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Abstract: This article deals with the technical and official possibilities of changing the
official data on vehicle fuel consumption in the Slovak Republic. This case study analyzes
various methods of measuring fuel consumption, including the use of a fuel flowmeter,
OBD devices and calculation based on emission tests. The tests took place in laboratory
conditions using the roller dynamometer on the Kia Ceed mildhybrid vehicle. Based on
the Real Drive Emission requirements, five 1.5 h cycles were repeated in urban, suburban
and highway conditions. Using multi-criteria analysis, the methods used to measure fuel
consumption are evaluated from the point of view of efficiency, accuracy, and economy. This
study contains a real view of the performance of these exams in the conditions of the Slovak
Republic. The fuel consumption measured by the OBD device compared to the volumetric
flowmeters was at a relative difference of —4.94%. The fuel consumption calculated through
exhaust gas emissions was +2.83% compared to the volumetric flowmeters.

Keywords: fuel consumption; fuel flowmeter; on-board diagnostics; emission; multicriteria
analysis

1. Introduction

All vehicles intended for sale must include fuel consumption data in their documen-
tation. This consumption is determined in the laboratory during testing according to a
predefined test procedure. Consumption data can also be marked as type-approved. The
data provided in the type-approval documents often represent a basic tool for consumer
purchases. The majority of new owners take into account improvements in terms of the
economic efficiency of new vehicles and their environmental impact. Therefore, it is impor-
tant that the fuel consumption determined in laboratory conditions corresponds to the fuel
consumption in real driving conditions.

A pan-European problem is the continuous monitoring of the differences between fuel
consumption under laboratory conditions and fuel consumption in the real world [1-3].
According to scientific data from the International Clean Transport Council, the fuel con-
sumption gap between laboratory and real driving conditions in light commercial vehicles
in Europe increased from 8% in 2001 to 40% in 2014 [4].

Vehicles 2025, 7, 27

https://doi.org/10.3390/vehicles7010027


https://doi.org/10.3390/vehicles7010027
https://doi.org/10.3390/vehicles7010027
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vehicles
https://www.mdpi.com
https://orcid.org/0000-0002-5036-9223
https://orcid.org/0000-0003-4300-3802
https://orcid.org/0000-0002-7546-8703
https://orcid.org/0000-0001-7772-2755
https://orcid.org/0000-0002-1522-4176
https://doi.org/10.3390/vehicles7010027
https://www.mdpi.com/article/10.3390/vehicles7010027?type=check_update&version=2

Vehicles 2025, 7, 27

2 of 20

According to studies by Ntziachristos et al. and Wang et al., the increasing gap in fuel
consumption may lead to biased predictions of energy consumption or CO, emissions and
may hinder the effectiveness of policies aimed at saving energy or reducing emissions [3,5].
Therefore, it is very important to understand the difference in fuel consumption with
regard to its range and variability. It is necessary to assess the factors that contribute to
its expansion with the ultimate goal of reducing and, ideally, eliminating the difference in
fuel consumption.

The fuel consumption of any vehicle is one of the most important parameters of
operation. Special attention must be paid to the fact that the number of motor vehicles has
been increasing in recent years, and the price of one liter of fuel is rising worldwide [6].
Fuel consumption is relevant both for a person who wants to buy a car and for car owners
who already use their motor vehicle. In many cases, the fuel consumption of vehicles rarely
matches the data given in the vehicle certificate. There are several methods for determining
the fuel consumption of a motor vehicle [7,8]. Fuel consumption can be determined both
on a road test when the vehicle is in real motion and in laboratory conditions when the
driving conditions are simulated using a cylinder dynamometer. Several methods can
be used to track fuel consumption when investigating fuel consumption. Studies by Pirs
et al. used several methods to investigate fuel consumption. Among them, it is possible
to include the volume method (determining the amount of fuel consumed), the weight
method (determining the weight of fuel consumed), and the flow method (determining the
amount of fuel consumed in volume or weight units) [9].

This research deals with issues related to the official measurement of fuel consumption
in the Slovak Republic. It is a specific type of measurement that is carried out by authorized
persons based on Act no. 142/2000 Coll., which refers to metrology. This type of measure-
ment is mostly carried out because the vehicles have their fuel consumption stated in their
registration certificate, which is determined as a result of type-approval tests in laboratory
conditions (WLTP or NEDC cycle). In real operations, however, the consumption is often
higher. Official measurements make it possible to prove this fact and claim higher tax
expenses on fuel. Official measurements can also be ordered by control authorities, for
example, when fuel consumption data manipulation is suspected [10,11].

The official measurement of fuel consumption can only be carried out by authorized
persons who meet strict professional competence and technical equipment requirements.
An entity that has created organizational, spatial, technical, and personnel conditions for
the activity in question, with demonstrated continuity in their used standards and mea-
sures, and that has built a corresponding quality system according to STN EN ISO/IEC
17025 or another comparable quality system can be authorized. One of the other require-
ments is that the entity has a responsible representative appointed for the activity being
authorized, and this representative must have competence in the field of metrology, with
a document proving this fact issued by the Slovak Metrological Institute. The list of au-
thorized persons is published by the Office for Standardization, Metrology, and Testing
of the Slovak Republic [12]. Two companies are currently carrying out this activity in the
Slovak Republic.

