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Abstract: The efficiency of road freight transport determines—to a significant degree—the total
environmental footprint and the amount of greenhouse gases and other pollutants released into the
atmosphere by inland transport. The rate of empty or partially empty vehicles is one of the key
metrics for improvement of the environmental performance of freight road transportation. This
paper presents the characteristics of road freight transport in Poland on the basis of data collected
by weigh-in-motion stations. Data aggregation for environmental analysis represents a novel aspect
of the work. Indicators describing the degree of loading, the share of empty vehicles in traffic,
and the share of vehicles of maximum permissible total weight in traffic were determined for a
representative group of heavy goods vehicles. Based on the representative load factor value (LFA), a
classification of the road section into four groups was proposed. The results obtained show a clear
differentiation of the values of the indicators analyzed for individual groups and their variability
in the three-year period covered by the analysis. The aggregation method presented can be used
to identify the nature of the distribution of the weight categories of the heavy goods vehicles and
provide input information for targeted analyses relating to sustainable road transport management
and environmental protection. Finally, the grouped LFA values were linked with indicators of energy
consumption (ECI) and on-road emissions (EI).

Keywords: road freight; load factor; empty vehicles; fully loaded vehicles; energy consumption;
on-road emissions

1. Introduction

The environmental performance and sustainability of road freight transportation are
one of the key challenges across the world. Road freight is the dominant mode of inland
cargo movement in the countries of the European Union (EU). The share of road transport
within the total EU freight reached a peak of 24.6% in 2021 [1]. This means that the efficiency
of road freight determines—to a significant degree—the total environmental footprint and
the amount of greenhouse gases and other pollutants released into the atmosphere by
inland transport. In total, transport is responsible for a quarter of the EU’s greenhouse
gas emissions, with road transport representing the greatest share thereof, equal to 72% in
2019 [2]. In the EU, over the period 2018–2022, the total road freight transport measured in
tonne-kilometers (tkm) registered an average annual growth rate of 2.1%. Simultaneously,
a fifth (20.2%) of the total road freight vehicle-kilometers in the EU were driven by empty
vehicles. Poland has a higher share of empty vehicle-kilometers (23.7%) compared to the
EU average; for international road transport, the share amounts to 12.5% [3].

As reflected in certain key statistics, road transport plays a special role in the case
of Poland. The share of road transport in total freight transport was the third highest
among all EU countries in 2021, amounting to 64.5% in tkm. Simultaneously, Poland has
the highest individual share of total EU international road freight transport, equal to 33% in
2022. The average annual growth rate of road transport between 2018 and 2022 was 3.6%.
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Moreover, in Poland the total share of vehicle-kilometers performed by empty vehicles
is 22.5%—higher than the mean value for the entire EU. For transport within Poland,
the share of empty vehicle-kilometers was equal to 34.2%; the corresponding figure for
international road transport was 12.9% [3]. Such data show that heavy vehicles travel a high
number of kilometers with no cargo (particularly in the case of Poland), which imposes
a significant financial burden on shippers and carriers and increases the environmental
impacts. The environmental burden could be greatly reduced in cases where the loading
of heavy vehicles and their routing are optimized, especially for domestic transport. In
a study presented by Fulzele and Shankar [4], experts identified the rate of empty or
partially empty vehicles as one of the key metrics for improvement of the environmental
performance of freight transportation. Karam and Reinau [5] investigated the impacts of
A-double vehicle combinations if introduced to a line-haul freight transport network. They
showed that the use of the A-double combination would lead to a significant reduction in
empty tractor–semitrailer trips.

