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Abstract: The presented article deals with research on the dependence between road vehicle fuel
consumption and the longitudinal height profile of the road. The main research goal is to investigate
the difference in fuel consumption during acceleration on different longitudinal profiles of the road
(i.e., flat surface, downhill) based on the actual investigation. In the first part of the article, important
factors influencing fuel consumption during vehicle acceleration are summarized and a review
of literature dealing with this issue is carried out. The next part focuses on the very real-world
measurement. In addition to fuel consumption, other parameters were recorded that could be
detected by a professional measuring laboratory. In the final part of the article, all the recorded
data are evaluated, compared with research question and an actual example is given. Based on the
evaluation, it could be concluded that approx. 100 L of fuel can be saved in one week thanks to the
implemented measures. Thereafter, recommended possibilities for further use of these findings in
technical practice are outlined in the conclusion.
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1. Introduction

The issue of vehicle fuel consumption investigation has been the focus of many
research teams for many years, not only from research institutions, but also, for example,
from automotive development teams or independent experts [1]. The results of such
research are projected, into data on vehicle consumption in urban and non-urban traffic,
their combination, average values, and so on [2]. Data on the fuel consumption of vehicles
are also included in the technical parameters of vehicles, while the exact methodology for
the given measurements is also specified in the implementing decrees of relevant legislative
regulations [3]. However, the actual fuel consumption of vehicles can be completely
different from the values provided by the manufacturer. This can be due to a wide array
of factors, wherein the technical condition of the vehicle and its powertrain, driving style
or fuel quality play a big role, as well as other influences such as climate and road and its
material and height profile [4]. The physics of motion indicates that rapid fuel consumption
occurs during acceleration. Although accelerations last for a relatively short time, they occur
very often, e.g., when vehicles are in motion in the urban environment [5]. In addition to
increased fuel consumption, acceleration is also associated with emissions (mainly exhaust
gases and noise) [6]. This research focuses on acceleration from 0 km/h on a distance of
about 30 m and analyzes fuel consumption and its changes when the vehicle accelerates on
a flat surface or downhill [7]. Based on the above, the research question is formulated as
follows: “How does the height profile of road surface affect the vehicle’s fuel consumption during
acceleration in observed range of speeds?”.

The main research goal is to examine the difference in fuel consumption during accel-
eration on roads with defined different height profiles, based on real-world measurements,
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because it is necessary to look for solutions that will lead to the sustainability of transport,
regardless of the behavior and demands of its users. Research conclusions can serve to
facilitate the decision-making process in relation to transport planning, and its practical
use in the right direction can affect not only the fuel consumption of vehicles (which is
beneficial for their owners), but also reduce the volume of emissions from road traffic
(which is desirable for the environment) [8].

As mentioned, this part summarizes and cites a number of relevant sources (such as
research studies and methodologies) dealing with the issue discussed. Research in the field
of fuel consumption can be divided into several directions. Many scientific articles dealing
with the fuel consumption of vehicles, especially in terms of its comparison based on the
type of road traffic, type of engine and speed of vehicles, is included. At the same time, it
is necessary to mention the concept of electromobility as well. Although it does not deal
with fuel consumption, but due to effort to achieve the greatest possible share of electric
vehicles, the physical principle of their movement regarding energy conversion, which is
practically identical to vehicles with internal combustion engine, is basically the same.

Distribution of vehicle speeds indicates that idling and low speeds account for a large
proportion of total driving time in urban areas [9]. Based on the microscopic analysis
performed, it can be seen that low speeds show high emission factors; the modal analysis
points to the fact that emissions produced by vehicles when idling are several times higher
than during other driving modes. The above-mentioned study was conducted for the
city of Hong Kong. The research included several types of vehicles with different types
of propulsion (passenger car and van with spark ignition engine, and van and bus with
compression ignition engine).

