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Abstract: The article concerns the assessment of the energy consumption of inland waterway freight
transport on river sections in the context of environmental management. The research question
was: Does the choice of the route determine the total energy consumption of inland waterway
transport and therefore affect the potential of cargo transport of this mode? The article aims to
indicate the directions of energy consumption by inland waterway freight transport depending on
the route selection, the volume of transport, and the length of the route. The study was carried out on
nine sections of the Odra River in Poland during the years 2015-2020. Statistical and econometric
techniques were used, i.e., ANOVA, generalized linear models, Eta coefficients, Lasso and Ridge
regularization, and X-average control charts (Six Sigma tool). Based on early warning models, river
sections were identified that favor the rationalization of energy consumption in terms of the network.
The sensitivity of the energy consumption of inland waterway transport to changes in the average
distance and in the volume of transport was examined. With the use of Six Sigma tools, the instability
of the energy consumption processes of inland waterway transport was identified, paying attention
to the source of the mismatch, which was the increase in the average transport distance in the
sections, where energy consumption increased due to the operational and navigation conditions of
these sections.

Keywords: data science; energy consumption processes; inland waterway transport; Lasso regression;
Latent Dirichlet Allocation; warning modeling; Six Sigma

1. Introduction
1.1. Presentation of Research Problems

Transport is the bloodstream of the economy and the foundation of society’s develop-
ment [1,2], and therefore, it requires setting directions for improvement toward sustainable
development [3,4]. This improvement is indicated in the context of resource use by trans-
port [5]. There is also a strong link between economic development and the continual
increase in energy consumption on a global scale [6-8]. A similar relationship was noticed
in transport, and therefore, attention has been paid to the need to promote one of the
paradigms of sustainable development, i.e., decoupling [9,10]. The achievement of the
goals outlined in the white paper ‘Roadmap to a Single European Transport Area—Towards
a competitive and resource efficient transport system’ by 2050 is synonymous with cut-
ting off the oil dependency of the transport system without compromising mobility and
efficiency [2,11,12]. It is connected with the need to improve the energy efficiency of all
modes of transport, the implementation of sustainable fuels, and more efficient propulsion
systems [11]. It is worth highlighting that sustainable development is the cornerstone
of European climate [13] and energy policy. There is a need to reduce emissions from
the transport sector by approximately 90% by 2050, which was emphasized in the ‘Green
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Deal’ [14,15]. The main pillar of the Green Deal is the ‘shift paradigm’ [13,14], that is, the
modal shift from road to rail or inland shipping [16-19].

Inland waterway transport is considered to be the least energy-intensive transport
mode among the modes of transport [20-23]. It is one of the components of a comprehensive
transport system [24-26] and is associated with an environmentally friendly alternative [27-30]
in terms of energy consumption [31,32], gas emissions [33], and noise [34-36]. However, the
untapped potential of inland waterways has been noted [37,38], and the need to increase
their importance in inland goods transport is noted [2,22]. Shifting freight from road to
water transport requires financing waterway infrastructure [39], and one of the greatest
barriers to development is financing infrastructure [34].

The waterway is one of the elements of inland waterway transport [40,41], but due
to its functions, it is essential for the development of inland navigation [36] and also
influences economic development [24], especially in regions connected to the river [42]. It
is emphasized that this type of transport is specific to market processes and sustainable
development policy [34,43-45]. The efficiency of inland waterway transport is closely
related to improving the infrastructure of waterways, the structure of energy consumption,
and the permissible carrying capacity of vessels [46,47]. Inland waterway transport plays
a supporting role in coastal and maritime transport. However, it has less potential and
scope for actions to improve energy intensity and energy efficiency management than sea
or coastal transport. This is particularly related to the quality of infrastructure and ships,
which limits improvements in making inland waterway transport sufficient to coordinate
coastal and maritime transport. Therefore, inland waterway transport is a challenge from
the point of view of promotion in the transport system without avoiding large losses in
efficiency [46]. The criteria that limit the possibility of inland waterway transport for
transshipment and further transport are mainly the parameters of the waterway [36,48-50].

