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Abstract:

This article presents a research methodology that supplements known studies to solve the problem of a correct com-
plementary analysis of vehicles with different drive units. This method can be used at the stage of selecting a car for
specific tasks, as well as for in-service technical condition checks. A new method is proposed for analysing the impact
of operating conditions on the mileage fuel consumption, unit fuel consumption and overall energy efficiency of vehi-
cles. In the study, it was possible to determine the effect of changing the vehicle speed, road gradient angle and vehicle
weight. Tests identifying fuel consumption and efficiency characteristics as a function of vehicle load were carried out
using passenger cars with different drive designs. Carrying out tests under laboratory conditions on a chassis dyna-
mometer bench enabled the precise determination of the change in operating conditions. The criteria adopted for the
evaluation included fuel consumption and overall vehicle energy efficiency. The variable parameters included speed,
vehicle weight, and the road gradient angle. The data for criteria calculation were acquired using a diagnostic tester
with a functional parameter recording function. The application of the presented method enabled a comparison of the
overall energy efficiency of two vehicles equipped with spark-ignition combustion engines, according to the criteria
listed. The experiment showed that in a three-cylinder engine, unit fuel consumption is more sensitive to parameter
changes under identical conditions (speed, vehicle weight, road gradient angle) than in a four-cylinder engine. To
evaluate the drive units of the test vehicles, characteristics of changes in the overall energy efficiency were used as
well. It was observed that in all testing variants, the value increased with increasing road gradient values, with the
intensity of n increase not being constant. A car with a four-cylinder engine has a higher energy efficiency at low
loads. The proposed methodology is relevant for evaluating vehicles with different drive systems (including hybrid)
and adapting drive characteristics to the operating conditions. Partially the presented methodology can also be trans-
ferred to EV vehicles - in terms of energy efficiency.
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1. Introduction

Over recent decades of automotive sector develop-
ment, the main emphasis has been placed on envi-
ronmental aspects, manifested mainly in reducing
harmful substance emissions into the atmosphere.
Fuel consumption measurements are most often per-
formed during standardized operating cycles, which
should be additionally supplemented by, among oth-
ers, traffic mode, road conditions, load weight and
weather conditions (Ismadiyorov and Sotvoldiyev,
2021). One of the methods for reducing emissions is
to reduce vehicle fuel consumption. For many years,
this issue has been at the center of the attention of
researchers worldwide. Huo et al. (Huo et al., 2012)
analysed the fuel consumption index values for indi-
vidual categories of vehicles sold and used in China.
This analysis assessed the effectiveness of the traffic
fuel consumption reduction policy that has been im-
plemented in China since 2004.

However, Wang et al. (wang et al., 2008) carried out
measurements of the effect of the driving style on
fuel consumption using a portable exhaust emission
measurement system. They found that the optimal
fuel consumption of passenger cars per distance unit
occurs between 50-70 km/h. Similarly, a study by
Gonzalez et al. (Gonzalez et al., 2010) also investi-
gated the effect of the driving style on fuel consump-
tion. The study found that an environmentally
friendly driving style reduces the fuel consumption
of cars with a compression ignition engine by ap-
proximately 14%, whereas an aggressive driving
style can increase fuel consumption by up to 40%.
The effect of the driver’s driving style on fuel con-
sumption was also addressed in a study by Yao et al.
(Yao et al., 2020), which additionally proposed a
method for collecting information and building a da-
tabase based on mobile phone data and an onboard
diagnostics (OBD) system. The authors developed
fuel consumption prediction models with a less than
10% relative error. The issue of using an onboard
diagnostics system to determine fuel consumption
was also referred to by Pavlovic et al. (Pavlovic et
al., 2021), who assessed the accuracy of onboard
fuel consumption monitoring instruments in light-
and heavy-duty vans. The tests described in the arti-
cle confirmed the accuracy of monitoring systems at
the required level of +5% for laboratory tests or
road drives. However, statistical analyses showed
that the accuracy of the onboard diagnostics system
could be affected by the average vehicle speed,

acceleration, and overall driving dynamics. A simi-
lar topic was taken up in their work by Abediasl et
al. (Abediasl et al., 2024), who conducted similar
studies on fleet vehicles. Their research aimed to de-
velop practical and accurate models for estimating
instantaneous fuel consumption based on on-board
diagnostics (OBD) data.

Saboohi and Farzaneh (Saboohi and Farzaneh,
2008) focused on developing an optimal driving
strategy, particularly considering the intensified
traffic conditions. They developed an optimal driv-
ing strategy model that was then used to identify the
optimal driving strategy for a vehicle under varying
traffic conditions. Similarly, Mystowski
(Mystowski, 2014) highlighted the discrepancies in
fuel consumption measurements provided by vehi-
cle manufacturers compared to real-life operation
data, in which traffic intensity plays a considerable
role. Lee et al. (Lee et al., 2011) presented a method
for estimating fuel consumption based on infor-
mation acquired via the onboard diagnostics (OBD)
system. The measurement results indicate that the
developed method enables a precise fuel consump-
tion estimation. Kuo and Wang (Kuo and Wang,
2011) developed a route-planning method taking
into account fuel consumption minimisation based
on three main factors, i.e. the distance, driving speed
and the weight of the cargo being transported. Other
factors affecting fuel consumption were also indi-
cated following a 2008 U.S. Department of Energy
report. Similarly, the issue of vehicle route planning
was addressed by Zhang et al. (Zhang et al., 2015),
in which the authors used the RS-TS algorithm, and
in another study by (Zeng et al., 2020), which also
proposed a routing algorithm characterised by fuel
consumption minimisation by the vehicle. However,
Wang et al. (Wang et al., 2015), when analysing the
results concerning the effect of different factors on
fuel consumption of heavy-duty vehicles, deter-
mined that the greatest influence is exerted by the
weight, aerodynamic resistance coefficient and roll-
ing resistance. In the work (Gkyrtis, 2024) attention
was drawn to the influence of road slope on fuel con-
sumption. The authors thus drew attention to the
need to take into account the impact of roads on the
emission of harmful substances, and consequently,
the natural environment, stimulating the ad hoc de-
velopment of fuel consumption models based on ac-
tual measurements, so that local conditions could be
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properly taken into account and used by road engi-
neers and/or urban planners.