Knowledge of the spatial distributions of weight-categorized heavy vehicles flows
is critical in order to establish appropriate strategies to reduce empty movement in trans-
port [6]. For Polish conditions, relevant data can be obtained from a network of weigh-in-
motion (WIM) stations installed on the national road network. WIM systems have been
introduced to control the axle loads and total weight of vehicles without having to cause
them to stop driving. Such stations carry out simultaneous classification, measuring the
speed and individual axle loads for each vehicle passing through the set of sensors. They
therefore make it possible to preselect overloaded vehicles and, in the future, will also be
used to automatically issue fines for offences relating to exceeding the permitted axle loads
or total vehicle weight. These systems operate continuously, around the clock, regardless
of the weather conditions, which means that the data recorded at WIM stations enable
a number of in-depth analyses of traffic flows to be performed. They provide data on
current traffic volumes and changes in these volumes over time and enable analyses the of
traffic distribution in the transport network. Such an important source of reliable data has
not gone unnoticed by researchers; the data collected by WIM stations have facilitated a
number of extended analyses and are used, among others, in traffic safety analyses [6–10],
analyses of the durability of pavement structures [11], analyses of traffic flows in the road
network and its characteristics [6,12–16], economic analyses, and environmental impact
analyses [17–19]. In summary, WIM stations provide a range of key data for sustainable
road freight management and protection of the environment.

As is well known, emissions and fuel consumption are linked to demand for engine
power. The driving resistance of a vehicle is influenced by vehicle mass, and thus vehicle
load should be taken into account in freight transport emission calculations. Moreover, it
has to be taken into account that emissions such as CO2 and SO2 are directly related to
fuel consumption, but pollutants such as CO, NOx, CH4, N2O, NH3, and PM also depend
on the load factor of the vehicle [20]. In [21], a set of recommendations are presented in
order to better take the load factor into account in emissions calculations. In [22], a model
was proposed for evaluating the differences in emission associated with various loading
conditions for semitrailer diesel-powered tractor units.

Increasing the load factor is generally acknowledged as an efficient solution to improve
the energy efficiency of freight transport and to reduce transport emissions [23]. Moreover,
load factors are a strong determinant of transportation cost. The cost impact of increasing
the load factor per tonne-kilometer is stronger for the shift from 0 to 0.25 than from
0.75 to the unattainable theoretical maximum (i.e., a value of 1.0). It follows that reducing
empty and part-loaded runs is the optimal means to pursue more sustainable freight road
transport [24]. The above leads to the conclusion that in road freight transport, high load
factors are preferable—in contrast to low load factors which imply a higher number of trips,
and generally greater environmental impacts. Some improvements in the overall freight
transport load factor can be achieved by using high-capacity trucks. The environmental
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and economic potential of high-capacity trucks was investigated in [25]. That study found
that high-capacity trucks had a higher load factor than road trains and semitrailers.

At the same time, the measurement of weight and the identification of the truck
category at a WIM station make it possible to determine a number of indicators that are
useful for the characterization of road transport via heavy goods vehicles (i.e., freight),
such as the load factor LFA (average gross mass of the vehicle related to the gross mass
of the unladen vehicle and the maximum permissible laden mass), the percentage share
of empty vehicles EV (unladen vehicles), the percentage share of fully laden vehicles FV
(vehicles with a weight equal to the maximum permissible gross vehicle weight), and the
percentage share of overloaded vehicles. The data collected from a number of stations over
the years make it possible to analyze tendencies and trends. The aim of this study is to
characterize heavy road transport on the national road network in Poland in relation to the
registered weights of tractors with semitrailers. The analysis was conducted on the basis of
data collected by a system of several dozen WIM stations in the period from January 2020
to December 2022. The novelty of the work is related to the proposed evaluation of heavy
goods vehicles’ characteristics on the basis of data aggregated within discrete groups of
stations. These groups were distinguished by the median value of the load factor.

2. Materials and Methods
2.1. WIM System in Poland

In Poland, WIM stations have a pre-selective function, providing information to
national Road Inspectors on the possible exceedance of permissible standards for the total
weight, axle loads, length, and, in some cases, the height of vehicles. This information
enables vehicles to be accurately selected and directed to the administrative weighing
station. A typical WIM station consists of a set of load cells, loop detectors, and cameras for
vehicle identification. An example of a WIM station is shown in Figure 1.
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Figure 1. WIM station located on the DK1 road (based on material by APM PRO).