Using an isolated and network approach, the research carried out is novel in the
methodology of estimating the energy consumption of inland waterway freight transport
on nine sections of the Odra River with different navigation conditions. The study used a
combination of various data science techniques, the results of which could be adapted to
neural networks in the future. Techniques in the field of data mining, econometrics, indus-
trial statistics, and machine learning (artificial intelligence) were combined to recognize
consumption patterns in inland waterway transport.

This study addressed the issues described and was an attempt to operationalize
the early warning concept of energy consumption processes in inland waterway freight
transport on river sections in the context of environmental management. An attempt to
harmonize various statistical and econometric techniques to the data science approach,
including, among others, the ANOVA method, Lasso and Ridge regularization (part of
machine learning), and finally, the Six Sigma tool, may contribute to the methodology of
studying the energy consumption of inland waterway transport. In addition, the article
also has practical value in terms of the possibility of implementing the approach as a tool
to support decisions in the field of the qualitative-quantitative early modeling of energy
consumption processes in inland waterway transport in river sections.

1.2. Organization of the Paper

The article focuses on examining the energy consumption of inland waterway trans-
port for specific river sections. The research problem was formulated in the form of a
question: Does the choice of route determine the total energy consumption of inland water-
way transport and thus affect the potential of cargo transport of this mode? In addition,
two more questions were formulated in the context of the research problem: Do particular
sections of the Odra River differ significantly in the levels of energy consumption by inland
waterway freight transport? Do particular sections of the Odra River differ significantly in
the volumes of the inland waterway transport of cargo? In the context of this problem, a
research hypothesis was formulated: the choice of the route along particular sections of the
river determines the rationalization of energy consumption (and energy intensity) by inland
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waterway transport. The article aims to indicate the directions of energy consumption
by inland waterway freight transport depending on the route selection, the volume of
transport, and the length of the route. The spatial scope of the study covers nine sections
of the Odra River in Poland that are diversified in terms of navigation conditions. The
temporal scope covers the years 2015-2020. Statistical and econometric techniques were
used, i.e., analysis of variance (ANOVA), generalized linear models, Eta coefficient, Lasso
and Ridge regularization (to separate the signal from the noise), Six Sigma tools (X-average
control charts), and other statistics (mean, standard deviation, skewness, F statistics, Wald
Chi-Square test-type III, Omnibus test). The combination of the indicated methods allowed
for in-depth analysis and identification of the areas of deregularization (in the sense of
instability) of the energy consumption of inland waterway freight transport, which is
important from the point of view of an early warning system.

The article consists of five parts. The first is the introduction. The second part contains
a brief literature review with text mining techniques, such as a word cloud, topic modeling
(using Latent Dirichlet Allocation), mapping latent variables, and mapping the factors of
the energy consumption of inland waterway transport. The third part is a description of
the research and methodology. The fourth part contains the empirical research results and
a discussion. The article ends with conclusions.

2. Brief Literature Review

Energy intensity is one of the measures of sustainable development, and three dimen-
sions are intertwined within it: economic (management of scarce resources in the context),
environmental (information about the exploitation of the environment; pollution is a side ef-
fect), and social (the scale of its exploitation determines the possibility of meeting the needs
of future generations) [51]. Energy consumption processes are important for environmental
and economic management from a macroeconomic point of view [10,52]. Environmental
management means actions aimed at improvement and also includes reducing costs and
risks, striving for sustainable development, and, at the same time, ensuring compliance
with the guidelines for development [53].

Text mining was carried out on the basis of the selected literature due to its con-
nection with the discussed topic. Originally, 73 publications (mainly from the Web of
Science, Scopus, and Google Scholar databases) were identified; after removing dupli-
cates, a complete literature review classified 41 publications for further examination, in-
cluding [1,3,4,11,13,18,20-25,27-32,34-41,43,44,46-50,53-60]. The structure of the studied
publications includes 33 journal articles (80%) and 8 conference materials (20%).

Figure 1 shows a word cloud. This tool is useful to visualize keyword frequency in the
given publications. Among the most popular are inland waterway (waterways) transport,
energy, emissions, ship, shipping, efficiency, ports, and river. There are also other variations
of words in the cloud because the text was not subjected to lemmatization. Its original
content was not interfered with, as would be reflected in the results at further stages of
the study (high sensitivity to an external interference). Words marked with a smaller font
indicate the diversity of the issues undertaken by scientists and the connections between
the issues.