2. Literature review

It should be noted that vehicle weight is indicated in
numerous studies as one of the major factors affect-
ing fuel consumption (Fu¢ et al., 2012). This takes
on particular importance nowadays when the weight
of many vehicles is increasing with each successive
generation of a particular model. Reynolds and
Kandlikar (Reynolds and Kandlikar, 2007) high-
lighted fuel consumption in hybrid vehicles. They
observed an increase in the fuel consumption of sec-
ond-generation HEV vehicles, as compared to the
first-generation HEV vehicles. An increase in the
vehicle weight was indicated as the reason, with test
results showing that a 100 kg change in vehicle
weight increases fuel consumption by an average of
0.7 dm®/100 km in combustion-powered vehicles,
whereas this value increases by 0.4 dm3%/100 km in
hybrid vehicles. Del Pero et al. (Del Pero et al.,
2017) also noted that to reduce fuel consumption,
particular attention should be paid to the use of de-
sign solutions that contribute to weight reduction.
Study results from an article by Koffler and Rohde-
Brandenburger (Koffler and Rohde-Brandenburger,
2010) were also cited. In that article, the authors in-
dicated that approximately one-third of a vehicle’s
total fuel consumption depends directly on its
weight. The problem of increasing vehicle weight
was also noted by Van den Brink and Van Wee (Van
den Brink and VVan Wee, 2001). An analysis was car-
ried out to demonstrate that in the Dutch market, in
the last decade of the 20th century, despite techno-
logical developments and exhaust emission stand-
ards being introduced, no reduction was noted in the
fuel consumption of the car fleet. The main identi-
fied reasons included the increasing engine displace-
ment and, specifically, the weight, which increased
successively in each subsequent model generation of
the respective cars. The main reasons for the in-
crease in vehicle weight were found to be the in-
creasingly stringent safety requirements and the in-
creasingly richer equipment provided in cars. Study
results from an article by Mrozik and Merkisz-
Guranowska (Mrozik and Merkisz-Guranowska,
2024) were also cited. In that article, the authors in-
dicated that the mass of BMW 7 Series vehicles
increases on average by about 13£2.0 kg each year.
The relative changes in mass for different groups of

vehicles (segments) in successive production peri-
ods are at a similar level. Cheah et al. (Cheah et al.,
2009) also pointed out that in the US market, the de-
velopment of new vehicles is focused on developing
larger, heavier and more powerful cars, with the re-
sult that the average fuel consumption does not de-
crease as expected as the technology develops. The
authors estimated that when the focus on reducing
fuel consumption increases, the average consump-
tion by new cars could be reduced by as much as
40%. Similar conclusions were drawn by Sprei et al.
(Sprei et al., 2008), who estimated that only approx-
imately 35% of the effects of technology improve-
ments over the period of 1975-2002 resulted in a re-
duction in net fuel consumption, whereas the re-
maining 65% were used to meet consumer expecta-
tions for improved vehicle comfort and dynamics.
Similarly, the authors of a paper (Romero et al.,
2024) pointed out that vehicle weight is a major fac-
tor affecting fuel efficiency. They also pointed out
that reducing weight not only reduces the need for
tractive power (road climbing and acceleration), but
also affects the reduction of wheel rolling resistance,
which undoubtedly leads to fuel savings (Tao and
Quang, 2024). Therefore, at the stage of designing
and manufacturing new vehicles, special attention
should be given to the use of lightweight compo-
nents for their construction, which can contribute to
a reduction in the weight of the structure and, conse-
quently, to a reduction in fuel consumption
(Chirinda and Matope, 2020, Subadra et al., 2020) It
should be noted that the use of hybrid and electric
drives has grown rapidly in popularity in recent
years. What is characteristic is that these vehicles
have a greater weight than their conventionally pow-
ered counterparts. Hence, in recent years, most of
the research on traffic energy intensity has focused
on the energy intensity of electric vehicles. The mass
of the vehicle as one of the main factors influencing
the energy intensity of vehicles was identified in a
paper (Weiss et al., 2024). The authors analysed the
energy consumption of 342 electric car models and
indicated that each additional 100 kg of vehicle mass
increases energy consumption by about 0.2
KWh/100km. In contrast, the work (Weiss et al.,
2020) showed that each additional 100 kg of passen-
ger car mass increases energy consumption by ap-
proximately 0.6 kWh/100km. The authors of paper
(Berjoza et al., 2024) also carried out a study of the
effect of changing the weight of an electric car on its
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energy intensity. On the other hand, the authors of
the paper (Silva et al., 2024) dealt with the analysis
of the selection of an appropriate means of transport
in the process of parcel delivery in courier compa-
nies. Different means of transport with different pro-
pulsion sources were adopted and their energy inten-
sity was analysed. The authors pointed out that ter-
rain is important in the parcel delivery process, so
analyses were carried out on the impact of road gra-
dient on parcel delivery operations. On the one hand,
the focus was on the energy intensity of the traffic,
and on the other hand, on the increase in delivery
time due to the slopes of the means of transport. Sim-
ilarly, in the article (He et al., 2022) the focus was
on the comparison of fuel consumption and exhaust
emissions of vehicles with different power sources.
Attention was also drawn to significant differences
in the emission levels during cold and hot engine
start-ups. The issue of the influence of road slope
and vehicle weight on fuel consumption was also
raised in the work (Rosero et al., 2021). The authors
conducted tests of the influence of the above factors
in city buses, one of which was fuelled with com-
pressed natural gas, while the other one was fuelled
with diesel oil. The measurement cycle was carried
out in real traffic conditions in Madrid. In the work
(Giechaskiel et al., 2021), the authors added the am-
bient temperature to the factors influencing fuel con-
sumption and emission levels. After conducting the
test cycle, it was observed that, about the reference
conditions (23 °C), CO2 emission increases with a
drop in temperature significantly below 0 °C (in the
range of -10 to -30 °C), as well as with a significant
increase in ambient temperature (50 °C) and the use
of air conditioning in such conditions. On the other
hand, driving uphill in a vehicle towing a trailer
caused 2-3 times higher CO2 emissions. The influ-
ence of road slope on fuel consumption was also dis-
cussed in (Sarkan et al., 2022), where the authors fo-
cused on the issue of terrain in the vicinity of inter-
sections and the need for vehicles to start on a flat
road, uphill and downhill. In view of this, the present
study aimed to investigate the effect of vehicle
weight on the energy intensity of driving under var-
ying operating conditions.