The vast majority of stations operate in the accuracy class B+(7). According to the
standards set out in the COST 323 specification [26], this class guarantees the measurement
of the total weight with an accuracy of ±7% and the single axle load with an accuracy of
±10%. In Poland, WIM stations are present both on national roads, which are managed
by the General Directorate for National Roads and Motorways (GDDKiA), and as part of
municipal Intelligent Transport Systems. In the case of the GDDKiA systems, there are
currently more than 100 WIM station locations from which data are collected and processed
centrally at the Management Centre in Strykow.
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2.2. Data Collected

The subject of the study was two- or three-axle tractor with semitrailer combinations,
which are the most common on Polish roads—Figure 2. In this case (in Poland), the
maximum permissible gross vehicle weight of the combination is 40 tonnes, and the drive
axle load is 115 kN. In the case of a single axle, the permissible load is limited to 10 kN, and
for a group axle, with an axle spacing of 1.3 m to 1.4 m, the value of the permissible load is
24 kN [27].
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Figure 2. Permissible parameters for a two-axle/three-axle tractor with a three-axle semitrailer.

According to the COST 323 classification, this category is numbered Category 5 (trac-
tors with semitrailer supported by tridem axles). Figure 3 shows the share of vehicles in
this category among all heavy goods vehicles over the period 2020–2022, determined on
the basis of data collected by WIM stations.
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323 classification.

The selected category of vehicles comprises approximately 47–58% of all heavy goods
vehicles circulating on Polish roads. It is also worth noting that there is a visible increase
during the period analyzed. Among the remaining vehicles, Category 4 (tractors with a
semitrailer supported by single or tandem axles) and Category 2 (two-axle rigid truck)
vehicles dominate—together they account for approximately 35% of all vehicles. In contrast,
Category 3 (more than two-axle rigid truck), Category 6 (truck with trailer), and Category
7 (buses) vehicles taken together do not exceed a 16% share of the total number of heavy
goods vehicles.

During the period analyzed (the years 2020–2022), events occurred that could signifi-
cantly affect traffic distribution, especially the volume of transport. These include, among
others, mobility restrictions resulting from the COVID-19 pandemic (the years 2020/21)
and the war in Ukraine (from February 2022 to the time of writing). Figure 4 shows the
average number of Category 5 vehicles during the period analyzed.
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As can be observed from the analysis, there are no significant changes in the volume
of Category 5 vehicles at the analyzed WIM stations; in particular, no changes related to
COVID-19 and the outbreak of the war in Ukraine are visible. The median daily vehicle
traffic on a monthly basis fluctuates around 500 vehicles, with peak volumes exceeding
1200 vehicles.

2.3. Metrics

The recorded weights of each vehicle allow the determination of indicators such as the
load factor (LFA), the share of empty vehicles (EV), and the share of fully loaded vehicles
(FV). The values of these indicators are determined as follows:

Load factor:

LFA =
GMP − GME

PML − GME
(1)

where GMP—average gross mass of vehicle in a given period, GME—gross mass of empty
vehicle—15 t, PML—permissible maximum mass—40 t.

The share of empty vehicles:

EV =
VEP

VAP
(2)

where VEP—number of unladen vehicles in a given period, VAP—total number of vehicles
in a given period.

The share of fully loaded vehicles:

FV =
VFP

VAP
(3)

where VFP—number of fully loaded vehicles in a given period. Knowledge of the values
of the indices LFA, EV, and FV makes it possible to characterize heavy road transport in
particular years for the selected locations of the on-road measuring stations.