Entities performing this activity for natural and legal persons have a “Certificate
of authorization for official measurement of fuel consumption”, including the scope of
authorization. Table 1 shows the scope of the entities authorized for the performance of
official fuel consumption measurement in the Slovak Republic.
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Table 1. Scope of authorization entities in the Slovak Republic [13].
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The official measurement of fuel consumption takes place according to precisely
defined procedures. Based on the analysis of the scope of authorization, it can be concluded
that in the Slovak Republic, official measurements of fuel consumption are carried out
by the direct method, i.e., by installing a flowmeter in the fuel system of the vehicle and
measuring the volume of fuel flow during the vehicle test. The actual operating fuel
consumption is measured under different conditions (for example, at different speeds and
vehicle loads). The result of the measurement is an official measurement certificate, which
serves as proof of the actual fuel consumption. Each authorized person has developed their
own methodical procedure, on the basis of which they determine the driving conditions of
the vehicle during the official measurement of fuel consumption.

The official measurement of fuel consumption is, therefore, currently applied in real
practice based on the following characteristics:

o the subject must be an authorization holder,

e the measurement is carried out in the form of a driving test (city, outside the city,
highway, etc.) based on methodological procedures and customer requirements,

e the fuel consumed is recorded by installing a flowmeter in the vehicle’s fuel system.

However, there are no strict requirements regarding the measurement of real fuel
consumption with an installed flowmeter and in the form of driving tests when issuing
authorization in the Slovak Republic. Therefore, in this study, the authors implemented a
series of practical measurements that aimed to use other methods of measuring real fuel con-
sumption. Both methods of performance measuring fuel consumption are considered—in
laboratory conditions and via driving tests during the normal operation of a road vehicle.
Alternative options for recording and tracking the amount of fuel consumed by a road
vehicle are also analyzed. Different methods of calculating fuel consumption from the
production of exhaust gases, data available from the vehicle’s engine control unit (OBD),
and a conventional volumetric flowmeter are investigated.

From the point of view of scientific importance, the aim of this research is to determine
the basic statistical parameters of the repeatability of individual methods of measuring fuel
consumption. According to a detailed analysis of the task of measuring fuel consumption by
various methods, it is also appropriate to calculate the uncertainties of the measurements,
which mainly depend on the various gauges used, their accuracy, and the method of
calculating the final fuel consumption.

2. Research Methodology

As part of this research, various methods were used to measure vehicle fuel consump-
tion. A standardized test procedure known as the WLTP cycle (Worldwide Harmonized
Light Vehicles Test Procedure) was used to reliably ensure the repeatability of the driving
cycle as a basis for the measurement route. The WLTP cycle represents an internationally
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harmonized test regime that simulates real driving conditions on a measuring circuit. The
main goal of this cycle is the accurate and consistent determination of fuel consumption and
emissions. In the case of this investigation, it was only a matter of moving the measuring
route into the cylindrical dynamometer; the repeatability of the measurements would
therefore be ensured.

Figure 1 breaks down the determination of fuel consumption into three separate
methods. The first method involves identifying fuel consumption based on emission
regulations established by the ECE regulation no. 101, which sets standards for determining
the amount of emissions and fuel consumption observed while driving. The second method
focuses on obtaining data directly from the engine control unit (ECU) through the OBD
(on-board diagnostics) interface, which provides detailed information about the vehicle’s
operation. The third method uses the direct application of a flowmeter to measure the
flow of fuel, which allows the accurate determination of the amount of fuel consumed
while driving.

Measuring track
WLTP cycle

l

Determination of fuel Determination of fuel Determination of fuel
consumption consumption consumption
EMISSIONS OBD connection Fuel flow meter

Regulation No. 101 ECU

Figure 1. Research methodology [author].

Each of these methods is designed to provide accurate and reliable data on fuel
consumption, considering various aspects and technological procedures. The flowchart
emphasizes the importance of the WLTP cycle as a universal framework for measuring fuel
consumption, which represents the basis (measurement path) of the procedures chosen to
obtain the most accurate results.

In order to ensure the repeatability of measurements based on the WLTP driving cycle,
the research was carried out in a laboratory environment on a MAHA MSR 1050 cylinder
dynamometer. During the performance of the driving tests on the cylinder dynamometer,
the measurement conditions had to be observed; these included the temperature and
humidity of the air in the laboratory, the pressure of the vehicle’s tires, the prescribed speed
of the vehicle during the driving cycle, and shifting gears at the prescribed points. The
cylinder dynamometer is used in many studies to perform repeated measurements [14,15].

In Figure 2, the research methodology and the flow of individual measurement posts
are visualized. During testing, the vehicle moved on a cylinder dynamometer and driving
was simulated according to specific WLTP conditions. In the following picture (Figure 3), it
is possible to observe the location of the measured vehicle on the cylinder dynamometer.
A KIA Ceed vehicle was used to investigate fuel consumption, depending on the method
used. The vehicle on which the tests were conducted was equipped with a mildhybrid
system. During the tests, data on the mildhybrid system (battery charge level, etc.) were
not recorded because the fuel consumption measurements were performed simultaneously.
The vehicle specification is shown in Table 2.
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Figure 3. Measured vehicle placed on the dynamometer [author].
Table 2. Technical data of the measured vehicle [author].
Technical Parameters of the Measured Vehicle
Brand KIA
Trade name Ceed
Engine code G4LH
Number of cylinders 4
Cylinder displacement 1482 cm?
Highest engine power 118.00 kW
Speed at max. moment 5500 min !
Highest design speed 210 km-h~!
Fuel type Petrol
Length 4235 mm
Width 1800 mm
Height 1465 mm
Operating weight 1191 kg

Maximum permissible total weight 1730 kg
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The Maha MSR 1050 roller dynamometer can measure the most important operating
characteristics of the vehicle, including the engine power, torque and fuel consumption.
It is also possible to connect an exhaust gas analyzer to the control panel of the roller
dynamometer, which allowed us to record data from both devices in one file. Vehicle
cooling during the test was provided by external ventilation units [16,17].