Based on an analysis of the state of affairs, it can be
found that there are no comprehensive studies to
compare the energy efficiency of vehicles with var-
ying engine designs and varying technical condi-
tions. To this end, the paper proposes a new method

for analysing the impact of operating conditions on
the mileage fuel consumption, unit fuel consumption
and overall energy efficiency of vehicles. This
method can be used at the stage of selecting a car for
specific tasks, as well as for in-service technical con-
dition checks.

3. Research methodology

3.1. The object of the study

Tests identifying fuel consumption and efficiency
characteristics as a function of vehicle load were car-
ried out using two passenger cars with different
drive designs. Both cars were classified as B-seg-
ment (urban cars) according to the European classi-
fication. They were equipped with naturally aspi-
rated spark-ignition engines with indirect fuel injec-
tion. Each car had a manual gearbox with five gears.
The main parameters characterising these vehicles
are provided in Table 1. The vehicles had similar
mileage (approximately 60 000 km). They had pre-
viously been used by a single owner for a period of
three years. The cars differed in engine design. The
combustion engines from car A and car B met the
EURO 6 exhaust standard.

The tests were carried out using two conventional
vehicles (Table 1), which differed, e.g., in the num-
ber of cylinders and the mean piston speeds Sn/30,
where n is the engine crankshaft speed. The three-
cylinder engine of car A was characterised by a
higher piston stroke value S, which translated into a
higher mean piston speed of 17.25 m/s, whereas the
four-cylinder engine of car B was characterised by a
lower mean piston speed of 13.75 m/s. Values in the
range of 17-23 m/s are the limit values for engines
used in cars (Heywood, 1988). As noted in a study
by Filipi and Assanis (Filipi and Assanis, 2000), en-
gines with a longer piston stroke, achieving an S/B
dimension ratio of 1.3, are characterised by a higher
thermal efficiency of approximately 3-4%, as com-
pared to engines with a short piston stroke.

Since passenger car engines most often operate at a
low or medium load, the improvement in thermal ef-
ficiency of long-stroke engines, as described in a
study by Filipi and Assanis (Filipi and Assanis,
2000), may manifest itself in fuel consumption.
However, a number of other factors, including me-
chanical efficiency, inertia, wear of the piston or the
cylinder bearing surface, and changing valve timing,
can eliminate the benefits of extended engine piston
stroke at certain load values.
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Table 1. Vehicle characteristics

Parameter Car A CarB
Engine capacity, dm® 12 1.4
Piston stroke S / piston diameter B, mm 90.5/75 75177
Number of cylinders 3 4
Maximum engine power at rpm, KW/rpm 60 /5750 75 /5500
Maximum torque at rpm, Nm/rpm 118 /2750 137/ 4200
Car weight, kg 1150 1170
Permissible load capacity, kg 530 580
Air resistance coefficient c 0.29 0.30
Frontal surface A;, m? 212 22
Mileage, km 58 500 61 000

3.2. Testing apparatus

Fuel injection, crankshaft speed, torque and other
engine operation parameters were recorded using a
Texa TXTs Navigator (Fig. 1c) diagnostic tester and
a dedicated version of IDC5 Cars software. In addi-
tion to computer diagnostics for many categories of
vehicles, the instrument also enables the recording
of operating parameters of individual vehicle com-
ponents. As for the tests performed in the study, it
was used to record data from the engine controller.
The diagnostic head was connected to the vehicle via
a standard OBD2 connector, whereas the laptop
computer was connected via Bluetooth Class 1 wire-
less connection (maximum range of 30 m). This in-
strument enabled recording at a sampling rate of 2
Hz. The device supported the following communi-
cation protocols: blink codes, K, L, 1S09141-2,
1SO14230, CAN 1S011898-2, 1S011898-3, SAE
J1850 PWM, SAE J1850 VPW, SAE J2534-1. The
device was equipped with CORTEX M3
STM32F103ZG 72 MHz hardware, 1024 KBytes
FLASH, 96 KBytes SRAM and SRAM memory: 8
Mbit - 512 Kb x 16 bit NAND, flash memory: 1 GBit
on an 8-bit bus. The device was equipped with a two-
way multiplexer, thirteen-channel. Before the test-
ing began, the device was set up using the Rec&Play
function, which is used to record changes in selected
engine operation parameters over time. Texa TXTs
Navigator diagnostic tester can be used in research
to record the operating parameters of individual
components (Rymaniak et al., 2020, Vrublevskyi et
al. 2023). The Texa TXTs Navigator that the authors
used for their research was manufactured in 2020.
The device had the latest software version.

