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Abstract

The present study builds upon the authors' previous research, which highlighted the fuel consumption advantage of LNG-powered
(liquefied natural gas) trucks over conventional diesel vehicles. Expanding on this topic, the aim of this research is to analyze the
influence of static and dynamic driving factors on the consumption advantage of LNG vehicles. The study was conducted in a test-track
environment, ensuring optimal reproducibility with minimal external influencing factors, allowing for various types of measurements.
In this research, fuel consumption values were recorded indirectly through the fleet management system (FMS) using controller
area network (CAN) messages. Data distribution analysis, the Shapiro-Wilk test, and ANOVA were employed to validate the research
hypotheses. Our study is unique in the field of heavy-duty vehicles (HDVs) as the measurements were performed at the test-track level,
providing precise data for emission differences. The results indicate that the static driving environment (represented by different test

track modules) has a stronger influence on the consumption advantage of LNG vehicles. In contrast, driving mode has a lesser effect

on the consumption difference between LNG and diesel trucks.
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1 Introduction

Sustainability, environmental protection, and digitaliza-
tion are megatrends that continuously shape the balance in
transportation and logistics. Carbon-dioxide (CO,) is the
primary greenhouse gas (GHG) emitted by human activ-
ity and is naturally present in environments where human
activities can easily disrupt the balance, such as in the pro-
duction and use of fossil fuels (Nunes, 2023). Heavy-duty
vehicles (HDVs) are a key concern, with the International
Energy Agency's 2023 report stating that more than 60,000
medium- and heavy-duty vehicles were put into service glob-
ally in the previous year, accounting for 1-2% of total world
sales. However, despite this small percentage, the truck sec-
tor is a significant contributor to greenhouse gas emissions,
releasing nearly 2,300 Mt of CO, annually (International
Energy Agency (IEA), 2023). The transport sector is a major
greenhouse gas emitter, responsible for 6% of global emis-
sions and over 25% of CO, emissions (Krause et al., 2023).
The European Commission confirms this emission rate
in its 2023 report "The European Green Deal" (European

Commission, 2023) and also states that almost 96% of the
European Union's (EU) vehicle fleet is currently powered
by internal combustion engines (ICE), which rely mainly on
imported fossil fuels. This further heightens the European
Union's energy dependence on a global scale. The report
emphasizes that more stringent European regulations man-
date the medium- and heavy-duty vehicle sectors to play a
role in reducing GHG and CO, emissions, while promot-
ing a shift towards low or zero-emission alternatives in the
market (European Commission, 2023). Globally, China
(with over 9,500 million tons) and the United States (with
over 5,000 million tons) remain the largest contributors to
emissions. In Europe, Germany (with over 900 million tons)
leads as a significant GHG emitter, followed by the United
Kingdom (470 million tons) and France (460 million tons),
with the energy, industry, and transport sectors being the
primary contributors (Anderhofstadt and Spinler, 2020).
According to a study by Gunawan and Monaghan, the HDV
segment is one of the most challenging areas to regulate in
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the effort to reduce GHG emissions within the transport sec-
tor (Gunawan and Monaghan, 2022). In 2019, the European
Parliament and the Council introduced new regulations under
the 2019/1242 directive for HDVs in the European Union.
For instance, manufacturers are required to cut their CO,
emissions by 15% by the end of 2025 compared to 2019
levels. If this target is not met, adjustments to the regula-
tion will be implemented to incentivize the transition from
diesel vehicles to lower-emission alternatives, with various
benefits offered for adopting alternative vehicles in the EU
transportation sector (European Parliament, Council of the
European Union, 2019).

In order to achieve the goals and targets set by the
European Parliament and Council, the adoption of alter-
native powertrains and e-fuels with lower emissions com-
pared to diesel technology is necessary. However, the
widespread implementation of these alternative tech-
nologies faces several challenges from financial, envi-
ronmental, political, functional, and social perspectives.
The EU and national governments are working to pro-
mote the adoption of alternative technologies through
various incentives, such as tax breaks, free access to
road networks, route permits, and extended operational
hours (European Parliament, Council of the European
Union 2019; Jahaniaghdam et al., 2023).

