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ARTICLE INFO

In Poland, the number of vehicles owned per capita is systematically increasing. There is also a noticeable

increase in traffic in large urban agglomerations. This creates a number of problems, such as difficulties in
finding a parking spot. Then it becomes necessary to search for a long time to stop, which is correlated with
higher emission of harmful substances and energy consumption. The aim of the work is a multi-criteria analysis
of the selection of a parking spot at a shopping center focused on travel times, pollutant emissions and fuel
consumption. In addition, consideration was given to the selection of the optimal parking spot. The tests were
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carried out in Real Driving Conditions similar to Real Driving Emissions testing. The procedure, currently used
as an extension of the type-approval tests, reflects the actual exhaust emissions from vehicles more accurately
than tests under laboratory conditions. Specialized PEMS (Portable Emissions Measurement System) apparatus
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1. Introduction

Transport has a significant impact on the natural envi-
ronment through the emission of harmful substances. The
consequence of its negative impact include climate chang-
es, which leads to, among others, melting glaciers, shrink-
ing Arctic sea ice sheets, rising sea levels, changing the
structure of precipitation and intensification of extreme
weather events [1]. To reduce emissions, the European
Union has set a climate and energy plan that covers the
period up to 2050. One idea is to reduce transport emissions
by 60% compared to 1990. As passenger vehicles account
for 61% of all CO, emissions from road transport, steps
have been taken to reduce their environmental impact (Fig.
1). More and more restrictive requirements are introduced,
and manufacturers, in order to obtain approval, must meet
the conditions provided for in the emission standards [2]. In
addition, the new regulations include tests under real driv-
ing conditions, which better reflect pollutant emissions and
complement laboratory tests [3].
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Fig. 1. Share of CO, emission of each transport type [3]

Poland is one of the most motorized countries in Eu-
rope. There are 617 passenger vehicles per 1,000 people (as

of 2018) [4], which is associated with an increase in traffic,
especially in larger cities such as Poznan (Table 1). Accord-
ing to the results presented by TomTom International BV,
the volume of traffic in Poznan is systematically increasing.
In 2019, a 5% increase in traffic was recorded as compared
to the previous year [5]. This creates a number of problems,
incl. difficulty in finding a parking space. Having a large
number of vehicles makes it very difficult to park near your
destination. This mainly applies to places visited by a large
number of people, such as shopping malls or the city center.

Table 1. Countries in the European Union with the highest number of
passenger vehicles per 1,000 inhabitants [4]

Country Number of passenger cars per 1000 inhabit-
ants in 2018

Luxembourg 676
Italy 646
Cyprus 629
Finland 629
Poland 617
Malta 608
Germany 567
Estonia 563
Austria 562
Slovenia 549

Areas around parking lots are considered a source of
harmful substances from exhaust emissions. Pollutants are
emitted by vehicles entering and leaving, as well as when
the engine is idling or warming up, which is more typical
for the winter period [6]. In addition, parking lot users are
exposed to the harmful effects of toxic compounds due to
the proximity of the source. It is especially important in
closed car parks. The increase in exhaust emissions in
closed spaces, such as multi-storey car parks, which are not
adequately ventilated, has negative effects on human health
[7]. Diseases caused by inhaling car exhaust fumes include:
asthma, chronic lung diseases, inflammation of the respira-
tory tract, cancer, as well as heart and nervous system dis-

46

COMBUSTION ENGINES, 2021, 187(4)


http://orcid.org/0000-0003-2400-4017
http://orcid.org/0000-0001-7586-1989
http://orcid.org/0000-0002-7998-3593
http://orcid.org/0000-0002-5377-9762
http://www.combustion-engines.eu

Analysis of pollutant emissions and fuel consumption for the use of a multi-storey carpark

eases. The negative impact of passenger vehicles on the
environment makes it important to be limiting the traffic
volume, such as by selecting the optimal route [8]. The
solutions associated with Intelligent Transport Systems [9—
11] may facilitate the process of parking a vehicle.

The aim of the presented work is to perform a multi-
criteria analysis of the parking space selection at a shopping
mall, focusing on reducing, among others, travel time, pol-
lutant emissions and fuel consumption. In addition, consid-
eration was given to finding the optimal parking space in
the process.