The investigation of the effects of speed, vehicle
weight, and road gradient angles on the mileage fuel
consumption, unit fuel consumption, and energy ef-
ficiency of the vehicles was conducted using an
MAHA LPS 3000 4x4 (Fig. 1a) two-axle load chas-
sis dynamometer. The chassis dynamometer meets
the following standards related to dynamic measure-
ments of vehicles: DIN 70020, EWG 80/1269, ISO
1585, JIS D 1001, and SAE J 1349. Thanks to the
use of a chassis dynamometer, it was possible to
simulate real vehicle traffic conditions under repro-
ducible laboratory ambient conditions. The chassis
dynamometer used enabled the performance of
power measurements and load simulations for pas-
senger cars with a maximum output of up to 520 kW
(for two-axis drive vehicles) or 260 kW (for single-
axis drive vehicles). The main parts of the simula-
tion and measurement station included two eddy
current brakes, two integrated sets of rollers (two
rollers per axle), sliding plates, exhaust extraction
systems, an air circulation-forcing system including
a fan, a remote control panel, and a communication
panel with a computer on which the control software
(Fig. 1b) was installed. The dynamometer roller di-
ameter was 504 mm, and the weight of the entire
roller set was 1300 kg. The maximum axle load of
the dynamometer is 2500 kg. The dynamometer has
the ability to change the wheelbase of the rollers.
The dynamometer has a pneumatically adjustable
roller threshold. The dynamometer is powered by
400V voltage. The Maha LPS 3000 dynamometer
that the authors used for the study was manufactured
in 2012. The device had a current approval for test-

ing.
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Measurement program

Maha LPS
3000 4x4

Roller sets
(4x4)

Exhaust gas
extractor

R

Texa TXTs
Navigator

Fig. 1. The research stand and measuring equipment: a. MAHA LPS 3000 4x4 two-axle dynamometer,
b. Measurement program, c.Texa TXTs Navigator diagnostic tester

3.3. The course of testing

During the tests, it was necessary to simulate differ-
ent load variants to identify the effects of the car’s
weight (including load) and speed on fuel consump-
tion ge and energy efficiency » (Fig. 2). Measure-
ments were taken for four simulated load variants for
each test vehicle. The tests that were performed first

were those with a load of only the driver’s weight
(OW), followed by a simulation with a load of %2 of
the permissible load capacity (50% L). The third
variant was a load that took a value of % of the per-
missible load capacity (75% L), whereas the fourth
variant simulated the full load of the test car (TM).

OBD interface £ ,6| consumption,

torque,

chassis dyno’ rotation speed,

e

calculated I
» energy
requirement

Fig. 2. Diagram for determining the overall efficiency of the test vehicles
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Each of the two cars performed four test drives. Each
drive was conducted with a fixed simulated load var-
iant (OW, 50% L, 75% L, TM). Moreover, each test
drive comprised several stages. The first stage was
keeping the vehicle at a standstill with the engine
running for 120 seconds (Fig. 3). Three main stages
were then distinguished, i.e. driving at a speed of
50 km/h on the third gear ratio of the gearbox, driv-
ing at 70 km/h on the fourth gear ratio, and driving
at 90 km/h on the fifth gear ratio. Each stage was
preceded by an acceleration phase and a deceleration
phase, each lasting 30 seconds. In addition, the final
stage was a standstill (90 seconds), during which the
vehicle engines were running at idle. The essential
driving stages lasted 180 seconds each, during which
a change in the road gradient was simulated every
30 seconds. The first 30 seconds involved driving at
a gradient of 0%, the next 30 seconds at a gradient
of 1%, and then at 2%, 3%, 4% and 5%, respectively.
The road gradient was determined from the relation-
shipw = tan a - 100%, where a is the road gradient
angle. However, the analysis of fuel consumption
values omitted the stages during which the vehicles
were not moving due to the fact that the weight of
the vehicle did not affect the test results at that time.
The tests were carried out at speeds of 50, 70 and 90
km/h, as these are the most common permissible
speeds on the roads of the European Union coun-
tries. On the other hand, the selection of gear ratio at
a given speed was dictated by the fact that, when
driving at a particular speed, it was not necessary to

—W [%]

0

0 50 100 150 200 250 300 350 400 450

reduce the drive system ratio as the gradient of the
road increased.

The simulated road gradient value was changed dur-
ing the test using the chassis dynamometer software.
However, before the testing, the values of the Ae and
Ce parameters had to be entered for each load vari-
ant, in addition to the weight of the vehicles and the
road gradient, in order to simulate the traffic condi-
tions. These were, respectively, parameters related
to the individual components of resistance to mo-
tion:

Ae — equivalent of the power lost to overcome rolling
resistance:
Ae=fr-m-g-V, 1)
where fr - rolling resistance coefficient (for calcula-
tions, fr=0.012 is assumed), m — vehicle weight, g —
gravitational acceleration, V — vehicle speed (for cal-
culations, V = 25 m/s is assumed).

Ce — equivalent of the power lost to overcome aero-
dynamic resistance:
Co=05"pg cy A V53, )
where pa — air density, Ac — vehicle frontal area, cx —
air resistance coefficient.

Table 2 provides the calculated values of the coeffi-
cients taken into account during simulated drives for
both cars.

100
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Fig. 3. Speed and gradient profile for one test stage
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Table 2. Values of the coefficients taken into account during simulated drives

Load variant Car A CarB
m, kg Ae, kW Ce, kW m, kg Ae, kW Ce, kW
ow 1150 3.38 1170 3.44
50% L 1415 4.16 1460 4.30
75% L 15475 4.55 5.28 1605 4.72 567
™ 1680 4.94 1750 5.15
In order to determine the mileage fuel consumption, in linear motion, and
the following relationships were used:
I 2
Eyo = - (7)

Q=3 m- sy VT Ty ®
where zjj - injection time on each cylinder, n; - engine
crankshaft revolutions, Vj - vehicle speed, km/h, i -
cylinder number, j - measuring point number, sw —
injection constant for a particular injector type (for
car A, sw=0.0028 I-s, for car B, sw=0.0037 I-s%).
The first criteria - unit fuel consumption gej was de-
termined from the following relationship:

gej = 9549 - pr -30 - 5, M1 X 1 (4)
where M;j - engine torque at a particular moment, ps
— fuel density.