In several scientific articles, fuel consumption of vehicles is perceived differently
according to the environment in which the vehicle moves. For example, the research
studies [10,11] describe different driving styles in the urban environment and their impact
on fuel consumption and emissions. On the contrary, the papers [12,13] propose models
that divides vehicle fuel consumption into two different operating modes: constant travel
speed and vehicle acceleration. In each mode, fuel consumption was proven to depend
on the instantaneous engine efficiency, approximated by two analytical functions instead
of the commonly considered consumption map. Furthermore, the works [14–18] present
the distinct approaches of instantaneous fuel consumption, which encompass vehicle
characteristics, engine characteristics, as well as gear selection schemes. These models are
further implemented in different types of passenger cars and their operations are examined
by applying microscopic traffic simulation or artificial neural networks.

Specifically, in the literature [14], the authors ascertain that for each 1% increase
(decrease) in travel time in comparison with traveling in common traffic conditions (i.e.,
according to the set speed), the fuel consumption increases (decreases) by approx. 1.1%.
Nevertheless, a professional driver can save fuel without increasing travel time by skillfully
modifying his velocity in order to evade stops at light-controlled intersections. In the
research [15], Treiber et al. interpret that congestions in traffic that occurred usually leading
to an increase in fuel consumption by approx. 80%, whilst the travel time is often up
to four times higher. Hence, they state that the effect of congestion occurrence on fuel
consumption is significantly lower than that on travel time. In contrast to the previous,
the manuscript [16] presents a significance analysis of the effects of 3D road infrastructure
(such as gradient and curvature parameters), hypothetical constraints in estimated time
of arrival, as well as emission limitations and enforced stops on the fuel consumption
and the optimum driving course of common road vehicles with a compression ignition
engine. It suggests an introduction of multiple-phase optimum control in order to obtain
a better comprehending of actual driving scenarios and encourages the deviation from
typical driving styles. In addition, works [17,18] are focused on modeling and conducting
experimental simulations in terms of prediction of vehicle fuel consumption based on using
the principles of an artificial neural network.
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In addition to fuel consumption, emission production represents another monitored
attribute. As stated in the publications [19–22], the effect of vehicle acceleration on actual
fuel consumption and the produced emissions of hydrocarbons, carbon monoxide and
nitrogen oxides can be quantified using simple demonstrations. In principle, these studies
show that the vehicle fuel consumption is more sensitive to travel velocity rather than to
the acceleration per se, whereas the related emission rates are more sensitive to the vehicle’s
acceleration and deceleration level. Specifically, the paper [19] discusses simulation options
to rearrange the traffic condition and vehicle batch movements with an adaptive smoothing
technique, render acceleration rates from the rearranged vehicle movements, and quantify
the amount of consumed fuel and produced emissions with filtered velocity and estimated
acceleration level are the input parameters.

On the other hand, Fontaras et al. [20] and Van Mierlo et al. [21] deal with an experi-
mental investigation of fuel consumption and CO2 emissions of passenger cars depending
on multiple driving styles in various laboratory and real-traffic conditions when affecting
different traffic aspects (i.e., vehicle configuration, acceleration degree, as well as traffic and
weather conditions such as traffic intensity, road class, side winds, and rain). Moreover, the
authors of the article [22] explicitly prove that the vehicle’s acceleration degree has a rather
considerable effect on the vehicle’s emission production. In particular, a generation of
hydrocarbon and carbon monoxide emission volumes is highly sensitive to the acceleration
level in comparison with driving velocities in the common scope.

At the same time, according to Zhang et al. [23], there are also significant differences
in driving smoothness, emissions and fuel consumption depending on the different types
of drivers. Cautious, novice drivers produce the lowest vehicle emission production and
fuel consumption, but also the lowest travel speed. Conversely, experienced drivers when
driving smoothly are able to drive at a higher travel speed while maintaining low fuel
consumption and emissions. Aggressive drivers show a higher travel speed, but with a
very uncomfortable (nonsmooth) drive, which is reflected in higher fuel consumption and
larger volumes of produced emissions [23].