Currently, there are numerous alternatives available
for HDV powertrains that either reduce tailpipe emissions
or eliminate greenhouse gas emissions during operation
entirely. The latter is achieved through hydrogen propulsion,
an area with significant development potential, and battery
technology (Aryanpur and Rogan, 2024). Both powertrains
share common features, including the ability to power an
electric motor, the absence of greenhouse gas emissions,
and the use of regenerative braking (Cunanan et al., 2021).
Each technology has its own advantages and disadvan-
tages that must be carefully considered. For instance,
while hydrogen technology has the potential to signifi-
cantly reduce emissions, its high current cost, non-green
production methods, and low fuel energy density make
it less than ideal for replacing the entire diesel HDV
market. Substantial investment, further technological
advancements, and safe management practices are essen-
tial to ensure efficient and sustainable operation for this
type of HDVs (Osorio-Tejada et al. 2017; van Kranenburg
et al., 2020). The efficiency of battery technology is sig-
nificantly influenced by factors such as the energy source,
charging times, storage costs, mass, energy density, and
lifespan. Although battery-powered systems offer simpler
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designs and lower maintenance costs compared to con-
ventional diesel engines, their current lifespan falls short
of being competitive across all HDV transport segments
(Cunanan et al., 2021; Giuliano et al., 2021). The challenge
is further aggravated by insufficient infrastructure and
the limited deployment of charging systems, which are
critical for supporting low storage capacity types in both
electric and hydrogen propulsion systems. At present, the
practical application of electric technology is constrained,
with short-distance transport being the most viable option
(Ribberink et al., 2021; Sugihara et al., 2023).

As an alternative for reducing emissions, it is important
to emphasize natural gas-based technology, which can result
in lower fuel consumption. Compared to diesel propulsion, it
significantly reduces the presence of harmful chemical ele-
ments, including CO,, NOx (mono-nitrogen oxide), SOx
(sulphur-oxide), and PM (particulate matter) concentrations,
which are detrimental to both the environment and human
health (Askin et al., 2015). Natural gas systems easily com-
ply with EURO VI emission standards and can maintain an
optimal stoichiometric air-fuel ratio, thereby eliminating the
need for complex aftertreatment and regeneration systems.
Natural gas propulsion has been used in mobility for many
years, initially through compressed natural gas (CNG).
However, due to CNG's low energy density, liquefied natural
gas (LNG) has gained prominence, offering up to 2.5 times
the energy content of CNG (Thiruvengadam et al., 2018).
The liquefaction process compresses the gas volume to
approximately 1/600th of its original size, facilitating
economical transport, and resulting in a density of 430—
480 kg m® at —162°C under atmospheric pressure. The LNG
is a colorless, odorless, non-toxic, and non-corrosive sub-
stance composed of up to 98% pure methane (CH,). Due to
its high methane content, LNG undergoes efficient oxidation,
resulting in nearly complete combustion with minimal ash
production. This process leads to the emission of up to 10%
fewer greenhouse gases compared to conventional fuels,
making LNG a promising alternative for long-distance trans-
portation (Pfoser et al., 2018; Teixeira et al., 2020). However,
LNG's primary drawback lies in its relatively low density
compared to diesel fuel (diesel density ranges from 840 to
860 kg m®). LNG has approximately half this density, mean-
ing that achieving the same driving range requires nearly
twice the fuel tank capacity. This limitation poses a signif-
icant challenge in applications where fuel storage space is
constrained (Smajla et al., 2019).

