (as shown in Figure 4a), particularly
between 10 m and 30 m from the entrance of the complex. On the other hand, GVs are mainly
allocated near the parking entrance (within 150 m) such that they have shorter driving
distances than EVs (or HEVs), as shown in Figure 4b. Such a dynamic allocation of parking
spaces based on vehicle types by the proposed scheme has certain benefits. Specifically,
shorter driving distances of GVs may cause lower emissions and fuel consumption in
the parking space, while shorter walking distances of EVs (or HEVs) may provide better
comfort to the users.

Next, we analyzed the performance of typical optimization techniques, e.g., the Tradi-
tional, Uncontrolled, and Balanced, and compared them to our proposed Eco-friendly method.
Figure 5a,b, respectively, show the average walking and driving distances of emission-
classified vehicles by the optimization methods. In Figure 5a, the average walking distance
of overall cars by the proposed Eco-friendly method is equal to the Balanced method, while
the Traditional method has a slightly higher walking distance, and the Uncontrolled method
has the largest walking distance compared to other methods. Furthermore, the average
walking distances of GVs and EVs (or HEVs) are almost equal in the Traditional, Uncon-
trolled, and Balanced methods, whereas the average walking distances of EVs (or HEVs) are
reduced, and GVs are increased in the proposed Eco-friendly method.
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Figure 4. Distributions of (a) walking and (b) driving distances of emission-classified vehicles in the
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Figure 5. Comparison of (a) average walking distance and (b) average driving distance of emission-
classified vehicles by the Traditional, Uncontrolled, Balanced, and Eco-friendly methods.

In Figure 5b, the average driving distance of overall cars is equal for both the Balanced
and proposed Eco-friendly methods. In contrast, the Traditional and Uncontrolled methods
have significantly higher driving distances. Moreover, the average driving distances of GVs
and EVs (or HEVs) are almost equal in the Traditional, Uncontrolled, and Balanced methods.
On the other hand, the average driving distances of EVs (or HEVs) are increased, and GVs
are reduced in the proposed Eco-friendly method. The comparison of average walking and
driving distances of emission-classified vehicles by the Traditional, Uncontrolled, Balanced,
and Eco-friendly methods is given in Table 1. Concerning the overall car, the walking and
driving distances are almost identical for the Eco-friendly and Balanced method. This is
because the parameters of the Eco-friendly method are tuned so that overall average per-
formances remain the same. However, within these vehicles, the respective distances of
EVs and GVs have significant differences where the walking distance for GVs increased
by 27.97% and for EVs decreased by 43.25%, regarding the Balanced method. Furthermore,
it is worth noting that the driving distance for EVs has increased by 23.50%, while the
driving distance for GVs has decreased by 15.62%. Note that the Eco-friendly optimization
method moderately increases the driving distance of EVs (or HEVs) compared to GVs to
facilitate an emission-free and fuel-efficient environment in the parking space compared to
other typical optimization techniques while minimizing walking distance as an incentive
to improve the user comfort.

The comparison of average CO2 emission and average fuel consumption of vehicles
by the Traditional, Uncontrolled, Balanced, and Eco-friendly methods is illustrated in Figure 6.
The results show that the proposed Eco-friendly method significantly outperformed other
typical parking allocation methods in reducing CO2 emission and fuel consumption of vehi-
cles. Specifically, the proposed Eco-friendly method reduces the CO2 emission of vehicles by
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11.44%, 21.56%, and 23.41% compared to the Balanced, Uncontrolled, and Traditional methods,
respectively. A similar reduction in fuel consumption, hence the respective fuel cost saving,
is realized. These performance improvements are achieved since the proposed Eco-friendly
method considered emission-classified vehicle types in the optimization process.

Table 1. Comparison of average walking distance and average driving distance (each vehicle) by
the optimization methods and the change (%) of distances given in parenthesis for the Eco-friendly
method compared to the Balanced method.

Vehicle Types Traditional Uncontrolled Balanced Eco-Friendly

Average walking distance (m)

Overall car 41.68 60.00 39.12 39.10
EV, HEV 41.01 60.66 39.12 22.20 (−43.25%)

GV 42.12 59.56 39.12 50.06 (+27.97%)

Average driving distance (m)

Overall car 206.89 201.60 164.48 164.41
EV, HEV 205.83 202.59 164.45 203.10 (+23.50%)

GV 207.58 200.94 164.45 138.76 (−15.62%)

Tradi�onal

Uncontrolled

Balanced

Eco-friendly

Total CO2 emission in a day (Kg)

115.76

113.02

100.11

88.66

20 40 60 80 100 120

(a)

Tradi onal

Uncontrolled

Balanced

Eco-friendly

Total fuel consump on in a day (L)

50.33

49.14

43.51

38.53

10 15 20 25 30 35 40 45 50 55

(b)

Figure 6. Comparison of (a) average CO2 emission and (b) average fuel consumption of emission-
classified vehicles by the Traditional, Uncontrolled, Balanced, and Eco-friendly methods.