The basic technical parameters of the cylinder performance test room are shown in
Table 3 [18].

Table 3. Technical data MAHA MSR 1050 [18].

Technical Data MAHA MSR 1050

Rollers diameter 762 mm
Number of electric eddy-current brakes 3
Number of electric engines 2
Wheels gauge (min.—max.) 900-2300 mm
Measurable wheelbase 1900-3500 mm
Permissible axle load 2500 kg
Top speed 320 km/h
Rotational roller unit weight 700 kg
Front axle wheel performance 700 kW
Rear axle wheel performance 1400 kW
Front axle tractive force 8600 N
Rear axle tractive force 17,200 N

2.1. Fuel Consumption Measurement According to Regulation No 101

Measuring the vehicle’s fuel consumption and emissions on the cylinder test bed
according to the WLTP test cycle involved several steps performed under controlled labora-
tory conditions. During the measurement, the vehicle was placed on a cylinder dynamome-
ter, which enabled the simulation of various driving situations without the vehicle moving
in a real environment. Before testing, the vehicle was subjected to a standard conditioning
process to ensure the correct temperature of the engine and other systems.

During the measurement, the vehicle was loaded according to its actual weight,
including the simulation of aerodynamic drag and rolling friction, which were adjusted
based on previous measurements. After setting the input data, the test vehicle was subjected
to the WLTP driving cycle, which consisted of four phases—low, medium, high, and very
high load—with each of these phases representing different driving conditions, from slow
city driving to dynamic highway driving. According to a study by Tsokolis et al., the
driving cycle should correspond highly to the real operation of the vehicle [19].

Fuel consumption was indirectly calculated based on the amount of CO, emissions
the vehicle emitted during testing. The procedure aimed to determine the amount of fuel
consumed by vehicles with an internal combustion engine with regard to EEC regulation
no. 101, which describes the requirements for the homologation of passenger motor
vehicles powered exclusively by an internal combustion engine or powered by a hybrid
electric powertrain with regard to the measurement of carbon dioxide emissions and fuel
consumption or the measurement of electrical energy consumption, as well as the range and
vehicles of category M1 and N1 powered exclusively by an electric powertrain with regard
to the measurement electricity consumption and range. The relationship between fuel
consumption and emissions was used to calculate the fuel consumption, which resulted
from the methodological procedure of EEC no. 101 [20]. During the test, the amount of
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exhaust gas emissions produced was continuously recorded. These data were recorded
by the MAHA MGT 5 exhaust gas analyzer and also saved using the MAHA Emission
Viewer (1.0.4.380) software. The fuel consumption was calculated indirectly based on the
amount of CO; emitted, which was made possible by the fact that the burning of each
type of fuel is has a precisely defined ratio that compares between CO, emissions and
the fuel consumed. The procedure performed represents a standardized measurement to
ensure the reproducibility of the results and the objective evaluation of vehicles of different
manufacturers and technical specifications.

For the purpose of measuring exhaust gas components, the Maha MGT 5 exhaust
gas analyzer was used. This is an exhaust gas analyzer that is approved in the Slovak
Republic for the purpose of measuring emissions during regular emission inspection.
It is a 5-component exhaust gas analyzer that allows the evaluation of the CO (carbon
monoxide), CO, (carbon dioxide), HC (hydrocarbons), O, (oxygen) and the air fuel ratio.
Our laboratory exhaust gas analyzer was also supplemented with a NOx sensor (nitrogen
oxides). The software part of the utility program was extended by the Emission Viewer,
which allows you to create a measurement record with an unlimited time trace. After the
measurement, we exported the data in xlsx format and worked with them. The technical
data are shown in Table 4.

Table 4. Technical data for MAHA MGT 5 [18].

Technical Data MAHA MGT 5

measured gases CcO CO, HC Oy NOy
0-2000 ppm vol
measuring ranges 0-15.00 vol%  0-20.00 vol% (He;e;nri) ‘9;14000 0-25.00 vol% 0-5000 ppm vol
(Propane)
the accuracy of 0.06 vol% 0.5 vol% 12 ppm 0.1 vol% 32-120 ppm vol
measuring
measurement principle infrared infrared infrared electro-chemical electro-chemical
resolution of values 0.001 0.01 0.1 0.01 1

measuring range

less than =+ 0.6% of the final value of the measuring range

deviation
Flow max. 3.5 L/min - min 1.5 L/min
gas outlet approx. 2.5 L/min

condensate drain

automatically, continuously - approx. 1 L/min

working pressure

750-1100 mbar

pressure fluctuations

max. error 0.2% with fluctuations of 5 kPa

In Figure 4, you can see the location of the flue gas probe at the mouth of the exhaust
pipe. The procedure for measuring carbon dioxide emissions and the fuel consumption
of vehicles powered exclusively by an internal combustion engine is set out in Annex 6—
Regulation no. 101, which describes the requirements for the homologation of passenger
motor vehicles powered exclusively by an internal combustion engine or powered by a
hybrid electric powertrain with regard to the measurement of carbon dioxide emissions
and fuel consumption or the measurement of electrical energy consumption and range
and vehicles of categories M1 and N1 powered exclusively by an electric powertrain
with regard to the measurement of consumption electricity and range. The measurement
of the cylinder dynamometer was carried out in accordance with the regulation, while
the fuel consumption value was calculated according to the emission of hydrocarbons,
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carbon monoxide, and carbon dioxide determined from the measurement results. The fuel
consumption, expressed in liters per 100 km or in m? per 100 km, was calculated using the
following formula:

FC =(0.1154/D) - [(0.866 - HC) + (0.429 - CO) + (0.273 - COy)] 1)
where:
e  FC—fuel consumption in liters per 100 km or in m3 per 100 km,
e  HC—measured hydrocarbon emissions in g/km,
e  CO-—measured carbon monoxide emissions in g/km,
e  CO; = measured carbon dioxide emissions in g/km,
e D =density of test fuel.