3. Results and Discussion

In the whole analysis period, reliable data were collected for a total of 49 WIM stations
operating in Poland within a single data collection system. The locations of these stations
are shown in Figure 5.
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Figure 6 shows the monthly distribution of the average values of LFA, EV, and FV
based on data recorded by the aforementioned WIM stations. According to the observations
presented in the previous section, there is no significant impact of events related to the
COVID-19 pandemic and the war in Ukraine in the analyzed distribution. However, a
certain cyclicality within the data may be noted, corresponding to seasonal fluctuations. In
winter, the values of LFA and FV tend to decrease, while in summer they clearly increase. In
the case of the EV indicator, the tendency is inverted; an increase in winter and a decrease
in summer are observed.
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Table 1 presents basic statistical data for each of the indicators, calculated based on
the results collected from all stations in the respective years. This table summarizes key
metrics such as minimum, maximum, average, and the first, second, and third quartiles.

Table 1. Basic statistics in relation to the values of LFA, EV, and FV calculated for all stations, by year
(Q1—first quartile, Q3—third quartile, Med.—median value).

LFA EV [%] FV [%]

2020 2021 2022 2020 2021 2022 2020 2021 2022

Min. 0.42 0.40 0.40 0.27 0.34 0.30 1.64 5.41 6.56

Max. 0.82 0.79 0.80 11.81 13.42 15.18 57.12 57.97 59.43

Mean 0.62 0.62 0.63 3.56 3.38 3.77 26.39 25.47 26.99

Q1 0.58 0.58 0.58 1.61 1.66 1.85 19.20 16.40 16.65

Med. 0.63 0.63 0.63 2.70 2.55 2.57 25.47 25.34 27.04

Q3 0.67 0.68 0.68 4.40 4.00 4.73 30.61 31.58 34.85

Analysis of the data summarized in Table 1 leads to the conclusion that for the selected
category of vehicles, the statistics obtained for each of the indicators show some variation
in heavy road freight transport between the years of the period under consideration. The
mean values of each indicator for 2022 are slightly higher than for 2020. However, the
slight increase in the average empty rate of vehicles in the category under consideration
should not be regarded as a cause for concern in the context of the pursuit of sustainable
road transport.

In addition, it can be seen from other measures that the variation in heavy goods
vehicle traffic recorded at individual stations in terms of the share of empty vehicles as well
as the share of vehicles with the maximum permissible gross vehicle weight can be large.
For example, at the two stations 95 and 96 on the A2 motorway located in the immediate
vicinity of Poland’s western border, the share of empty vehicles of the category under
consideration is negligible year-on-year, amounting to about 0.5% for the first one and
1.62% for the second. The situation is different for Station No. 3, located in the south on a
national road near Katowice, where the share of empty vehicles in 2022 was the highest, at
just over 15%. In the case of Station No. 6 located in the vicinity of Jelenia Góra, adjacent to
the southern border of Poland, the share of empty vehicles was over 10% year-on-year.

With regard to the share of vehicles with a maximum permissible total weight, the
variation in traffic by analyzed size at individual stations is even more pronounced. The
maximum share of such vehicles in the category subject to this study is about 60%. Maxi-
mum values were in each case observed for Station No. 86 located on the expressway on
the road towards Szczecin. It is also worth noting that the share of fully loaded vehicles
at stations where the average daily traffic exceeds 10,000 vehicles per day is frequently
significantly lower than the median value.

For further analysis, all stations were grouped according to the median LFA value for
vehicles in the category under study throughout the analysis period, distinguishing four
groups of stations—Table 2.

When analyzing the distribution of stations (stations grouped by color in Figure 4), it
can be seen that the stations included in the various groups are located in different parts
of Poland.

Group 1 has the highest median value for the empty vehicle indicator, reaching a value
more than double that of the lowest median value for the EV indicator in the case of Group
2. With regard to the fully loaded vehicle index, on the other hand, the order in which the
stations are ranked with regard to the median value follows the numbering of the groups.
However, Groups 2 and 3 have almost identical FV indicator median values. The difference
between the highest median FV value and the lowest value exceeds 25 percentage points.
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Table 2. Characteristics of the highlighted station groups for 2020–2022.