We analyze average walking and driving distances based on the occupancy percentage
of the parking facility when the vehicles arrive, as given in Table 2. It is found that the
average walking and driving distances at an occupancy percentage over 60% exceed the
average distance of overall cars in a day, which implies that when the occupancy percentage
approaches its maximum, providing parking allocation with similar incentives becomes
complicated for every user due to the limited parking availability. The proposed Eco-
friendly model can extend maximum advantages up to 60% occupancy, and even for higher
occupancy, it still yields significantly better results than any other models. Note that when
the best spots (with the least driving or walking) are already occupied, the model must
choose from the limited choices from the remaining spots (even if they are in the worst
category). Note that no parking allocation scheme can give a very comfortable spot if there
is a limited vacancy and the car must wait a long time in a queue if the occupancy is 100%.
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Table 2. Average walking and driving distance of vehicles based on occupancy percentage (%) in the
parking space.

Parking Occupancy (%) Walking Distance (m) Driving Distance (m)

0–20% 34.95 139.79
20–40% 36.35 148.56
40–60% 38.37 164.20
60–80% 41.10 179.25

80 to Up% 44.94 190.27
Overall car 39.10 164.41

Finally, we analyze the performance of the proposed Eco-friendly method for different
penetration or market arrival rates of EVs (or HEVs). In particular, the arrival rates of
EVs (or HEVs) vary from 20% to 100%, with a step of 20%, and the walking and driving
distances are generated using numerical simulations as above. Then, the average walking
and driving distances of GVs, EVs (or HEVs), and overall cars are calculated as shown in
Figure 7. It is found that the average walking distance for GVs and EVs (or HEVs) gradually
increased, while the average walking distance for overall cars gradually decreased with the
penetration rates of EVs (or HEVs) (as shown in Figure 7a). On the other hand, as depicted
in Figure 7b, the average driving distance for GVs and EVs (or HEVs) gradually decreased
with the penetration rates of EVs (or HEVs), while the average driving distance for overall
cars slowly increased. Table 3 outlines the effect of the proposed Eco-friendly method on
average CO2 emission and fuel consumption for varying EVs (or HEVs) penetration rates
in the study parking space. It is found that the CO2 emissions and fuel consumption
were reduced significantly by the proposed Eco-friendly method as the penetration of EVs
(or HEVs) increased. Therefore, implementing the proposed Eco-friendly method based on
emission-classified vehicle types can significantly enhance environmental sustainability
within a parking space. Note that non-eco cars (GVs) can have different emission levels
depending on the car size or engine characteristics. In this study, other categories of
GVs are not considered. However, such categories of GVs can be incorporated into the
proposed system.
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Figure 7. (a) Average walking distance and (b) average driving distance of vehicles for various arrival
rates of EVs (or HEVs) in the study parking space.

Table 3. Effect on average CO2 emission and fuel consumption for varying EVs (or HEVs) penetration
rates in the study parking space.

EV, HEV (%) GV (%) CO2 Emission (Kg) Fuel Consumption (L)

20 80 99.78 43.33
40 60 81.02 35.19
60 40 57.88 25.15
80 20 29.94 13.01
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4. Discussion

In this study, we have implemented the proposed model for a single floor case to
exemplify better the underlying decision mechanism and the respective merits. However,
our proposed model is a generalized one, which can be implemented for even more complex
parking with multi-floor structures with proper modeling (walking–driving distances for
each point) if they are under shared entry–exit paths. In the future, it is necessary to address
the modeling of the parking lot in the case of multiple entries and exits, considering various
traffic demands and user preferences and evaluating them through simulation.

We considered the context of a single large parking lot (e.g., a shopping center) for
users who want explicitly to park there (instead of going to other available parking facilities
within the city). Although all cars are destined for the entire parking lot, typical users desire
a more comfortable spot (e.g., near the shopping entrance) associated with less walking,
which may cause conflicts, resulting in even longer driving distances, user discomfort,
and pollution. Our proposed method optimally provides relatively more comfortable spots
(near the shopping entrance) to EV users than GV users by carefully regulating their
driving distances only to some extent, which is very acceptable to them. For a realistic
implementation, we assume that each car is bound to use the given allocation (i.e., each
user parks his car at the designated point) like many existing parking management systems.
Consequently, there might need to be a strategy other than the recommendation-based
approach to ensure that everyone is adhering to the allocation and reaping the full benefits
of the proposed model. However, the issue of whether it should be mandatory or how to
enforce it is related to acceptance behavior, which is beyond the scope of this paper.

When a few vehicles in a group come at a particular time, with different types of cars,
they will be placed at various spots under the proposed model. A pre-booking system with
exact arrival timing can be very suitable to address such cases, where the model can make
a predictive optimal allocation to maximize the utilization of the parking points (avoiding
the unused time of the critical location due to advanced reservation). Such a predictive
optimal allocation needs estimation of car staying time with an appropriate strategy, which
can be an interesting extension of this work.