Recent studies have explored the emissions from diesel
versus LNG-powered heavy-duty vehicles (HDVs). In 2017,
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Quiros et al. compared greenhouse gas emissions from die-
sel, diesel-hybrid, and LNG-fueled HDVs. In this study,
seven different tractors were tested (five diesel-powered
and two LNG-powered), revealing that LNG-powered vehi-
cles produced 5-15% lower CO,-equivalent emissions and
fuel consumption on average over various routes compared
to diesel (Quiros et al., 2017). On highways, this reduction
exceeded 10%. Similarly, in 2019, Di Maio et al. reported
a 6-8% reduction in urban settings and a 10% reduc-
tion on highways, once again favoring LNG over diesel in
terms of CO,-equivalent emissions and fuel consumption
(Di Maio et al., 2019). In Europe, several studies have fur-
ther investigated diesel and LNG HDV emissions in freight
and long-distance transport. In 2010, Arteconi et al. con-
ducted a well-to-wheel analysis (accounting for all life cycle
phases, from raw material extraction to fuel use) and found
that LNG reduces greenhouse gas emissions by approx-
imately 10% compared to diesel (Arteconi et al., 2010).
In 2021 Gnap and Dockalik corroborated these findings
in their study, which measured fuel consumption and CO,
emissions along Slovakia-Germany and Slovakia-Hungary
routes. Their results showed an 8% CO,-equivalent and
6—8% fuel consumption reduction in favor of LNG trac-
tors across various terrains and environmental conditions
(Gnap and Dockalik, 2021). Beyond Europe, for example
in China, the conventional diesel HDVs are responsible for
16.8% of CO, 6.9% of THC (Total Hydrocarbon), 57.8%
of NOx and 66.3% of PM emissions from the total vehicle
fleet, while the HDV fleet accounts for 3.1% of total vehicle
emissions (Wang et al., 2021). In 2013, Ou and Zhang exam-
ined primary energy consumption and CO, emissions from
natural gas-based alternative fuels in China. Their results
indicated a 5-10% reduction in greenhouse gas emissions
(as well as the fuel consumption) when using CNG and
LNG compared to conventional diesel technology (Ou and
Zhang, 2013). More recent data from the United States, as
reported by Toumasatos et al. in 2024, found a significant
CO,-equivalent difference between conventional diesel and
LNG-powered HDVs across various road types, includ-
ing highways, urban roads, rural areas, and uphill sections.
Their study demonstrated a 10-15% reduction in CO,-
equivalents and lower fuel consumption for LNG-powered
HDVs (Toumasatos et al., 2024).

In our previous research, we investigated the differences
in CO, emissions between conventional diesel and LNG-
powered HDVs, specifically analyzing the impact of speed
on emissions. Our findings indicated that, unlike conven-
tional diesel HDVs, the fuel consumption of LNG-powered
vehicles does not increase significantly during sudden

acceleration or aggressive driving. Preliminary test results
showed that LNG-fueled HDVs were less sensitive to rapid
changes in acceleration (such as full-throttle operation) and
deceleration, compared to diesel HDVs, with regard to both
fuel consumption and emission levels. The preliminary
research supported the conclusion that driving behavior is a
key factor influencing emissions. The difference in CO, emis-
sions between the two propulsion systems typically remains
around 10%, with LNG showing a consistent advantage.
Our findings demonstrate that LNG offers a reliable alter-
native, resulting in an approximately 11% reduction in CO,
emissions compared to diesel under controlled conditions
(in test track environment) (Siithe6 and Hary, 2024).

2 Research goal

The current analysis builds on an earlier research of the
authors, which pointed out the consumption advantage
of an LNG-powered truck compared to the classic Diesel
vehicle. As a continuation of this topic, the purpose of this
research is to analyze the impact of static and dynamic driv-
ing factors on the LNG vehicles' consumption advantage.
In this paper, static factors are meant as follows: shape of the
driving environment including angle of road surface, and
dynamic factors are meant as follows: driving mode vary-
ing from economy style to dynamic. The objective of the
research is to analyze the strength of relationships between
static and dynamic conditions versus the LNG consumption
advantage of the given truck.

Hypotheses of the research are:

» HI: There is a statistically proven relationship between
the static factors and the LNG consumption advantage
of the analyzed truck.

» H2: There is a statistically proven relationship between
the dynamic factors and the LNG consumption advan-
tage of the analyzed truck.

3 Materials and methods
In this research, a diesel tractor and a trailer, as well as an
LNG tractor and trailer combination were used and tested for
five days over 600 kilometers. Both vehicles were made by
the same OEM (Original Equipment Manufacturer) in 2023,
equipped with engines of nearly 13,000 cm?, 12-speed auto-
matic gearboxes and similar-sized tires as shown in Table 1.
The trailers in the vehicle combination were box body
semi-trailers and the weight differences were compensated
by adjusting the personnel distribution during the tests.
The data required for the analysis was obtained from
the vehicles' controller area network (CAN) system, uti-
lizing continuous real-time readout and post-processing