Thus, the studies [24–27] essentially focus on the comparison of alternative-fuel-
powered and conventional vehicles and their impact on fuel consumption and emissions.
According to [24,25], hybrid electric vehicles are perceived as more energy efficient and
less polluting than vehicles with a conventional combustion engine when compared over
different driving cycles and various actual driving examinations. The findings of their
works indicate that hybrid vehicles saved between 23% and 49% of fuel compared to the
conventional ones. Slavin et al. [26] demonstrate that in spite of economic differences in
countries all over the world, even in less developed states, a series of endeavors have been
conducted to diminish vehicle exhaust emissions. In addition, they perform real-world
traffic and single-roller dynamometer examination in order to quantify fuel, economic, en-
vironmental and energy indicators of a serial car with a standard carburetor power system
and a car equipped with an electronic gasoline injection system and a three-component
catalytic converter. In addition, the literature [27] compares two methodologies related
to quantification of the fuel consumption, greenhouse gas (GHG) production and several
other exhaust pollutants (according to the European Standard EN 16258:2012—general
methodology for evaluation and declaration of energy consumption and GHG emissions,
and the Handbook of Emission Factors for Road Transport) in terms of assessing the possibility
of minimizing the values of those indicators. The research was conducted by introducing
liquefied natural gas buses into Slovak bus transport.

On the other hand, publication [28] deals with the effect of fuel price changes on
the concentration of traffic. The authors of this study assume that a 10% rise in real fuel
price and remaining at that level results in an approximately 1% decrease in total traffic
volume in one year, which leads to an approximate 3% reduction over a longer period
(i.e., five years). The fuel consumption will decrease by about 2.5% during the year, which
entails more than a 6% reduction in the longer term. The reason why the decrease in fuel
consumption is larger than a decrease in the traffic volume is likely due to the fact that
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price rise leads to more efficient use of fuel (by combining technical vehicle improvements,
more fuel-efficient driving style and driving in more favorable traffic conditions).

Lastly, the subject of the paper [29] is to design a methodology for investigating
vehicle fuel consumption based on actual operating conditions, and presents selected
significant parameters affecting vehicle fuel consumption during laboratory test driving.
The authors first constructed a route height profile using a special application which also
displays the speed course according to the distance traveled and initial time of examination.
Subsequently, individual time sections were divided into speed intervals, which then
enabled the determination of the percentage value of the total time of the journey when the
vehicle was moving within the defined speed limits.

The structure of this case study is compiled as follows: after the introductory and
literature review sections, which encompass numerous topic-related literature sources, in
the subsequent sections, all the relevant data and methods are specified and the results
obtained are presented, along with the accompanied discussion. This is followed by the
conclusion, where specific recommendations for further research in the particular topic are
discussed.

2. Data and Methods

This section describes the actual investigation carried out in order to provide the an-
swer to the research question stipulated. The real-world measurement of fuel consumption
was performed in cooperation with the University of Žilina, namely with the researchers
from the Faculty of Operation and Economics of Transport and Communications, Depart-
ment of Road and Urban Transport, with the aim to quantify selected operating parameters
of a laboratory tested vehicle and its engine during its acceleration at different road height
profiles (namely, flat surface 0.00%, downhill −8.51%). The experimental investigation
included a total of 20 vehicle starts on the flat surface and 20 downhill starts. The laboratory
tested vehicle was a Kia Ceed (see Figure 1), whose technical parameters are listed in
Table 1.
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Table 1. The technical data of the laboratory tested vehicle. Source: [30].