Figure 4. MAHA MGT 5 exhaust gas analyzer and exhaust probe location [author].

2.2. Fuel Consumption Measurement According to OBD and Data from the Engine Control Unit

The fuel consumption measurement workflow, which is based on the evaluation of
data from the engine control unit via OBD, began with the preparation of the vehicle and
the measuring equipment. Before the measurement, the vehicle was placed on the MAHA
MSR 1050 cylindrical test bed in laboratory conditions, where constant external factors such
as the temperature and pressure were ensured. During the measurement, the diagnostic
device was connected to the engine control unit via the OBD port, and the monitoring of
real data on fuel consumption and the operation of the motor vehicle was ensured.

Before the measurement started, the measuring equipment was installed. The chosen
method of measurement ensured the reliability of the results and the repeatability of
the measurements. Subsequently, the vehicle was subjected to a driving test, which was
performed according to the prescribed WLTP cycle, which includes low, medium, high,
and very high-speed phases. Data on the fuel flow, engine speed, and other parameters
related to fuel consumption were continuously recorded while driving.

After the completion of the first measurement, the analysis and evaluation of the
obtained data were carried out. To ensure the repeatability of the test, the whole process
was repeated five times under the same conditions. After all measurements were completed,
the obtained results were analyzed and checked to ensure their reliability. Based on the
obtained data, the average fuel consumption and possible deviations between individual
measurements were evaluated, thus ensuring the reliability of the measured values.

The next step during the recording of data was the correct selection of the diagnostic
device and the application used to record the data. The measurements were performed
using the Torque Pro mobile application (they were also analyzed using the Bosch KTS
540, AutoCom diagnostics, Trollhadttan, Sweden). An ELM 327 (ELM Electronics, Puslinch,
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ON, Canada) diagnostic device with the Torque Pro mobile application was chosen for the
measurement. The ELM 327 is capable of displaying and recording real-time data such as
the engine speed, calculated engine load, coolant temperature, fuel system status, vehicle
speed, and more.

The Bluetooth version of the Torque Pro application was selected for the implementa-
tion of the research. In order to log (upload) data, it was necessary to pair the devices with
the mobile application. In this environment, the data began to be recorded using the engine
control unit before the driving itself was started. The measuring device and the mobile
application can be seen in Figure 5. After the end of the measurement (starting the WLTP
cycle), the data recording was stopped, and the data that were obtained were evaluated.

Figure 5. ELM 327 Diagnostic Tool and Torque Pro Mobile App [author].

When determining fuel consumption, it is possible to proceed on the basis of Equation (2).

o X[L _
Fuel consumption = Y{km] -100 = XY[L/100km|] )

where:

e  X—represents the amount of fuel consumed in liters,
e  Y—the distance that the vehicle has travelled in kilometers (the traveled distance will
be the same as the route of the WLTP cycle).

After substituting the obtained data into the equation, it is possible to obtain data
on fuel consumption in liters per 100 km, which is the standard unit used to evaluate the
efficiency of vehicle consumption. Equation (2), when measuring fuel consumption using
flowmeter data, presents the fuel consumption data derived directly from measuring the
amount of fuel flowing through the vehicle’s fuel system. The engine control unit records
the volume of fuel consumed by the engine while driving, and these data are combined
with the distance traveled by the vehicle as part of the WLTP driving test. The resulting
value of fuel consumption in liters per 100 km enables the accurate quantification of fuel
consumption under the given test conditions.

2.3. Measurement of Fuel Consumption According to the Fuel Flowmeter

The measurement of fuel consumption by means of an AIC 1204 (AIC System AG,
Allschwil, Switzerland) fuel flowmeter in laboratory conditions was carried out as a third
means of investigation in order to determine the fuel consumption of the vehicle when
driving according to the WLTP cycle. The measurement, as well as the course of the test,
was almost identical to the measurement performed according to the OBD and data from
the ECU, but there was a difference in the recording of data. In this case, consumption data
were not logged from the engine control unit but directly from the flowmeter connected
to the fuel system of the measured vehicle. The tested vehicle was placed on a cylinder
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dynamometer, which ensured the simulation of real driving conditions, while the fuel
system was connected to the AIC 1204 flow meter.

Before the start of the test, the flow meter was installed in the fuel system of the vehicle.
The schematic diagram of the installation can be seen in Figure 6.

7 | &
T —(h— Gy’

Fuel filter

SR W

Signal + Power supply W

Feedline to engine_ A
L9 g

Figure 6. AIC 1204 flow meter and its connection method [21].