2. Method

The road tests were performed at a multi-storey car park
located at one of the shopping malls in Poznan. The aim of
the measurements was to analyze exhaust emissions during
trips in individual zones of the building. The research was
divided into stages. Each part corresponded to a particular
zone of the car park in which the drive test was performed
reflecting the regular use of the car park, i.e. ground floor,
1st floor, 2nd floor, exit (Table 2). As the infrastructure of
multi-storey car parks is usually quite extensive, and in the
analyzed case the entrance to the car park was located in a
different place than the exit, the point at the nearest inter-
section was assumed as the beginning of the measurements
including the entrance and the end of emission measure-
ment during the exit from the car park.

Table 2. Description of the conducted test drives

Test stage Performed tests
Ground level Entering the ground f_Ioor of the car park and
searching for a parking space on this level
Immediately after entering the parking lot, the
Level 1 vehicle was directed to the first floor and went on
to search for a parking space on that floor
Immediately after entering the parking lot, the
Level 2 vehicle was directed to the second floor and went
on to search for a parking space on that floor
Exi Leaving the parking space, leaving the second floor
Xit . .
and leaving the parking lot

PEMS equipment was used in the tests for measuring
exhaust emissions in real operating conditions. A mobile
Semtech-DS unit (Fig. 2) was used, which allows to meas-
ure and record the concentrations of several gaseous ex-
haust compounds. The device includes analyzers with
which it is possible to measure individual compounds in the
exhaust gas. The exhaust gases at a temperature of 191°C
from the exhaust system first go to the Flame lonization
Detector (FID), which is responsible for measuring the
THC concentration. Then the exhaust gas passes through
the cooler, where it is cooled to a temperature of 4°C, and
after being cooled, it is directed to the NDUV analyzer
where the NO, concentration is measured. Then the NDIR
analyzer using infrared is responsible for measuring the
concentrations of CO and CO,. The emission rate of indi-
vidual compounds is obtained through calculations based
on data from an exhaust gas flow meter recording the mass
flow rate. Additionally, it is possible to connect data from
the OBD and the GPS on-board diagnostic system to the
results.

The test runs were made in real road traffic conditions
with the use of a Skoda PC (Passenger Car) (Fig. 3), pow-
ered by a turbocharged spark ignition engine. The test vehi-
cle met the Euro 6 emission standard, which was achieved,
among others, by using a dual injection system using direct
injection into the cylinder along with a multi-point injection
into the intake manifold. The vehicle was equipped with
a TWC (Three Way Catalyst) catalytic converter. Table 3
presents the test vehicle’s technical parameters.

Fig. 2. The SEMTECH-DS exhaust measurement device

Table 3. Basic technical data of the test vehicle

Parameter Unit Value

Ignition type - spark

f vt

Displacement dm? 1.8

Nominal power kW/rpm 132/5100-6200

Nominal torque N-m/rpm 250 /1250-5000
turbocharger, fuel supply

Equipment - system — direct gasoline

injection TSI, TWC
Emission norm - Euro 6

Fig. 3. The test vehicle Skoda Octavia Il1

3. Test results

During the tests carried out in real operating conditions,
the operating parameters of the vehicle as well as its loca-
tion and movement were recorded using the GPS and the
vehicle's on-board diagnostic system. Thus the distance
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traveled (Fig. 4) and the average speed of the vehicle (Fig.
5) were determined. The routes of individual test drives
differed in length. The longest measuring section was rec-
orded for the route marked as the ground floor, and its
length was 327.2 m. The remaining routes were noticeably
shorter (the passage through level 1 was the shortest). The
differences in relation to the longest tested drive section,
and the other test routes, were at the level of about 30% to
60% and resulted mainly from the building internal layout
as well as the time spent searching for a parking space. The
mean speed values for the individual routes were very simi-
lar to each other and were in the range of approx. 5.4 km/h
—10.7 km/h. The smallest value was recorded during the
drive in the ground floor zone, where the speed was about
5.4 km/h. The reason for the lowest speed values measured
in this zone was the high volume of vehicle and pedestrian
traffic. This level is the only one meant for entering and
exiting the building. The shorter distance and higher mean
speeds characterizing the drives along the remaining routes
were mainly due to the shorter duration of searching for
a parking space on higher storeys of the car park. The drive
defined as an exit was characterized only by leaving the
parking lot without looking for a parking space, and this
was the reason for obtaining the highest mean speed value
(at the level of 10.7 km/h).
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Fig. 4. Comparison of the distance travelled for each test stage
12 10.7
10.1
— 10
= 8.5
Z
z
2 6 5.4
o]
=3
& 4
g
< 2
0
ground level level 1 level 2 exit