During the testing, the focus was on assessing the
energy intensity of the movement of the two test ve-
hicles. To this end, energy consumption per unit of
distance covered, expressed in kJ/km, was deter-
mined. The energy demand of a vehicle in motion
(Fig. 4) was determined as (Kropiwnicki, 2011):

E=[(Fy v(®)dt, )
where tc - cycle duration, Fop - the sum of motion
resistance forces acting on a moving vehicle.

The sum of motion resistance forces acting on a ve-
hicle comprises the rolling resistance force F, air re-
sistance force Faero, grade resistance force Fw, iner-
tial resistance force Fb, the sum of internal vehicle
resistance force Fwew.

Since the focus of this study was on the amount of
energy supplied to the system in the form of fuel be-
ing consumed, considerations of the energy intensity
of vehicle movement were presented. A vehicle in
motion has kinetic energy that can be divided into:

mv?
Ekp = >

(6)

in rotational motion, where 1 is the mass inertial mo-
ment of the rotating components of the drive system,
and o is their angular velocity. In addition, the test
plan assumed changes in the simulated road gradient
value, which allowed the vehicle’s engine parame-
ters to be recorded as it was driving up steep roads.
Thus, the present considerations must take into ac-
count changes in potential energy that are deter-
mined according to the equation:

®)
where h is the height at which the vehicle is located.

Based on the parameters recorded, the change in
height can be expressed as:

E,=m-g-h,

Ah = As - sina, C)]
where Ah = h;; — hjand As = 5,4 — s;.

For each of the test vehicles, the energy balance can
be presented as follows (Mitschke, 1977, Gillespie,
1992):

E = Ef + Eaero + Eko + Ekp + Ep + El (10)
E=f-Qif, V)dt + 05 ¢y pg- A -
[ v@®*dt+05-1- [ e(®dt +05-m-  (11)

fOTa(t)dt +m-g- foT sina - V(t)dt + E;

where Er— energy consumed to overcome rolling re-
sistance, Eaero — energy consumed to overcome aer-
odynamic resistance, Ej — energy losses, Qi — ground
response force acting on the wheel, | — inertial mo-
ment of the rotating components, ¢ — angular accel-
eration, T — single test stage duration.
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Fig. 4. A system of forces and moments acting on a moving vehicle: Qt,Qp — forces of ground response to
driving wheels, Ft,Fp — wheel driving forces, Fr,Ffp — rolling resistance forces, G — vehicle weight, Fw
— grade resistance force, Fp — inertial force, Faero — air resistance force, L — distance between driving
wheel axles, a,b — distances of the wheel axles from the vehicle centre of mass, hp — height of the
resultant air resistance force application, hs — height of the vehicle centre of mass position.

Based on the calculations made and the fuel con-
sumption measurements carried out, the value of the
overall efficiency of the vehicle’s drive system was
determined for each of the test variants. To this end,
the fuel consumption results calculated according to
relationship (3) were converted, and after the con-
version, the value of energy per unit of distance was
determined according to the following:

o= 2., (12)
where Qave — average mileage fuel consumption, Qw
— fuel calorific value.

After determining the amount of energy per unit of
distance according to equation (12), and the amount
of energy required due to the vehicle’s movement
conditions according to relationship (11), the second
criterion, namely the overall energy efficiency of the
drive system, was determined:

n=4100,% (13)

The #n values obtained were used to analyse and
compare the efficiency of the two test vehicles.

4. Test results

4.1. Analysis of operational fuel consumption
The analysis of the test results obtained began with
comparing the average mileage fuel consumption
Qave at simulated vehicle loads. While this compari-
son has a certain utilitarian value, it is not sufficient
to analyse all the aspects affecting fuel consumption.
Furthermore, it cannot be used to compare electri-
cally powered cars or vehicles with other non-con-
ventional drive sources.

During the tests, each car covered a total distance of
46 km (three simulated speed variants and four sim-
ulated weight variants). To cover this distance, the
car with the three-cylinder engine consumed 3.91 li-
tres of fuel, whereas the car with the four-cylinder
engine consumed 3.97 litres of fuel.

However, such a comparison can be extremely use-
ful at the first stage of analysing the simulation re-
sults. A graphical interpretation (Fig. 5) of the rela-
tionship Qave=f(m, V, w) was obtained for 72 exper-
imental points. At the same time, the surfaces in
Fig. 5 present the average fuel consumption value
Qave as a function of speed V and road gradient w.
The generalised empirical relationship
Qave=f(m, V, w) can be represented by the follow-
ing equation:
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Qave = (14)
(a1 + a;V + agw + a, V2 + asVw + agw?)ay,

where a1 - as are the coefficients of the quadratic
equation describing the surface (Table 3), and awm is
the coefficient taking into account the weight of the
car (Table 3).