The vehicle was then driven according to the prescribed WLIP cycle, which consists
of four phases simulating different driving modes—low, medium, high, and very high
speed. During the entire test, the flowmeter continuously recorded the volume of fuel
consumed while the speed over time and other operating parameters of the vehicle were
monitored in parallel. After the test was completed, the measured data were transferred
to the computer system, where the total fuel consumption was calculated according to
Formula (2), expressing the consumption per 100 km according to the ratio of the total
amount of fuel consumed to the distance traveled.

In order to minimize possible deviations and ensure the reliability of the results, the
test was repeated five times under the same conditions. After all measurements were
completed, the obtained data were analyzed, and their variability was evaluated. The
results were then compared with other methods of measuring fuel consumption, such as
OBD or the measurement of fuel consumption through emission production. This method
enables the repeatable measurement of fuel consumption under controlled laboratory
conditions, which can provide data for evaluating the fuel efficiency of a vehicle within a
standardized test cycle [21].

3. Measurement Results

In the following part of the research, we present the results of measuring the fuel
consumption obtained in laboratory conditions using different measurement methods.
All measurements were carried out based on driving on a cylinder test bed according to
the standardized WLTP cycle, with the tests repeated five times in order to ensure the
accuracy and repeatability of the data. The analyzed values include the fuel consumption,
which was calculated based on the procedures defined above. The obtained results are
compared with the data obtained by other measurement methods. The measurement
outputs provide a comprehensive overview of the fuel efficiency of the tested vehicle and
enable the evaluation of differences between individual measurement procedures.

The graph (Figure 7) shows the cumulative fuel consumption and vehicle speed during
testing based on the WLTP cycle. The time in seconds is recorded on the X-axis and ranges
from 0 to 1800 s. The primary Y-axis on the left shows the vehicle speed in kilometers
per hour, while the secondary Y-axis on the right shows the cumulative fuel consumption
in liters.
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Fuel consumption monitoring when measuring based on OBD diagnostics
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Figure 7. Fuel consumption monitoring when measurements are based on OBD [author].

The vehicle speed profile (gray curve) follows the profile of the WLTP driving cycle,
which includes phases with changing dynamics. The initial speed values are zero and
gradually increase in the individual phases of the cycle, reaching a maximum of 130 km/h
in the final part of the test. The fuel consumption, shown by colored curves represent-
ing different measurements (from the first to the fifth), gradually increases as the time
increases. All curves have a similar shape and demonstrate the consistency of the results of
individual measurements.

The maximum cumulative fuel consumption reaches approximately 1.6 L, which is
consistent across all measurements. The speed and fuel consumption show a positive trend,
where the increase in speed directly affects the increase in cumulative fuel consumption.
The overall result shows that the measurements are consistent, while the deviations between
the individual fuel consumption curves are minimal. This indicates the stability of the
measurement method and the repeatability of the testing conditions within the WLTP cycle.

The graph in Figure 8 shows the results of the fuel consumption measurement based
on the fuel flow during the WLTP driving cycle. The time in seconds is displayed on the
X-axis and ranges from 0 to 1800 s. The Y axes are dual, with the primary axis presenting
the vehicle speed in kilometers per hour and the right axis presenting the cumulative fuel
consumption in liters during the measurement.

Fuel consumption monitoring when measuring based on fuel flow
140 18
vehicle speed (km/h) - WLTP
16 cycle

— 120
£
g 14 = —Tripfuel[(-1st.
g 100 s measurement [l]
S 12§
e 5
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5 60 08 3
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8 06 &
& 3 0]
o 40 E
2 H
2 04 °
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POSARBBIZIBIERRIBIIISEIELSELEIIBBRR measurement [l

time [s] P ppapa gl gk QR R R R ]

Figure 8. Fuel consumption monitoring when measurements are based on fuel flow [author].

The course of the vehicle’s speed, shown by the gray curve, follows the prescribed
profile of the WLTP cycle. The speed values start from zero, gradually increase, and reach
a maximum value of 130 km/h in the final phase of the test. The curve contains typical
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accelerations, decelerations and steady speeds that are characteristic of the different phases
of the WLTP cycle.

The cumulative fuel consumption, represented by colored curves (green, blue, purple,
pink and dark green) for individual measurements, shows a gradual increase throughout
the test. The curves for the individual measurements are almost identical, which indi-
cates the high consistency of the results. The initial values are zero and the cumulative
consumption gradually increases, reaching approximately 1.6 L at the end of the test.

The overall result confirms that the chosen measurement method based on fuel flow
can be evaluated as reliable, and that repeatable results can be provided. This graph also
demonstrates that the fuel consumption profile correlates precisely with the course of
the WLTP driving cycle, where changes in speed affect the dynamics of the increase in
cumulative consumption.

The graphical results of the measurements in Figure 9 present the results of the
investigation of fuel consumption depending on the methodology used, while the Y axis
shows the fuel consumption in liters during the measurement depending on the chosen
measurement method. Each type of methodology is represented by a box fence, which
shows the range of values, the median, and possible deviations.

Fuel consumption measurement results depending on
the measurement methodology

1.8

e Fuel flow meter AIC

e 1204

=
o 1.7
g .l
S 16 OBD diagnostics
P 7 connection via ECU
S
3
15 Fuel consumption
. B based on emissions

production
1.4

Figure 9. Fuel consumption measurement results depending on the measurement methodology [author].

The measurement methodology using the AIC 1204 fuel flowmeter shows the most
stable results with the smallest dispersion of values, while the median consumption is
around 1.65 L. Using OBD and data from the engine control unit, the consumption is
slightly lower, with a median of about 1.60 L, but at the same time, a wider range of values
is recorded, indicating a higher variability in the measurements. The measurement of fuel
consumption based on the analysis of gas emissions results in the highest median con-
sumption, at approximately 1.70 L, and at the same time shows the largest range of values,
which may indicate the higher sensitivity or different accuracies of the determination of
fuel consumption.