Table 1 Technical data of the Diesel and LNG tractors

Type Diesel fueled LNG fueled
Model AS440S49T/P — AFAT AS440_816§4]; 2LNG
Weight 8,465 kg 8,279 kg
Gearbox 12TX 2210 TD 12TX 2010 TO
Tire 315/70R22,5 Pirelli 315/70R22,5 Michelin
FHO1/THOI X Multi Energy Z/D
Performance 357 kW /1,900 rpm 338 kW/ 1,900 rpm
Torque 2400 Nm /950 rpm 2000 Nm/ 1,100 rpm
Cylinder capacity 12,882 cm?® 12,900 cm?
Compression ratio 20,5+ 0,5:1 12 £0,5:1
Injection type Direct Indirect

through the Kvaser CanKing software (version V6.24.510)
(Kvaser, 2023). The fleet management system (FMS) gate-
way served as the connection point for extracting CAN
data at a bus speed of 250 kbit/sec, which represents the
standard access point and bus speed for such systems.
Data decoding was based on the standardized FMS system
(version 04, dated 17/09/2021) (ACEA, 2021), with a focus
on filtering consumption-specific and influencing values.
The CAN message decoding file was generated using
CANdb++ software (version 3.1) (Vector, 2022). The data
read and process was performed with the Kvaser Memorator
R-SemiPro CAN bus interface as shown in Fig. 1, which
had CAN-Low, CAN-High, +12V power supply and pro-
tective grounding integrated into D-SUB 9-pin connector.
Therefore, only one USB connection was needed for the
measurements between the interface and the laptop.

As the outcome of the data collection, a pre-defined
data structure was used to arrange the data records, using
the following features as shown in Table 2.

During our measurements in the ZalaZONE Proving
Ground (www.zalazone.hu), we employed five distinct

‘ Kvaser
________ | Memorator R
SemiPro

B

Fig. 1 Application of CAN bus interface to read and process CAN
messages via FMS gateway
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Table 2 Dynamic and static factor variables in the test rack

measurements

Dynamic factor variables Static factor variables

City driving mode City environment (SCZ)
Highway (MW)
High-speed handling track (HS-HC)
Rural road conditions (RR)

Slopes (HILL)

Economy driving mode
Normal driving
Dynamic driving

Slope driving

driving styles. Predominantly, we conducted normal, econ-
omy, and dynamic test cases, supplemented by urban driving
and hill climb scenarios to represent typical operating con-
ditions for HDVs engaged in long-distance transport. In the
normal and economy test cases, a connected road network
(Motorway & Rural Road section) was used to compare
the performance of two tractors under varying speeds and
loads. For the dynamic driving test, the high-speed handling
section of the test track was utilized, enabling both normal
and dynamic accelerations and decelerations. To simulate
urban driving conditions, we designed a driving plan in an
urban environment, incorporating multi-lane roads, intersec-
tions, roundabouts, and a depot. To replicate uphill driving
conditions, we conducted tests on a track featuring climbs
and descents in different gradients (5%, 12% and 18%).
The overall test cycle was environmentally diverse, with
a primary focus on highway driving, and included simula-
tions of rural road traffic, combined with hills, slopes, and
urban environments as shown in Fig. 2. Additionally, this
setup enabled the testing of complex, interconnected sys-
tems to maximize the distance travelled while utilizing a
more extensive environment (such as Motorway track con-
nection with Rural Road section).

Data records were generated based on the collected data as
per elementary time slots, which were around the one-min-
ute range. This allowed the calculation of the LNG consump-
tion advantage for each and every time slot in a compara-
ble way in Eq. (1). In a given time slot, the consumption of

W Rural Road (RR)
[ Motorway (MW)
[ Hill tracks (Hill)

Smart City Zone (SCZ)

Handling Course (HS-HC)!
W
—

Fig. 2 The map of the ZalaZONE test track
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the LNG truck and the Diesel truck were measured with the
same (static and dynamic factor) conditions. Consumption
was measured in liters for diesel tractors and in kilograms for
LNG. To determine the difference, the consumption of the
diesel tractor was converted from liters to kilograms, with
1 liter of diesel equaling approximately 0.85 kilograms (the
density of diesel 840-860 kg/m?®) (Speight, 2011).