Fig. 5. Comparison of the mean vehicle travel speed for each test stage

The vehicle speed and the emission intensity of the ana-
lyzed exhaust components during the trip on the ground
floor were shown in Figure 6. During vehicle acceleration
the emission intensity of all measured exhaust components
increased. This was due to the fact that the individual accel-
eration maneuvers were all very short-lived — the engine

was still operating in transient states while performing
them. In addition, the acceleration of the vehicle increases
the engine speed and load, which naturally results in
a greater emission of exhaust gases emitted by the vehicle
engine. This phenomenon may contribute to a greater ex-
haust emission intensity for individual exhaust gas compo-
nents, even if the change of thermodynamic parameters in
the combustion chamber would contribute to a reduction in
the concentration of any exhaust gas component.
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Fig. 6. Vehicle speed along with the CO,, CO and HC emission intensity
observed while driving on the ground floor

The CO, emissions from combustion-powered vehicles
are closely related to their fuel consumption. Figure 7
shows the emission of carbon dioxide emitted in individual
test drives. Generally, it can be assumed that when looking
for a parking spot, CO, emissions increase with the increas-
ing distance traveled necessary to park the vehicle. Howev-
er, this relationship was not direct, and the CO, emission
value was also influenced by the nature of the drive. In the
ground floor zone, where traffic is greatest, the vehicle
would often brake and then start moving again. Accelerat-
ing the vehicle, i.e. the sudden change in engine load, re-
quires energy, which is obtained from the fuel. With
smooth driving, fuel consumption, and, as a result, CO,
emissions were much lower. The described conditions are
most evident for the measurement defined as the descent.
This is due to the nature of the drive, which includes the
exit from the multi-storey car park, starting from the second
floor. Thus, in this case, the vehicle is travelling down
slopes from the top to the bottom levels of the car park, and
thus the engine is operated at a lower load.

Spark ignition engines are characterized by an increased
emission of carbon monoxide compared to compression
ignition engines. This is due to the fact that the engine runs
on rich mixtures at high loads. The highest emissions CO
was characterized by the passage in the ground floor stage,
reaching approximately 338 mg (Fig. 8). As mentioned, this
zone is characterized by high vehicle traffic intensity and
pedestrian movement. This forces constant speed changes
that affect the engine load, and thus also the carbon monox-
ide emissions. The smallest emission of CO (approx. 94
mg) was emitted by the vehicle during the test defined as
level 1, which is approximately three and a half times less
than in the ground floor stage.
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In addition to carbon dioxide and carbon monoxide, the
research was supplemented by measuring the hydrocarbon
emissions. During the test drives, the highest emission of
these compounds was observed in the ground floor stage
tests (almost 70 mg, Fig. 9). The smallest HC emission was
measured during a run on level 1 (approx. 5.9 mg). During
the level 2 and down slope driving, the vehicle emitted
approx. 27 mg and 17.3 mg HC, respectively, which is still
much lower than when travelling through the ground floor.
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Fig. 7. Comparison of CO, emissions for each test drive stage
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Fig. 8. Comparison of CO emissions for each test drive stage
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Fig. 9. Comparison of THC emissions for each test drive stage

4. Results analysis

In order to fully establish the impact of the parking spot
selection method within a multi-storey car park, it is neces-
sary to know the emissions both when entering and leaving
the car park. As the conducted research is the Authors' initial
approach to the subject of the environmental impact of vehi-
cles using a multi-storey car park, the analyzes of the total
emissions (entry and exit) were estimated using the recorded

emission results when leaving the second floor of the car

park. For this purpose, the recorded exit from the parking lot

has been divided into individual fragments (Fig. 10):

I —moving from the parking spot to the exit to the lower
level,

Il —moving down a level,

11 —moving between the exit ramps and leaving the car
park,

IV — moving back to the starting point.
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Fig. 10. The velocity in individual stages of leaving the second floor of the
analyzed multi-storey car park

When estimating the total emission from the whole
drive test within the analyzed car park for entry and exit
points, a methodology was adopted where the emission
values recorded during the entrance to the car park and the
appropriate combination of phases including the exit from
the car park were all summed up (Table 4).