Noting the diversity of issues, which oscillated around the main concern, that is,
energy consumption in inland waterway transport, the modeling of the topic was carried
out using the Latent Dirichlet Allocation technique (Table 1). The technique is, in a way, an
attempt to identify the similarities of latent variables in as-yet undiscovered patterns of
words scattered across various documents. In combination with multidimensional scaling
(MDS), the marginal probability of a topic and the most characteristic representatives in
the corpus were estimated. For example, when analyzing Topic 3, it can be assessed that
the publications had an econometric overtone, focused on dynamic cointegrating relations.
Topic 8 focused on linear programming (optimization methods), while Groups 1 and 4
concerned problematics broadly understood in transport policy.
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Figure 1. Word cloud from papers on the energy consumption of inland waterway transport. Source:
own elaboration based on 41 references [1,3,4,11,13,18,20-25,27-32,34-41,43,44,46-50,53-60].

Table 1. Topic modeling using the Latent Dirichlet Allocation technique and MDS.

Topic Topic Keywords

Marginal Topic Probability

Most Representative Words of Topic

transport, inland, navigation, waterway,

modal, freight, sustainable,

1 i?;rigaif, S‘Eﬁsportation, freight, sustainable, 0.0338 shift, navigation
2 gas, energy, ship, electric, liquefied, natural, 0.1165 natural, liquefied, marine,
marine, engines, LNG, transport : engine, LNG
emissions, sea, transportation, energy, carbon, .
. e ARDL, VE
3 development, sustainability, CO,, 0.0621 g v CM’ Series,
consumption, dioxide specific, relationships
inl logisti 1. . '
inland, transport, .OgIShCS' CO2{ md.l c.ators, transshipment, template, integrated,
4 waterway, transshipment, sustainability, 0.1538 e ;
shift, management mitigation, variable
i I .
water, tljansp(?rt, river, waterways, low, dlscharges, levels, droughts,
5 propulsion, climate, change, 0.0449
.. vessel, Danube
alternative, impacts
6 inland, transportation, cargo, oversize, river, 0.0726 cargo, oversize, supply,
ship, water, energy, waterways, shipping ' biomass, green
transport, inland, emissions, waterways,
cycle, system, vessels,
7 waterway, carbon, energy, external, 0.1861 h .
efficiency, power greenhouse, impact
shipping, transport, model, design, inland, containers, bridge, standard,
8 waterway, speed, management, 0.0532 optimization. linear
allocation, programming P /
9 transport, ports, energy, emissions, inland, 0.1583 sector, decomposition, factors,
ship, power, shipping, efficiency, development ’ aviation, driving
10 river, transport, index, waterway, costs, short, 0.0839 longitudinal, Yangtze, board,

model, sustainability, assessment, longitudinal

protection, cask

Note: Topic evaluation: log perplexity—59.6236; topic coherence—0.5268. Source: own elaboration based on 41
references [1,3,4,11,13,18,20-25,27-32,34-41,43,44,46-50,53-60].

By exploring the selected publications in-depth, the focus was on mapping latent
variables in the network of connections (Figure 2). Based on the network of relationships
created, the latent variable ‘energy consumption’ was identified and attention was paid to
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how trends in the scientific research evolved. It can be noticed that in the last 5-6 years,
the areas related to energy consumption, energy efficiency, inland waterway transport,
and carbon dioxide emissions, followed by the areas of climate change and alternative
drives have gained importance. On the other hand, in the previous decade, such issues
related to the volume of transport and the mode of transport itself (from the point of
view of the integration of various modes) played a role. Nevertheless, when analyzing
the general network of connections, it can be seen that the authors extended the areas of
interest that were the focus of a decade ago. This means that these issues have not lost their
importance, although the emphasis has slightly shifted toward issues related to climate
and energy policy at the expense of the issues of transport itself. This further means that
the lens is focused on the concept of sustainable development rather than economic growth
(including increased transport). There are also clear divisions among the micro-, meso-,
and macroeconomic approaches to the described issues.