Commercial Name of Vehicle Kia Ceed Engine Code G4FC

Engine displacement 1591 cm3 Length 4265 mm
Fuel gasoline Width 1790 mm
Number of cylinders 4 Height 1480 mm
Max. power 90 k/6200 rpm Allowed weight 1163 kg
Max. torque 154 Nm/4200 rpm Total weight 1710 kg
Max. speed 192 km/h

As part of the measurements, the following technology (equipment) was installed in
the vehicle. The parameters of the vehicle detected using this technology are as follows [30]:

(1) Diagnostics of Vgate Icar 2 electronic systems with the OBD Fusion software:

• volume of consumed fuel [mL];
• vehicle speed [km/h];
• engine speed [min−1];
• throttle position [%];
• volume of air [g/s];
• engine power [kW];
• engine torque [Nm].

(2) MAHA MGT 5 exhaust gas analyzer:

• volume concentration of CO, HC, NOx, CO2 [%];
• production of CO, HC, NOx, CO2 [g/0.05 s];
• production of CO, HC, NOx, CO2 [g].

The equipment used to perform the real-world measurement is commonly used for
OBD (on-board diagnostics) and is able to communicate with the electronic control unit of
many types of vehicles. The data obtained can be converted into communication protocols
according to the generally used standards SAE J1850 PWM, SAE J1850 VPW, ISO9141-
2, ISO14230-4 (KWP2000) and ISO15765-4/SAE J2480 (CAN BUS). This diagnostics was
chosen due to its applicability in a wide array of vehicles, which will be used in further
steps of the research [30]. Table 2 shows the fundamental technical data of the MAHA MGT
5 device.

Table 2. Technical data of MAHA MGT 5. Source: [30].

Measured Gases CO CO2 HC O2 NOx

Measuring ranges 0–15.00 Vol % 0–20.00 Vol %

0–2000 ppm Vol
(Hexan)

0–4000 ppm Vol
(Propan)

0–25.00 Vol % 0–5000 ppm Vol

The accuracy of measuring 0.06 Vol % 0.5 Vol % 12 ppm 0.1 Vol % 32–120 ppm Vol
Measurement principle infrared infrared infrared electrochemical electrochemical
Resolution of values 0.001 0.01 0.1 0.01 1
Measuring range deviation less than ± 0.6% of the final value of the measuring range
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

Basic outputs from a measurement process for individual road height profiles as
well as the related discussion are presented in the following section entitled Results and
Discussion.
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3. Results and Discussion

Due to the reliability of the experimental measurements, it was necessary to consider
deviations caused primarily by the human factor (or the driver’s ability to drive the
car repeatedly with the same or similar acceleration rate). Basically, it is the matter of
monitoring and recording the properties of a “hard system” (if perceiving the car as a
machine), driven by a “soft system” (human). Therefore, a total of 25 measurements of flat
surface acceleration and 25 measurements of downhill acceleration were taken, with the
five most different measurements from each section being excluded [31].

Using a box plot, Figure 2 shows a comparison of speeds depending on the distance
traveled when driving on a flat surface and driving downhill. The purpose of this com-
parison was to show the variance of individual measurements, while the minimum speed
values over a traveled distance of 5–20 m are deemed comparable for the purpose of this
research, so that the fuel consumption during individual trips could thus be considered
relevant.
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author.

It can be seen from Figure 2 that speeds while accelerating on the flat surface and
when driving downhill are very similar. Therefore, the inaccuracy of the consumption
caused by the effect of acceleration jerk was neglected.

During the consumption investigation, the emphasis was placed on performing similar
vehicle accelerations in both road height profiles in terms of achieving speeds in the
specified distances. As mentioned, 20 acceleration measurements were evaluated for each
road height profile. A box plot in Figure 2 above shows the distribution of data into
quartiles and highlights the median and outliers. Vertical lines called “whiskers” run from
the boxes which indicate variability outside the upper and lower quartiles, and any point
outside these lines is regarded as an outlier.

Table 3 presents the results of the cumulative fuel consumption from each measure-
ment. The graphical representation of the difference in fuel consumption by a box plot
is depicted in Figure 3, from which it is clear that fuel consumption in both road height
profiles is different and even the whiskers do not overlap in the individual driving sections
(i.e., they do not acquire similar values).
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Table 3. Cumulative consumption during individual starts of the vehicle. Source: author.