Station Group
Range of

Median LFA
Values

Number of
Stations in

Group

Median EV
Value [%]

Median FV
Value [%]

1 <0.6 16 5.81 16.68

2 ⟨0.6; 0.65) 11 1.88 25.15

3 ⟨0.65; 0.7) 14 2.18 25.66

4 >0.7 8 2.38 42.38

Figures 7–9 present the variability in values of LFA, EV, and FV in the period analyzed
(2020–2022) at the stations assigned to each group, in the form of boxplots.
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Analyzing the data shown in Figure 7, while ignoring the outliers for Group 2 and
Group 4, it can be seen that the spread of LFA values over the period analyzed was similar
across the stations in Groups 2–4, but noticeably larger for Group 1. For Group 1, a
significantly greater dispersion of the derived LFA values was noted. With regard to the
variability of the empty vehicle index (Figure 8), a similar range of variability was recorded
for stations in Groups 2–4; the largest range of variability of EV values also applies to
stations within Group 1, which is twice as large as that observed in the other groups. On
the other hand, in the case of the fully loaded vehicles indicator (Figure 9), the analysis
of variability indicates the smallest range for Group 3. The variability of the range of
variability of FV in Groups 1 and 2 is evident larger than for Group 3.

The weight distributions of the vehicles of the category analyzed are also of interest.
The histograms obtained for each group in each year analyzed indicate four types of
distributions observed. These types will be characterized using data from the last year of
analysis as an example. Figure 10 shows histograms of the vehicle weight distributions for
each group of stations in the year 2022.
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For Groups 1 and 4, the histogram clearly shows a significantly increased share of
traffic for vehicles with a gross vehicle weight of less than 20 t, relative to vehicles with
a gross vehicle weight between 20 and 30 t. Furthermore, a minimum is recorded in the
20–30 t range. The difference in the histograms for Group 1 and Group 4 relates to the
recorded share of vehicles with the maximum permissible weight, with Group 4 being the
most numerous category. In contrast, for Groups 2 and 3, the share of vehicles with a total
weight of less than 20 t is of a different nature. In Group 2, the share of individual categories
of vehicles under 20 t is clearly reduced and the least numerous are those in the lowest
weight category. In Group 3, the share of vehicles of individual weight categories below
20 t is only slightly different. For both Group 2 and Group 3, the heaviest weight category
of vehicles is not the dominant category. Figure 11 shows a summary of the interpolated
distributions of the individual weighting categories for each of the years analyzed and the
station groups considered.

Analysis of the data for the three-year period shown in Figure 11 indicates that for all
station groups, only some changes in distribution are observed from year to year (e.g., a
change in the dominant weight category in Group 1 and Group 2), but no change in the
type of distribution is observed. For Group 1 and Group 2, the largest observed changes
in percentage share are mainly in the weight categories above 30 t. In the case of Group 3,
only a few weight categories above 35 t were affected by the changes. Likewise, in the case
of Group 4, the changes observed over the period in question were not large but concern
three weight categories: below 20 t, between 30 and 35 t, and above 38 t. On the basis of the
results obtained, it can be concluded that the median value of the LFA index is a parameter
which allows the nature of the distribution of vehicle weight categories to be identified for
the vehicle category under consideration.
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In practical applications, information on the distributions of weighting categories
for different station groups enables the determination of generalized indicators of energy
consumption (ECI) and road emissions (EI) per tonne of cargo. These indicators allow for



Sustainability 2024, 16, 9364 11 of 13

the comparison of energy consumption levels and air pollutant emissions for stations with
varying LFA values and are defined as follows:

E(ECIorEI) =

n
∑

i=1
siei

n
∑

i=1
siwi

(4)

where n is the number of weight categories, si is the percentage share of i-th weighting cat-
egory, wi is the cargo weight for i-th category, and ei = f (wi, v) is the representative energy
consumption factor value (in MJ km−1) for the fleet of vehicles used when calculating the
ECI indicator, or the representative emission factor value (in g km−1) when calculating the
EI indicator, for vehicles loaded with cargo weight wi and moving at an average speed v.