LNG consumption advantage [kg]= )
Consumption Diesel - Consumption LNG

A total of 587 data points have been evaluated. The data
assessment was done using two-factor ANOVA analysis
method. The first factor was the static factor, including the
surface features of the driving and the second factor was
the dynamic factor including the driving modes. The LNG
consumption value was left as calculated absolute value
according to the Eq. (1). The assessment was made using
JAMOVT statistical software (Version 2.4) (The jamovi
project 2023).

4 Results and discussion

Table 3 shows the main descriptive statistics of the mea-
sured LNG consumption advantage in comparison to the
normal Diesel truck.

In order to establish ANOVA analysis pre-conditions,
normality of the consumption data (as dependent variable)
was determined. As it can be seen in Fig. 3 and Fig. 4, nor-
mal distribution of the data is confirmed.

The Shapiro-Wilk test outcome (p < 0.001) also con-
firms the firm assumption on the normality of the depen-
dent value distribution, as shown in Table 4.

As per the other pre-condition of the feasibility of
ANOVA analysis, homogeneity check was performed
using Levene's formula. As it is shown by Table 5, the test
value with p < 0.001 confirmed the required homogeneity
nature of the data.

Table 3 Descriptive statistics of the measured LNG consumption

advantage

Descriptive LNG consumption advantage
N 587

Missing 1

Mean 464

Median 463

Standard deviation 784

Variance 614

Range 13

Minimum -5

Maximum 8

Density

-5000 0 5000

Fig. 3 Check of distribution of LNG consumption advantage values
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Fig. 4 Check of distribution of LNG consumption advantage values
(a) frequency distribution; (b) Q-Q plot



Table 4 Normality test (Shapiro-Wilk) outcome of LNG consumption
advantage values

Statistics 14
0.722 <0.001

Table 5 Data homogeneity of variances test (Levene's formula) outcome
of LNG consumption advantage values
F df, df, )4
3.38 7 579 0.001

After ensuring the completion of the pre-conditions, the
ANOVA analysis has been run in three ways: only with
driving mode (as dynamic) factors, then only with test track
module (as static) factors, and also for the general model,
including both static and dynamic factors. The summary
of the results is shown in Table 6.

As it can be seen, the overall model line dynamic x static
reflect statistically strong conclusions with p < 0.001 value
on relationship. Still, the single model analysis (either the
static or dynamic side) shows rather strong relations among
the influencing factors and the LNG consumption advantage
values. It is also apparent that the static driving environment
(represented by the various test track modules) has stron-
ger impact on the consumption advantage of LNG vehicles.
Contrary, the driving mode has less influence on the con-
sumption difference between LNG and Diesel trucks.

Fig. 5 represents the ANOVA analysis results through
scatter charts. As it can be seen, the patterns of econ-
omy and normal mode are rather similar in data center,
but show broader range of data scattering at city driv-
ing. Contrary, the usual driving modes (economy, normal,
dynamic) has less, but statistically still significant impact
on advantage of LNG drive.

Looking at the static factors, the highway environment
shows the most moderate data distribution, while the rest
modules demonstrated wider data scattering.

As an outcome of the data analysis, H1 is accepted, sta-
tistically proven relationship was found between the static
factors and the LNG consumption advantage. H2 is not
confirmed as there was not found a statistically proven

Table 6 Results of the ANOVA analysis

Sum of df Mean »
Squares Square
Overall model 2.03et7 7 290et6 494  <0.001
Dynamic factor 5.24e+6 4 1.3let6  2.23 0.065
Static factor 4.72e+6 2 236et6  4.02 0.018

Dynamic factors x
Static factors

Residuals 3.40e+8 579 587359

1.03e+7 1 1.03e+7 17.59 <0.001
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relationship between the dynamic factors and the LNG
consumption advantage, but the relationship is still signif-
icant, indicating practically relevant consequences.

5 Conclusion

The research compared two heavy-duty vehicle propulsion
technologies suitable for long-distance haulage, primarily in
terms of differences in fuel consumption, which were tested
for static and dynamic influencing factors using ANOVA
statistical analysis. The statistic factor variables were the test
track environments such as urban area, highway, rural road
conditions, slopes and handling track. The dynamic factor
variables were the driving modes, such as normal, economy,
dynamic, city and slope driving modes.

The model analysis reveals apparent relations between
the influencing factors and the LNG consumption advan-
tage values.

The static driving environment has a greater impact on
consumption advantages of the LNG vehicles.
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