Under analogous vehicle load conditions, significant
differences were noted in mileage fuel consumption
between vehicles A and B (Fig. 5). It was found that
at a speed of 50 km/h in a car with a three-cylinder
engine (A) when driving on a flat road (road gradient
equal to 0%), there were relatively small differences
in fuel consumption between the three smaller sim-
ulated load variants. The average fuel consumption
was only noticeably higher, with a load equal to the
permissible total weight. With a road gradient of 1%,
there was a clear increase in fuel consumption when
simulating a load equal to 75% of the permissible
total weight. Starting from a road gradient value of
2%, clear differences can be observed between the
individual load variants in the values of the average
mileage fuel consumption. When comparing the
minimum and maximum road gradient values, it can
be seen that, with each load variant, there is an in-
crease in the average mileage fuel consumption of
around 4 dm?/100 km. At a speed of 70 km/h, when

o D
vehicle A

WHROM D O

driving on a flat road, relationships similar to those
in the previous case were noted. However, at higher
road gradient values, greater differences in the aver-
age mileage fuel consumption can be observed be-
tween the individual load variants. Particularly large
increases in fuel consumption occurred at road gra-
dient values of 4% for a load equal to the permissible
total weight and at a 5% road gradient for a load
equal to 75% of the permissible total weight. When
comparing the minimum and maximum road gradi-
ent values, an approximately twofold increase in the
average mileage fuel consumption can be observed
for each load variant. Compared to the previous
driving speeds, at a speed of 90 km/h, it can be found
that there are greater differences in the average mile-
age fuel consumption between the individual simu-
lated load variants. In addition, when simulating a
load equal to the vehicle’s curb weight, there was a
significant increase in the average mileage fuel con-
sumption with an increase in the road gradient. This
was particularly evident when comparing the results
for road gradients of 0% and 5%. On the other hand,
at the maximum simulated load, the increases in the
average mileage fuel consumption as a function of
the road gradient were no longer as great, especially
starting from a road gradient of 3%.

o oD
vehicle B

Fig. 5. A change in fuel consumption in the space of speed V and road gradient w for cars A and B
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able 3. Empirical coefficients of equation (15) for the test vehicles

am
a a & a a a OW 50% 75%  TM
vehicle A 88439 -0.1183 08243 0001 _ -854E-05 00224 086 096 104 116
vehicle B 6.8028 -0.0436 _ 0.2944 0.0003 00102 _ 00188 084 096 106 1.7

As compared with car A with the three-cylinder en-
gine, in car B, equipped with the four-cylinder en-
gine, one can observe that at a speed of 50 km/h,
there are clear differences in the average mileage
fuel consumption between each simulated load var-
iant. With an increase in load and an increase in road
gradient, the average mileage fuel consumption in-
creased significantly. A similar situation occurred
when driving at a speed of 70 km/h. Here, an even
greater effect of the road gradient on the average
mileage fuel consumption can be observed, espe-
cially for the test in which a load equal to the total
permissible vehicle weight was simulated. In this
case, when comparing road gradients of 0% and 5%,
the difference in the average mileage fuel consump-
tion was approximately 8 dm3/100 km. On the other
hand, when comparing the average mileage fuel con-
sumption at a road gradient of 5%, the difference be-
tween drives with simulated curb weight and simu-
lated permissible total weight was nearly 5
dmé/100 km. Based on the results of tests carried out
on the car with the four-cylinder engine at a speed of
90 km/h, it can be found that, with road gradients of
0% and 1%, the average mileage fuel consumption
during tests with a simulated load of 75% of the per-
missible total weight and with a load of the permis-
sible total weight, remained at a similar level. How-
ever, it was considerably larger than the two smaller
load variants. At higher road gradient values, the dif-
ferences between all load variants were already
clear. For each load variant, when comparing the av-
erage mileage fuel consumption at road gradients of
0% and 5%, a more than twofold increase in the fuel
consumption value can be observed.

Figures 6 and 7 summarise the values of changes in
the mileage fuel consumption of cars A and B due to
the increase in car weight about the results collected
for tests with curb weight load. In car A with a three-
cylinder engine (Fig. 6), the largest increases in av-
erage mileage fuel consumption after loading the ve-
hicle occurred at a driving speed of 70 km/h. When
simulating a 100% weight load, as compared to a
simulation of a load equal to the vehicle’s curb
weight, at a speed of 70 km/h, there was an increase

in the average mileage fuel consumption of approx-
imately 35%, whereas at a speed of 90 km/h, there
was an increase of nearly 30%, and at a speed of 50
km/h, there was an increase of over 25%. When sim-
ulating a load equal to 75% of the permissible total
weight at driving speeds of 50 and 90 km/h, there
was an increase in the average mileage fuel con-
sumption, as compared to the simulation of a load
equal to the curb weight, of approximately 15%,
whereas at a speed of 70 km/h, there was an increase
of over 20%. When simulating a load equal to 50%
of the permissible total weight, the increases in the
average mileage fuel consumption were, at speeds of
50 and 90 km/h, over 5%, whereas at a speed of 70
km/h, they were over 10%.

In car B with the four-cylinder engine (Fig. 7), the
largest increases in the average mileage fuel con-
sumption after loading the vehicle with a simulated
weight were observed at a driving speed of 50 km/h.
When simulating a full load, as compared to the load
value equal to the curb weight, there was an increase
in the average mileage fuel consumption of approx-
imately 50%. When simulating a 75% load, the av-
erage mileage fuel consumption increased by nearly
30%, whereas when simulating a 50% load, it in-
creased by over 10%. At a speed of 70 km/h, it
amounted to nearly 40%, almost 30% and 10%.
However, at a speed of 90 km/h, the changes
amounted to approximately 30%, 20% and 10%.

4.2. Analysis of unit fuel consumption and
changes in vehicle energy efficiency
An analysis of the change in the unit fuel consump-
tion ge (Fig. 8-10) enables a comparison of the drive
units of the cars not in general terms, such as, for
example, fuel consumption per unit of distance cov-
ered by the car, but also in terms of the adaptation/re-
sponse of the internal combustion engine to a change
in load simulated on the dynamometer. When ana-
lysing the results summarised in Fig. 8, it can be
found that in the car with a three-cylinder engine
with a piston stroke-to-diameter ratio of 1.2, when
driving at a speed of 50 km/h, there was a high sen-
sitivity both to an increase in the vehicle load and to
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an increase in the simulated road gradient, mani-
fested by changes in the unit fuel consumption ge.
As the load on the car increased, there was a reduc-
tion in ge. This indicates more favourable conditions
for the course of the operating process in the cylin-
ders due to the greater relative time in the engine

with a longer piston stroke (Filipi and Assanis,
2000).