FLAT SURFACE DOWNHILL

Cumulative Fuel Consumption
[mL]

Cumulative Fuel Consumption
[mL]

1 8.04 6.15
2 8.81 6.18
3 8.64 5.14
4 8.07 6.27
5 8.11 6.18
6 8.03 6.16
7 9.29 6.16
8 8.61 5.50
9 8.30 5.75

10 8.20 6.27
11 8.19 4.73
12 8.19 6.47
13 9.01 4.28
14 8.53 5.50
15 9.19 7.56
16 8.90 5.80
17 8.59 6.10
18 8.92 6.08
19 8.50 5.86
20 8.80 5.84

Average fuel
consumption

8.55 5.90
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Following Table 3 and Figure 3, it can be concluded that fuel consumption during
downhill acceleration is clearly lower (approximately of 30%) compared to fuel consump-
tion during flat surface acceleration. The resulting measured values of emissions for five
selected starts of the laboratory tested vehicle on the flat surface are summarized in Table 4,
while the values for downhill acceleration are presented in Table 5. Figure 4 shows the total
values of CO [g], CO2 [g], HC [g] and NOx [g] emissions as a sum of all the measurements.
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Table 4. Exhaust gas composition for five selected accelerations—flat surface. Source: author.

FLAT SURFACE

Measurement CO [g] CO2 [g] HC [g] NOx [g]

1 0.457712 19.85580 0.005802 0.061980
2 0.293252 22.10695 0.002777 0.034336
3 0.299644 21.24636 0.002042 0.026315
4 0.186936 20.21060 0.001304 0.018689
5 0.199926 19.90695 0.001475 0.019384

SUM 1.437470 103.326660 0.013400 0.160704

Table 5. Exhaust gas composition for five selected accelerations—downhill. Source: author.

DOWNHILL

Measurement CO [g] CO2 [g] HC [g] NOx [g]

1 0.140013 16.25375 0.000550 0.012670
2 0.112270 16.20951 0.000455 0.008889
3 0.097872 13.62357 0.000396 0.009497
4 0.124116 16.32171 0.000452 0.009675
5 0.089670 16.09551 0.000434 0.010221

SUM 0.563941 78.504050 0.002287 0.050952
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Based on the executed starts (i.e., 20 acceleration measurements on a flat surface and
20 downhill acceleration measurements with an average longitudinal gradient of −8.51%)
of the Kia Ceed vehicle on the determined section, it can be seen that the difference in
the average fuel consumption within the distance of 30 m between acceleration on a flat
surface and downhill is 31.41% (excluding min. and max. values). As part of the real-word
investigation, other technical parameters such as vehicle emissions, vehicle speed, engine
speed, throttle position, volume of air intake, engine power and torque were monitored
and recorded during vehicle acceleration. In addition to measuring fuel consumption, an
emission measuring device was installed in the tested vehicle, which was only used for
measurement at every fifth time the vehicle was started. As part of this research, which
was primarily aimed at confirming the research question in the form of case study/pilot
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project when executing real-world examination, its limitations were not taken into account
since each measurement step took place under the same conditions (the same vehicle, the
same driver, the same road height profile, the same road testing section, the same climatic
conditions, and the same vehicle weight, where weight loss due to fuel consumption was
neglected) and the same measuring techniques. Following the evaluation of the recorded
data, the research question concerning the dependence of the vehicle fuel consumption on
the road height profile could thus be objectively confirmed [32].