The overall comparison shows that the fuel consumption results depend on the chosen
methodology, with the method using a fuel flowmeter proving to be the most effective.
The method of data collection via OBD presents lower consumption values, and the mea-
surement of consumption through the monitoring of emissions production shows higher
consumption with a larger range. This variability could be caused by different measurement
principles or the settings of individual methodologies.

The histogram shown in Figure 10 presents the distribution of the probability of fuel
consumption using different measurement methods. The x-axis shows the fuel consumption
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in liters, while the y-axis represents the probability of individual values. Each measurement
method is represented by a different color:

e fuel consumption determined by the flowmeter (light blue) shows the highest concen-
tration at around 1.65 L, while the distribution is relatively symmetrical,

e fuel consumption determined on the basis of OBD (red) shows a greater spread of
values, with a mean value of approximately 1.55 L, while the distribution is wider and
less consistent,

e consumption determined on the basis of the flow of exhaust emissions (dark
blue/green) has a mean value of approximately 1.67 L, while a slight asymmetry
in the distribution is visible.

Fuel consumption probability distribution

Mean Mean Mean

B Fuel flow meter AIC 1204

M 0BD diagnostics connection
via ECU

Probability

M Fuel consumption based on
emissions production

145 15 155 16 " 165 "7 175 18 185

fuel consumption [1]

Figure 10. Fuel consumption probability distribution [datatab.net].

The vertical dashed lines indicate the average values for the individual methods, thus
indicating systematic differences between them. It is clear from the results that the OBD
method shows the most significant variability in its measurements, while the calculation
based on emissions is more stable. The probability density curve indicates the overall
distribution of values, with a visible overlap between methods, indicating that although
the mean values differ, they may produce similar results in some cases. These graph thus
clearly demonstrate the differences in the accuracy and reliability of the individual methods
of measuring fuel consumption.

The graphic comparison in Figure 11 shows the results of the fuel consumption mea-
surements depending on the measurement methodology used. Individual test repetitions
can be followed on the horizontal axis, while the vertical axis represents the measured fuel
consumption in liters. The trend in the values indicates that the results obtained by the AIC
1204 flowmeter and OBD show less variability, while the values are mutually comparable.
In contrast, the fuel consumption derived from emission production shows higher values
and greater variance between individual repetitions. The maximum measured value occurs
in the first test for the emission-based method, where it reaches 1.783 L. The lowest value
was recorded by the OBD method in the fifth measurement, with a value of 1.547 L.

The overall result points to the differences between the individual methodologies used
to measure fuel consumption. The emission-based method systematically shows higher
values than the other two approaches, indicating a possible systematic bias in this method.
The AIC 1204 flowmeter and the OBD provide similar results, with the OBD showing
slightly lower values on average. The results indicate that the method based on the direct
measurement of fuel flow repeatedly provides more accurate and consistent data.
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Figure 11. Fuel consumption measurement results depending on the measurement methodology [author].

When analyzing the results in Table 5, the Z-score method shows how individual mea-

surements of fuel consumption deviated from the average value within each of the methods

used. When assessing the fuel consumption measurements obtained with a flowmeter, it

turns out that measurement no. 3 shows the largest deviation (Z-score = 0.1267), but it is

not a statistically significant extreme (p > 0.05). Other measurements have relatively low

Z-score values, indicating that they are close to the mean, and that their values can be

presented as stable.

Table 5. Evaluation of measurement results using the Z-score method [author].

Measurement Number Fuel Flowmeter Z-Score
1 1.651 0.828
2 1.618 0.818
3 1.609 1.267 Furthest from the rest, but not a significant outlier (p > 0.05).
4 1.654 0.978
5 1.640 0.279
measurement number OBD Z-Score
1 1.663 1.713 Furthest from the rest, but not a significant outlier (p > 0.05).
2 1.548 0.531
3 1.541 0.672
4 1.578 0.059
5 1.546 0.569

fuel consumption—

measurement number emissions Z-Score
1 1.783 1.640 Furthest from the rest, but not a significant outlier (p > 0.05).
2 1.685 0.041
3 1.645 0.727
4 1.688 0.010
5 1.636 0.881

When measuring fuel consumption through OBD, the largest deviation was recorded

in measurement no. 1 (Z-score = 1.713), which indicates greater variability in the data
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obtained using this method. Other measurements have lower Z-score values, while mea-
surement no. 4 shows an extremely low value, which may indicate the consistency of
the measurements.

When measuring fuel consumption via the monitoring of exhaust gas emissions,
measurement no. 1 had the highest deviation (Z-score = 1.640), but it was also not a
statistically significant extreme (p > 0.05). Other measurements have lower Z-score values,
while measurement no. 2 is closest to the average value.

Overall, the analysis shows that although there are some deviations between the
measurements, none of them are extreme, and all remain within an acceptable range. The
determination of fuel consumption through OBD shows higher variability compared to
the other methods, which may indicate the lower accuracy of this method in measuring
fuel consumption.

The graphs in Figure 12 show the results of measuring fuel consumption using dif-
ferent methods during five repetitions of the test. The horizontal axis shows individual
measurements, while the vertical axis represents fuel consumption in liters per 100 km. In
this case, it is a recalculation of the absolute amount of fuel consumed relative to the total
distance traveled by the vehicle during the WLTP cycle. After multiplying the result by the
number 100 according to Formula (2), it is possible to obtain consumption data in units of
L/100 km. In addition to individual consumption data, the graph also shows the average
values of fuel consumption for each method.