In a four-cylinder engine, at a speed of 50 km/h, ge
changes slightly as the road gradient changes

(Fig. 8).

B Change in the fuel consumption when simulating a 50% load

O Change in the fuel consumption when simulating a 75% load
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increase in car weight in relation to the results
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Changes in fuel consumption of cars due to the
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B Change in the fuel consumption when simulating a 100% load
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Fig. 6. A comparison of fuel consumption after loading car A with a weight in relation to fuel consumption
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= =TM 3cyl
= =TM 4cyl
—75% L 3cyl
—75% L 4cyl

w [%]

Fig. 8. A pattern of changes in unit fuel consumption in cars A and B during a test at a speed of 50 km/h

At a speed of 70 km/h, the relative change in the unit
fuel consumption ge for the two test engines is al-
most identical at higher road gradient values. In this
case, a greater effect of the load conditions on ge can
be observed for the four-cylinder engine (Fig. 9). For
both engines, an increase in the ge value was ob-
served as the engine load increased. This is due to a
reduction in the relative time of mixture preparation
and combustion and an increase in mechanical fric-
tion losses. Consequently, the three-cylinder engine
virtually has characteristics similar to those in Fig.
8, and, at the maximum test loads, it achieves ge val-
ues similar to those of the four-cylinder engine.

When analysing the results of tests carried out at a
speed of 90 km/h, it can be found that the nature of

changes in unit fuel consumption (Fig. 10) was dif-
ferent. In the four-cylinder engine, changes in ge for
the two presented car weights were almost identical.
This indicates that engine performance is more in-
fluenced by factors related to achieving a particular
speed of 90 km/h. At the same time, the three-cylin-
der engine shows a greater dependence on the
weight of the car. As the weight increases, there is
an increase in the unit's fuel consumption, which
ranges from 30 to 70 g/kWh. The other relationships,
i.e. a decrease in ge with increasing load for the
three-cylinder engine and an increase in ge for the
four-cylinder engine, are similar to those at speeds
of 50 and 70 km/h.

450
400
350
300 \ —=
e e ez
= 250 —— g diuliuiin
P —— o=
00 T
I
150 = =TM 3cyl
100 - =TM 4yl
50 —75% L 3cyl
——75% L 4cyl
0
0 1 2 3 4 5
w [%]

Fig. 9. A pattern of changes in unit fuel consumption in cars A and B during a test at a speed of 70 km/h
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Fig. 10. A pattern of changes in unit fuel consumption in cars A and B during a test at a speed of 90 km/h

A significant amount of information is provided by
the characteristics of the change in energy effi-
ciency #. In contrast to the unit fuel consumption,
which has a high analytical potential for engine eval-
uation, # also enables an overall assessment of the
performance of both the engine and the gearbox.
This includes the efficiency of the selected gearbox
ratio and the condition of the engine-transmission-
wheels systems. For all the test conditions of the

n 30%

25%

20%

15%

10%

5%

0%
0% 1% 2%

engine-transmission-wheel system load, the # in-
creases with an increase in the road gradient
(Figs. 11-13).

At the same time, the intensity of the # value in-
crease is not constant. Within the road gradient
range of 3-5%, there is a deceleration in the increase
in 5. The decelerating moment is not constant for the
test vehicles and tends to move towards higher road
gradient angle values as the vehicle speed increases.

---TM3cyl
- =-=-TM4cyl
——75%L 3cyl
——75% L4cyl

3% 4% 5%
w

Fig. 11. Changes in the energy efficiency of the test vehicles at a speed of 50 km/h and varying road gradient

value
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15%
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Fig. 12. Changes in the energy efficiency of the test vehicles at a speed of 70 km/h and varying road gradient

value
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Fig. 13. Changes in the energy efficiency of the test vehicles at a speed of 90 km/h and varying road gradient

value

The engine-transmission-wheel system achieves a
maximum efficiency of 22-30% at a maximum road
gradient of 5%. It can be noted that a reduction in
the vehicle weight leads to an increase in #, or main-
tains efficiency at a level similar to that at a greater
load. According to the # criterion, the comparison of

engines is not perfect and provides insufficient in-
formation. Other systems exert a significant influ-
ence, especially the power transmission system. In
this aspect, what may be of interest is the generalised
characterisation (Fig. 14), where the area of all pos-
sible # values is marked in grey for the two cars.
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Fig. 14 Area (grey colour) of a change in the energy efficiency of the vehicles

Starting from the road gradient of 1%, the efficiency
values for the two cars are convergent. The maxi-
mum efficiency values of 17-19% are achieved at a
speed of 90 km/h on a road with a 1% gradient and
those of 20-22% at a 2% gradient. At a road gradient
of 3%, such efficiency concentration can be ob-
served for a speed of 70 km/h. The absolute values
of 22-24% are not the maximum values for this ve-
hicle load. For a speed of 50 km/h, no such concen-
tration can be identified for the two cars.

The reasons for the characteristic properties de-
scribed are interesting. One of the ways to increase
efficiency may be to optimise the selection of gear-
box ratio under particular conditions. In this case,
the overall energy efficiency will be the criterion,
and the gearbox ratio will be the decisive parameter.