This finding can be used in technical practice; for instance, in designing elevated
parking places or intersections that minimize the negative impacts of vehicle acceleration
on their fuel consumption on the one hand, and on the environment in the form of reduced
traffic emissions on the other hand [33]. The roundabout on road II/156 in České Budějovice
(GPS 48.9586150N, 14.4986328E) can be used as an example. It was initially designed as
elevated compared to the surrounding ground level, presumably because of the off-grade
crossing with the pedestrian and cycling path that runs under this intersection (see Figure 5).
A side effect of this design lies in the fact that vehicles lowering their speed before the
intersection for safety reasons are gravitationally slowed down just by driving uphill,
which, among other things, will also reduce the wear of brake components and increase
the efficiency of the vehicle’s braking system [34].
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On the other hand, the exit from this roundabout is followed by a downhill run. Here,
it is possible to apply the findings stated in Section 2 of this article (given that the effect
of gravity reduces the fuel consumption of vehicles while accelerating), which will have
a positive effect on reducing the fuel consumption and the volume of vehicle emissions,
which will also be lower than when driving on flat surface [35]. Given that the parameters
of this intersection and its roads are very similar to those of the road height profile on which
the experimental investigation was conducted, it can be concluded that the savings in fuel
and reduced emissions will be similar [36]. With 100,000 vehicles passing through this site
in one week, and taking into account vehicles similar to the experimental laboratory vehicle
used (see Table 1), the experts estimate that approx. 100 L of fuel could be saved due to the
height profile of this roundabout [37].

4. Conclusions

The topic of this research is based on the years-long effort of traffic engineers to increase
the flow of traffic, and, in addition, to find ways to limit the stopping and restarting of
vehicles, which are the moments when the fuel consumption is enormous, albeit short-term,
to reduce high volumes of exhaust gas emissions, as well as an electricity conversion in
line with vehicles with an electric propulsion. The results of these efforts can be utilized,
for example, in the construction of roundabouts, level crossings and in the design of other
measures and approaches, as mentioned in the previous section of the paper.
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The main objective of the research conducted was to examine the difference in the
vehicle’s fuel consumption when accelerating on roads with predefined distinct height
profiles. Individual findings can assist towards decision-making purposes in the context
of transport planning, and their practical application in the right direction can positively
affect both the vehicle’s fuel consumption volume as well as the volume of exhaust gas
emissions induced from road traffic. As mentioned, approx. 100 L of fuel can be saved in
one week by introducing the proposed measures.

The authors realize that in the event of addressing a greater research study or project,
it would be appropriate to minimize the number of limitations and, for the greater in-
vestigation objectivity, it would be reasonable and desirable to take into consideration
even the aspects as follows, for instance, multiple measuring operations on different road
longitudinal profiles, as well as comparative examination of several categories of vehicles,
such as passenger car, truck, bus, and types of vehicles with different conventional propul-
sion systems (gasoline, diesel, gas). Furthermore, it also would be beneficial to include
alternative types of propulsions, such as electric cars, hybrid or autonomous vehicles in the
research, as well as other measuring equipment such as accelerometers, fuel flow meters
of different types and functions, or another independent measuring laboratory. Moreover,
if a significantly greater number of measuring operations are being conducted, especially
on road height profiles with different slopes, in different climatic conditions and using
different types of vehicles, an uncertainty analysis would be of great benefit. In that case, it
would be possible to identify and analyze actual factors that affect the dispersion of the
recorded values.

The authors of the article also believe that the findings can be applied in technical
practice, primarily by public administration and authorities dealing with transport con-
structions, rather than in commercial use.

As for further research, it will be imperative to aim at such solutions and measures that
will lead to transport sustainability, regardless of the behavior and demands of its users.
The authors are aware of the fact that there is still room for improvement with regard to the
topic discussed, for example, in places where the implementation of innovative transport
solutions is out of the question due to multiple reasons, or in addressing issues that have
not yet been addressed. Such solutions can involve, for example, elevated surfaces of road
at-grade intersections, parking places, bus stops or entrance/exit flow of roundabouts, as
shown in the designed roundabout scenario in Figure 5. However, searching for the right
solutions to these concerns still requires an individual approach, at least until all these
solutions are standardized and incorporated into the relevant legislative measures.
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