An individual driving model can be implemented with previous driving data using a
learning algorithm to improve the parking allocation efficiency further. Moreover, the park-
ing allocation can be adjusted to maintain a 60–80% occupancy rate by modeling a higher
level of demand regulation mechanism (e.g., information sharing, operation scheduling,
or incentivizing) that can be effective in influencing the users to avoid peak hours, which is
kept as the extended work of this study.

Pricing policies are one influential factor in ensuring an efficient parking management
system. Considering the standard parking lots in Japan, we assume that every parking spot
is priced equally throughout the entire parking area and the users are aware of the time-
pricing and stay time accordingly. Although the duration of a passenger’s stay depends on
pricing policies, this work does not control the individual’s stay time. Instead, our proposed
model decides which car should be allocated where under any consistent pricing policy for
the entire park.

5. Conclusions

A smart parking management system is needed to pave the way for a modern society
in the future. The system should be energy-efficient and environmentally friendly while
being oriented to user comfort. With such expectations, in this paper, we have proposed an
eco-friendly smart parking management system that considers the information on emission-
classified incoming cars and users to sequentially allocate the optimal parking spot and
minimize the total emissions in the parking facility. The proposed system is simulated
for managing a model car parking facility of a shopping complex in Japan, and the car
allocation performances related to average CO2 emission and average user walking comfort
are evaluated and compared to other typical parking management systems. Remarkable
reductions in fuel consumption and CO2 emissions are obtained compared to the traditional
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greedy and typical optimal allocation systems. The adaptive objective function, including
distinct driving costs for GVs and EVs (based on their emission characteristics), enables
the proposed system to reduce the total driving distance by the GVs to reduce emissions
without worsening the overall walking comforts of all users during the operation. As a re-
sult of optimization, EVs tend to drive longer to facilitate lesser driving distance to the
GVs. Notably, in return, users of EVs are incentivized with less walking distance (or better
comfort). Such an eco-friendly optimal parking allocation system is expected to boost the
use of EVs further and enhance sustainability and comfort towards highly efficient mobility
services for the future society.

The proposed parking allocation scheme yields great performance when the parking
facility was up to moderately congested. In a fully crowded situation, an incoming car may
have to wait and only be allowed to park at the immediately vacant spot only. This could
be an interesting idea: to spread the incoming traffic over a day instead of creating peak
congestion at one particular time. Future research should address this issue by advising
the users or providing some incentives to change individual incoming and staying patterns
in the parking facility.
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4. Šolić, P.; Leoni, A.; Colella, R.; Perković, T.; Catarinucci, L.; Stornelli, V. IoT-ready energy-autonomous parking sensor device.

IEEE Int. Things J. 2020, 8, 4830–4840. [CrossRef]
5. Chauhan, V.; Patel, M.; Tanwar, S.; Tyagi, S.; Kumar, N. IoT Enabled real-time urban transport management system. Comput. Electr.

Eng. 2020, 86, 106746. [CrossRef]
6. Al-Turjman, F.; Malekloo, A. Smart parking in IoT-enabled cities: A survey. Sustain. Cities Soc. 2019, 49, 101608. [CrossRef]
7. Zhu, F.; Lv, Y.; Chen, Y.; Wang, X.; Xiong, G.; Wang, F.Y. Parallel transportation systems: Toward IoT-enabled smart urban traffic

control and management. IEEE Trans. Intell. Transp. Syst. 2019, 21, 4063–4071. [CrossRef]
8. Xiaotian W.; Wang, X. Flexible parking reservation system and pricing: A continuum approximation approach. Transp. Res. Part B

Methodol. 2019, 128, 408–434.
9. Zhang, Y.; Wang, C.Y.; Wei, H.Y. Parking reservation auction for parked vehicle assistance in vehicular fog computing. IEEE Trans.

Veh. Technol. 2019, 68, 3126–3139. [CrossRef]
10. Wu, W.; Liu, W.; Zhang, F.; Dixit, V. A new flexible parking reservation scheme for the morning commute under limited parking

supplies. Netw. Spat. Econ. 2021, 21, 513–545. [CrossRef]
11. Lu, E.H.C.; Liao, C.H. Prediction-based parking allocation framework in urban environments. Int. J. Geogr. Inf. Sci. 2020, 34,

1873–1901. [CrossRef]

http://doi.org/10.3390/s21062143
http://www.ncbi.nlm.nih.gov/pubmed/33803903
http://dx.doi.org/10.3390/smartcities4020028
http://dx.doi.org/10.1109/JIOT.2020.3031088
http://dx.doi.org/10.1016/j.compeleceng.2020.106746
http://dx.doi.org/10.1016/j.scs.2019.101608
http://dx.doi.org/10.1109/TITS.2019.2934991
http://dx.doi.org/10.1109/TVT.2019.2899887
http://dx.doi.org/10.1007/s11067-021-09538-5
http://dx.doi.org/10.1080/13658816.2020.1721503


Sustainability 2024, 16, 4145 14 of 14

12. Wang, P.; Guan, H.; Liu, P. Modeling and solving the optimal allocation-pricing of public parking resources problem in urban-scale
network. Transp. Res. Part B Methodol. 2020, 137, 74–98. [CrossRef]
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