5. Summary

It can be found that there are no comprehensive stud-
ies to compare the energy efficiency of vehicles with
varying engine designs and varying technical condi-
tions. To this end, the paper proposes a new method
for analysing the impact of operating conditions on
the mileage fuel consumption, unit fuel consumption
and overall energy efficiency of vehicles. This
method can be used at the stage of selecting a car for
specific tasks, as well as for in-service technical con-
dition checks. The innovative vehicle testing meth-
odology presented in this paper complements known

studies aimed at solving the problem of a correct
comparative analysis of vehicles with different drive
units. In the study, it was possible to determine the
effect of changing the vehicle speed, road gradient
angle and vehicle weight. The criteria adopted for
the evaluation of the test vehicles included mileage
fuel consumption, unit fuel consumption, and over-
all energy efficiency.

1. Based on the analysis of changes in the unit fuel
consumption ge, it was observed that a three-
cylinder engine, when driving at a speed of 50
km/h, was characterised by a high sensitivity to
changes in load, manifested by a decrease in the
ge values with an increase in the road gradient.
This is due to the more favourable conditions
for the course of the operating process in the
cylinders, resulting from the longer relative
time in the engine with a longer piston stroke.
As for a four-cylinder engine, no significant
changes in ge were observed. At a speed of 70
km/h, the two engines were characterised by
similar patterns of changes in ge. However, at
the highest speed of 90 km/h for the four-cylin-
der engine, very similar patterns of changes in
ge Were observed for the two vehicle weights
presented in the graphs. This was due to the
greater load on the engine, resulting from over-
coming mainly the aerodynamic resistance
force at a pre-set speed of 90 km/h. On the other
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hand, for the three-cylinder engine, a greater
dependence of ge on the vehicle weight was ob-
served, manifested by an increase in the ge
value from 30 to up to 70 g/kWh.

2. An analysis of the average mileage fuel con-
sumption shows that the scatter of the absolute
values is greater for car B. The highest con-
sumption for the tested car loads was also noted
for car B (a speed of 70 km/h, w = 5%, a maxi-
mum weight). Car B consumed 1.5% more fuel
over the entire test cycle, which indicates the
higher efficiency of the three-cylinder engine
when operated under urban conditions.

3. In car A with the three-cylinder engine, the
largest increases in average mileage fuel con-
sumption after loading the vehicle occurred at
a driving speed of 70 km/h. When simulating a
total permissible weight load, as compared to a
simulation of a load equal to the vehicle’s curb
weight, at a speed of 70 km/h, there was an in-
crease in the average mileage fuel consumption
of approximately 35%, whereas at a speed of 90
km/h, there was an increase of nearly 30%, and
at a speed of 50 km/h, there was an increase of
over 25%. In car B with the four-cylinder en-
gine, the largest increases in average mileage
fuel consumption after loading the vehicle with
a simulated weight occurred at a driving speed
of 50 km/h (an increase of approximately 50%).
At a speed of 70 km/h, it amounted to nearly
40%, whereas at a speed of 90 km/h it was ap-
proximately 30%.

4. To evaluate the drive units of the two test vehi-
cles, characteristics of changes in the overall
energy efficiency # were used as well. It was
observed that in all testing variants, the # value
increased with increasing road gradient values,
with the intensity of # increase not being con-
stant. For road gradients within the 3-5% range,
there was a deceleration in the increase in 7,
whereas it was noted that for greater speeds,
this deceleration tended to shift towards higher
road gradient values. The overall energy effi-
ciency of the vehicle drive reached a maximum
value of 22-30% at the maximum test road gra-
dient of 5%. It should be noted that reducing the
vehicle weight contributed to an increase in 5
or maintained the value at a level similar to that
during tests with a greater vehicle load. Un-
doubtedly, one way to increase the overall

energy efficiency could be to optimise the total
gear ratio value in the vehicle drive system un-
der particular conditions, where » would be the
criterion, whereas the gear ratio would be the
decisive parameter.

5. The experiment showed that in a three-cylinder
engine, unit fuel consumption is more sensitive
to parameter changes under identical condi-
tions (speed, vehicle weight, road gradient an-
gle) than in a four-cylinder engine. A car with
a four-cylinder engine has a higher energy effi-
ciency at low loads.

Similar tests can be continued in numerous scientific
studies. The same comparisons and analyses can be
carried out on cars with compression ignition en-
gines. In addition, tests can be carried out to identify
the effects of individual parameters related to body
design, e.g. the aerodynamic coefficient and the
frontal area, on the average mileage fuel consump-
tion, unit fuel consumption, and the overall energy
efficiency of vehicles. In addition, tests can be per-
formed to identify the effect of the gear ratio in the
drive system on these parameters during tests per-
formed on a chassis dynamometer under varying
load conditions (speed, road gradient, etc.). Anal-
yses identifying the energy consumption over a dis-
tance and the overall energy efficiency of vehicles
can also be used to compare cars with electric, hy-
brid or other non-conventional drive sources, as well
as cars powered by LPG, CNG, LNG gases, etc. The
application of the comparison of the overall energy
efficiency of vehicles enables the performance of
analyses of the efficiency of the use of energy sup-
plied in the form of electricity or fuel and, conse-
quently, the identification of the most advantageous
source of vehicle drive, depending on the conditions
of its planned operation. Such a comprehensive ap-
proach related to the selection of drive sources
would allow the energy consumed for transport to be
used in an optimal manner, regardless of the form in
which the energy is supplied.

In the next works, the authors will analyse changes

in CO2 emissions as a function of changes in vehicle

design parameters. They will also analyse the effect
of changes in the weight and weight distribution of

trucks with a maximum permissible weight of 3.5

tonnes on changes in CO, NOx and CH emissions.

These tests will be carried out on a chassis dyna-

mometer and in real traffic conditions.
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Abbreviations:

OBD — On-Board Diagnostics

RS-TS algorithm — Route Splitting Tabu Search al-
gorithm

HEV — Hybrid Electric Vehicle

us — United States

ow — load of only the driver’s weight

™ — total mass

LPG — liquefied petroleum gas

CNG — compressed natural gas

LNG — liquefied natural gas
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