To illustrate the differences between station groups, for each year within the analyzed
period, indicators for energy consumption and road emissions were calculated for two
major air pollutants generated by transportation: NOx and PM2.5. Representative values
of ECI, EINOx, and EIPM2.5 were calculated based on data provided by EMEP/EEA for the
Tier 3 method [28]. The following assumptions were made for the calculations: (1) the
median vehicle speed for the entire period, equal to 78 km h−1, was used as the average
speed of vehicles for each station group and all years; (2) Eurostat data on the total vehicle-
kilometers performed by freight vehicles by age for 2022 in Poland [29] was used in the
calculations, and the same share of the various exhaust emission standards represented in
the in-use fleet was assumed for each station group. The results of these calculations are
presented in Figure 12.
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Analysis of the results presented above leads to the following conclusions: (1) the
values of ECI, EINOx, and EIPM2.5 calculated for Group 1 are, respectively, 17%, 24%, and
21% higher than the minimum values obtained for Group 4; (2) the smallest difference in
the values taken by those indicators occurs for Groups 3 and 4 (being only a few percent
and not exceeding 4% in any of the cases analyzed); (3) comparing the indicator values for
Groups 3 and 2 and for Groups 2 and 1, it can be observed that the respective differences
show an increasing trend; (4) changes in the distribution of weighting categories observed
from year to year have the least impact on the indicator values for Group 4, while they
have the greatest impact on the indicators for Group 2. The changes in indicator values
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resulting from changes in the distribution of weighting categories observed from year to
year for Groups 1 and 3 are comparable.

4. Conclusions

The results of analyses conducted on the basis of data for the years 2020–2022 allow
the following conclusions to be drawn for the vehicle categories considered here:

1. The share of empty vehicles in traffic on different road sections in Poland varies
significantly, with the average share of empty vehicles in traffic on national roads in
Poland in the analyzed years amounting to less than 4%; for the 2022 data, the value
of the third quartile indicates that in the case of 25% of the road sections on which
measurements were made, this share is almost 1% higher.

2. The average share of fully loaded vehicles in the years considered was between 25
and 27%; however, the maximum value registered on the road sections considered in
2022 was almost 59.5%.

3. The median value of the load factor remained stable from year to year, amounting to
0.63 in 2022; the values of the first and third quartiles for the data from the year 2022
were 0.58 and 0.68, respectively.

In general, efforts to achieve sustainable road transport require maximization of the
efficiency of the use of means of transport, and therefore, first of all, minimizing the number
of empty journeys, while using the available capacity of vehicles as much as possible. A
quantitative indicator illustrating the effectiveness of these goals is the median LDA index.
During the period considered, the data collected for the category of vehicles concerned did
not indicate a significant change in either the number of empty vehicles registered or the
number of fully loaded vehicles, which is reflected in the constant value of this indicator.

Moreover, the median value of the LDA index is also useful for deeper analysis of
freight transport. The method of data aggregation proposed in this study permitted it to be
demonstrated that the median value of the LDA index can be used to identify the nature of
the distribution of vehicle weight categories (in the case of the categories of heavy goods
vehicles considered). The LDA index also allows estimates of generalized indicators of
energy consumption and road emissions of air pollutants per tonne of cargo to be made.
The nonlinear relationship between the LDA index and those quantities confirms the need
to pay special attention to the number of empty vehicles, whose share significantly impacts
the overall level of energy consumption and air pollutant emissions.

Overall, prioritizing sustainable transport practices will be essential for reducing
environmental impacts and improving the efficiency of road freight operations.
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9. Maczyński, A.; Brzozowski, K.; Ryguła, A. Analysis and Prediction of Vehicles Speed in Free-Flow Traffic. Transp. Telecommun. J.
2021, 22, 266–277. [CrossRef]
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