Table. 4. The three parking scenarios

Scenario Analyzed data

Moving through the ground level and exiting

Ground floor parking the car park (sections: I, 111-2 and V)

Moving through level 1 level and exiting the

Lst floor parking car park (sections: I, I1-1, 11-2 and IV)

Moving through level 2 and exiting the car

2nd floor parking park

As a result of the analyzes in terms of the nature of the
drive tests parameters (distance, time, mean travel speed)
were shown in Fig. 11. When analyzing the nature of the
entire drive through a multi-storey car park, it can be no-
ticed that the greatest distance was traveled by a vehicle
parked on the ground floor (482.5 m). This situation reflects
the long-term search for a parking spot in a heavily crowd-
ed part of the parking lot - the time between entry and exit
was 267 seconds while the test lasted, and the mean vehicle
speed was 6.5 km/h. Parking on the second floor, which
means parking in a theoretically more distant place, resulted
in travelling a distance of 430 m. This means a reduction of
the distance traveled by approx. 52 m (-10%). The travel
time decreased by 44%, and the average travel speed was
increased by approx. 60%. The shortest distance and the
shortest time traveled were both observed for the vehicle
when parking on the 1st floor.
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Fig. 11. The distance, time and average speed of the vehicle movement
during different parking scenarios in a multi-storey car park

Exhaust emission values for the adopted scenarios of
finding a parking spot a multi-storey car park, estimated in
accordance with the methodology discussed, including both
entry and exit to and from the car park, have been shown in
Fig. 12. In the analyzed case, the least favorable, in terms of
the total emission of harmful exhaust gases, was parking on
the ground floor of a multi-storey car park. During this test
drive, the vehicle emitted 405 g CO,, approx. 436 mg CO
and approx. 81 mg HC. Parking on the 1st level was found
to be the most favorable in terms of total emissions. The
emission from a vehicle parking on the 1st level were lower
for each of the analyzed exhaust compounds: —-50% CO,, —
53% CO and —75% HC comparing to parking on the ground
floor. The emission of compounds when parking on the 2nd
floor was greater than when parking on the 1st floor, but
these values were still lower than when parking on the
ground floor.

Similar relationships can be observed in the field of
specific distance emissions (Fig. 13). Despite comparing
the emission of compounds to the distance traveled by the
test vehicle, parking in the crowded part of the parking lot —
so parking on the ground floor was characterized by the
highest exhaust emission values. In relation to the distance
traveled, the lowest CO,, CO and HC emission values have
been observed when parking on the 1st level of the tested
multi-storey car park (respectively 48%, 52%, 74% less than
when parking on the ground floor) Proportional relations, as
in the case of specific distance CO, emissions, was obtained
in the case of the vehicle fuel consumption (Fig. 14).

500 =003 To =TI

150 135.88
405.6

300.4

200.5 205.46

Emissions of CO, [g], CO [mg], HC [mg]

Parking on the ground
floor

Parking on the 1st floor Parking on the 2th floor

Fig. 12. The total emission of harmful exhaust components in different
parking scenarios in a multi-storey car park
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Fig. 13. Specific distance emissions of harmful substances during various
parking scenarios in a multi-storey car park
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Fig. 14. The operational fuel consumption values during various parking
scenarios in a multi-storey car park

5. Conclusions

The floor 1 drive stage was characterized by having the
shortest distance travelled, while the vehicle covered the
longest distance in the ground floor stage. Due to the vol-
ume of traffic, finding a parking spot on the ground floor
was significantly more time-consuming, and the high level
of congestion comes from the desire od people to park right
after entering. However, this leads to an increase in the time
needed to search for a free spot. This time can be signifi-
cantly reduced by entering a higher level of the car park,
which is not so often chosen by other drivers. According to
the obtained results the optimal choice was floor 1, which
was a compromise between congestion (less than on the
ground floor) and the length of the access route (shorter
than to floor 2). Due to the high volume of traffic, the low-
est average speed was observed for the stage on the ground
floor, and the highest for the exit drive. The fuel-
consumption related CO, emissions were lowest for the
drive at floor 1 and highest on the ground floor. Taking the
operating costs and the emission of harmful substances as
a criterion (depending, among others, on fuel consumption),
the best choice was concluded to be entering the 1% floor to
find a spot. Parking on the ground floor, on the other hand,
was unfavorable, including due to the CO and HC emis-
sions, which then reached the highest value.

The considerations were supplemented with an extended
analysis of the test drives. After compiling the three scenar-
ios of route stages within the parking lot, taking into ac-
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count the entrance to and exit from the multi-storey car
park next to a shopping mall, it can be concluded that look-
ing for a parking spot on the ground level is the worst

choice taking into account all the considered criteria (dis-
tance, time, mean speed, specific distance emissions and
fuel consumption).

Nomenclature

CO carbon monoxide

CoO, carbon dioxide

FID flame ionization detector
GPS  global positioning system
NDIR non-dispersive infrared

NDUV non-dispersive ultraviolet

NO, nitrogen oxides

OBD  on-board diagnostics

PC passenger car

PEMS portable emission measurement dystem
THC  total hydrocarbons

TWC  three way catalyst
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