Measurementresults depending on the method

i Fuel flow meter

mmm OBD diagnostics
7.301 connection via ECU

7.200 10

7.100

mmm Fuel consumption
based on emissions
production

fuel consumption [/100km]

—m—average value - flow
meter

~m—average value - OBD
diagnostics

—m—average value -

1 2 3 4 5 . g s
analysis of emissions

measurements

Figure 12. Measurement results depending on the method [author].

The highest measured consumption value occurs during the first measurement ob-
tained using the calculation method based on emissions, where it reaches 7.716 L/100 km.
Conversely, the lowest value was recorded in the third measurement using OBD, where the
measured value was 6.622. The average consumption calculated on the basis of emissions
is the highest, while the OBD method shows systematically lower values. The consumption
measured by the flowmeter is stable compared to other methods and reaches an average
value for OBD and the calculation based on emissions.

When comparing the individual methods, it can be observed that the fuel consump-
tion calculated on the basis of emissions is systematically higher compared to the other
approaches, while the difference between this method and the flowmeter is around 6 to
9%. The average difference between OBD and the AIC flowmeter ranges from 2% to 4%,
with OBD showing lower values. Overall, it can be concluded that direct fuel measurement
methods are more accurate and consistent compared to emission-based calculations, which
show higher variability and systematically overestimate results.
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Figure 13 shows the overall results of the fuel consumption investigation depending
on the measurement method. It is clear from the graph that the highest fuel consumption
was unequivocally obtained when measuring the produced emissions (7.301 L/100 km).
The flowmeter measurements show consumption (7,1L/100 km). The fuel consumption
measured using OBD (6.766 L/100 km) was the lowest average value recorded between
these two values.

Fuel consumption depending on the measurement
method

7.400 7.301

]

~N
w
Q
S

7.200 7100

7.100

7.000

6.900

6.800 6.766

6.700

fuel consumption [V100km

6.600
6.500
6.400

Fuel flow meter AIC 1204 OBD diagnostics connectionvia  Fuel consumption based on
ECU emissions production

Figure 13. Fuel consumption depending on the measurement method [author].

For a better understanding of the differences between the measurement methods, it is
possible to determine the percentage changes in fuel consumption. A detailed comparison
can be seen in Table 6.

Table 6. Percentage comparison of the studied parameters of fuel consumption [author].

Fuel Consumption Based on

Fuel Flowmeter OBD Connection via ECU . . .
Emissions Production

Fuel flow meter 0 —4.94% +2.83%
OBD connection via ECU +4.94% 0 —7.91%
Fuel consumption based 2759 7339 0

on emissions production

The data in Table 6 show the percentage differences in the fuel consumption measure-
ments between the three methods. The diagonal of the table (top left to bottom right) shows
the comparison of each method against itself, so there are zeros in these cells. The other
cells of the table show the percentage change between the two methods. For example, a
value of —4.94% in the first row and second column means that the OBD recorded a 4.94%
lower fuel consumption than the flowmeter. On the contrary, the value of 2.83% in the
first row and the third column means that the measurement of fuel consumption through
emissions showed a 2.83% higher consumption than the flowmeter. Similarly, the values in
the second row of the first column (4.94%) and the third column (—7.91%) correspond to
the percentage changes when comparing the OBD with the flowmeter and the calculation
obtained using the recorded emissions (UN/ECE methodology No. 101). In the third row
and the first and second columns, the percentage changes for the comparison of emissions
with a flowmeter (—2.75%) and OBD (—7.33%) are shown.

4. Discussion

The aim of the research was to verify the accuracy and reliability of various methods
designed to determine the fuel consumption of a road vehicle. The results of the investiga-
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tion also identify possible differences between the official data regarding fuel consumption
listed in the documents of the vehicle and the fuel consumption achieved by the vehicle
during real operation. The research methodology was focused on three different ways of
monitoring the production of emissions:

e fuel consumption measurement based on the fuel flowmeter,
e  diagnostics, which is connected to the ECU via the OBD connector,
e the calculation of consumption based on the production of emissions.

The goal of the investigation was also to determine the accuracy and correctness of
the methods used. In order to assess and compare the measurements with each other as a
basis for the implementation of the driving test, the WLTP driving cycle was used and the
test drives were performed on a cylinder dynamometer. The absolute fuel consumption
that the vehicle achieved by passing the measuring section (WLTP cycle) was evaluated
in liters.

The results of the research showed that the differences in the measured values of
fuel consumption are significant and largely depend on the measurement method used.
The vehicle was in an unchanged condition during testing. In the same way, the input
parameters of the testing, such as the weight of the vehicle and the activation of additional
equipment (air conditioning, etc.), were unchanged for the entire duration of the tests.
Scientific studies show an increase in fuel consumption depending on the weight of the
vehicle [22]; according to [23], an increase in the weight of a vehicle by 100 kg can increase
its fuel consumption by 5-9%. Likewise, similar research points to the use of auxiliary
systems (e.g., air conditioning, lighting, or media player), with test results indicating that
the use of air conditioning can increase the fuel consumption of a conventional vehicle
by more than 25%, especially for short trips (less than 10 km road distance) [24-26]. By
observing the results of three different methods, it was proven that each method provides
different results, with some showing more consistency and reliability than others. A study
by Pengfei et al. pointed out the impacts of selected factors and their influence on the
difference in fuel consumption between driving conditions in the laboratory and real
driving conditions [27].

Measurements made using a fuel flowmeter showed that the fuel consumption ranged
from 1.609 L to 1.654 L per route. The average value was around 1.635 L, with the highest
recorded value being 1.651 L and the lowest being 1.609 L. From the point of view of
statistical analysis, the value with the highest Z-score of 0.828 did not represent a significant
deviation, which indicates that this method provides relatively stable results without the
presence of extreme values. This method of measuring fuel consumption has the advantage
in the Slovak Republic of being the only method for which authorizations have been issued.
Flow meters with excellent parameters are on the market today (an accuracy better than 1%
and a repeatability better than 0.2%—according to the data of a renowned manufacturer
of AIC 1200 series flowmeters). The advantage of these flowmeters is that they can be
connected directly to a roller dynamometer, and data processing is thus automatic in the
control panel. The disadvantage of flowmeters is the complexity of their connection to
the vehicle’s fuel system, or rather the problems associated with it. This is a method that
requires intervening in the engine’s fuel system.

On the other hand, measurements carried out using a diagnostic device connected to
the ECU via OBD showed a significantly greater dispersion of values. The highest recorded
consumption reached up to 1.663 L, while the lowest was only 1.578 L. This wide variability
suggests that the diagnostic equipment and the OBD system may be susceptible to incorrect
readings or errors caused by modifications to the software of the control unit [28]. Z-score
analysis revealed that the highest measured value had a Z-score of 1.713, meaning that this
value was the most different within a given set of measurements. Despite the fact that this
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is a significant deviation, it was still not classified as statistically extreme. This result points
to the fact that OBD can, in some cases, provide unreliable or misleading data that can
distort the real picture of fuel consumption. Pavlovic et al. and Zheng et al. also proved
in their research that instantaneous fuel consumption can also be obtained through the
OBD interface. When comparing the value of fuel consumption determined on the basis
of OBD with the emission test method, they proved that the difference between the fuel
consumption determined via OBD and emissions was only —1.9 & 0.8% [29,30]. On the
other hand, it is necessary to prove that the OBD solution is more cost-effective. Szalay
et al. proved that OBD devices have less information available and have a much shorter
replenishment time than the FMS-CAN or CAN of a proprietary vehicle. It follows that
OBD-based fuel consumption measurement methods still present certain challenges in the
field of calibration [31]. The advantages of this method are mainly the quick installation
of the device and quick processing of the results. The disadvantage is that the amount of
fuel consumed is a value calculated by the control unit from electronic data regarding the
preparation of the fuel mixture. During the official measurement of fuel consumption in
Slovak conditions, this method appears to be feasible, especially due its cost-effectiveness
and ability to save time.

The third method is based on fuel consumption calculations based on the analysis
of emissions production. The measured values ranged from 1.636 L to 1.783 L, while the
average value was at the level of 1.685 L. The highest measured value was 1.783 1, and
its Z-score was 1.64042. This value was the most different from the rest of the data, but
it still moved within the limits of the statistical norm. The overall results indicate that
the emission-based calculation method provides relatively stable data. The advantage of
this method is that it is a non-interventional way of measuring fuel consumption, and
that it is enough to install a sampling probe in the exhaust manifold. The disadvantages
of this method are the relatively high price of the equipment and the time it takes to
obtain a final calculation of the fuel consumption. During the official measurement of
fuel consumption in the Slovak Republic, this method is very difficult to apply due to the
described disadvantages.

Several important conclusions can be drawn from the research results:

e the differences between the methods used indicate that choosing the correct fuel
consumption measurement procedure is key to obtaining results,

e the fuel consumption monitoring method based on the analysis of exhaust emissions
proved to be the most reliable, while the consumption monitoring method based on
OBD showed the most variability, indicating that its data may be affected by other
factors such as software updates or vehicle control algorithms,

e the results confirm that the measurement methodology can have a significant im-
pact on the interpretation of fuel consumption, which is important in terms of data
transparency and the regulation of emissions in the automotive industry.

The research results are of practical importance not only for regulatory authorities
but also for the consumers themselves. A change in the measurement methodology can
affect the official fuel consumption values found in the technical documentation of the
vehicles and, thus, the drivers’ expectations regarding the vehicle’s real operational con-
sumption. These findings, therefore, highlight the need for a more transparent and accurate
way of reporting data to minimize the differences between laboratory and real-world
driving conditions.
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5. Conclusions

The data on fuel consumption in official vehicle documents is most often changed
because the fuel consumption stated in a vehicle’s registration certificate is often higher in
real operation.

The goal of the investigation was to assess the correctness and, above all, the accuracy
of the methodological procedure intended for the official measurement of fuel consumption.
The results of the investigation showed that the method used to measure fuel consumption
significantly affects the results, which can subsequently be reported in official documents.
Changing data on fuel consumption allows the owner to prove this fact and claim higher
tax expenses on fuel.

The individual methods used for the purpose of quantifying fuel consumption differ
significantly, not only in the method used to determine the amount of fuel consumed and
the necessary measuring technique, but also in the time-consuming nature of the individual
tests. From the point of view of time consumption, the most effective measurement appears
to be the use of OBD devices. However, in the normal practice of determining the official
measurement of fuel consumption, volumetric flowmeters are used exclusively.

The use of the method of measuring fuel consumption in official measurements
through an exhaust gas analyzer is unlikely, mainly due to the more complicated calculation
of the final results regarding fuel consumption.
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