foldable gontainer

low energy @nsumption

effigiency Ingank g
85 ooty navigatioB function
lag
'effec@ness battery

alternative fuel Vi el )
mode! ay ﬁ 4 wer

carbonigmission Y i
inland Aavigation
s 08

inland ryer ship
energyisaving Watggay
barge - energyefficiency engrey
inlandighipping
redugtion " waterwayservice
21oPUSEY Ehergy cansumption performance
inlandicraft cargo trangportation
frelght transport inlandwerway
® ®
ailw Estruct: & inland wategway transporté:
co2 emission L

availability

iwt
transpagt mode
2 ¥ supply rivemport

waterwayfransport port
transport styuicture change

gguironme

climate change

wateplevel

ental manag

containe@iransport
intermodg terminal

effigigncy

battery

vessel
V. @

carbongmission | B land
inlant igation
\| nland gy P e

Watggva
bafge——energyiefficiency SAEEY

o)
inland ang v b

7 walgbili

ret@'on - N N e

Way! "
‘@G Ehergy-cons ption perfogmance
inlangicraft 7 X
X /48 G
freight @gaSport mlant*erway

o inlandyfatewytransport

co2 émission / ) i
b 4 transp@ mode wt
[ j
poi
| \
|
con(alne';anspon c‘ﬁmateﬂchange
intermodg) terminal
I

2012 2014 2016 2018 2020 2022

Figure 2. Mapping latent variables from the literature on issues connected with the energy consump-
tion of inland waterway transport. Note: Technical publication on mapping and clustering using
VOSviewer [61]. Limitations: The authors did not take into account many valuable publications in
the study, instead taking into account the need to narrow the thematic scope of the described issues.
Source: own elaboration based on 41 references [1,3,4,11,13,18,20-25,27-32,34-41,43,44,46-50,53-60].

The exploration of the texts allowed for the identification of one more area of consider-
ation. Based on Figures 1 and 2 and Table 1, it can be noticed that the river (its sections or
features, e.g., navigational features) are of particular importance in the context of the dis-
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cussed issues. Therefore, this can be considered a latent variable that may have significance
in shaping the energy consumption of inland waterway transport.

Table 1 shows that the highest marginal probability of the topic is related to the issues
related to vessels, their power, efficiency, and energy consumption (micro-macro level).
This was also confirmed by an attempt to identify the measurable energy consumption
factors of inland waterway transport.

The review of the literature using text mining techniques is complemented by the
identification of measurable (non-hidden) energy consumption factors of inland waterway
transport at the microeconomic level (Table 2). In this case, these are not hidden (qualitative)
factors, but those that can be quantified.

Table 2. Overview of factors related to issues on energy consumption in inland waterway transport
from the point of view of vessels.

Author

Issue

Factors

Source

Sun et al.

operational energy efficiency for
inland river ships

river sections; oil consumption; voyage speed; load; draft;
engine speeds

[50]

Zhukov et al.

energy efficiency of river ships with
gas engines

speed of the vessel; displacement of the vessel; factors
considering the influence of displacement, features, and external
conditions; design power of main engines and auxiliary engines;
electric power; specific effective fuel consumption of engines;
emissions from engines; efficiency coefficient of innovative
energy production technologies; power developed;

CO; emissions

[54]

Percic et al.

(a) ships” energy needs

(b) river vessels” energy needs

(c) energy demands of stationary units

(a) main energy power; auxiliary energy power; average ship
speed; ship energy consumption per distance traveled; fuel oil
consumption; specific fuel oil consumption

(b) energy consumption for a ship sailing upstream; energy
consumption for a ship sailing downstream; length of a one-way
trip; annual number of return trips; length of a return trip; annual
energy consumption of the vessel

(c) average load of ship’s power; time that the vessel spends in
operation annually; annual fuel oil consumption of the vessel;
fuel oil density; average power onboard the vessel; annual energy
consumption of the vessel

[25]

Simic and Radojcic

energy efficiency of inland waterway
self-propelled cargo vessel

carbon factor; specific fuel consumption; engine rating; transport
performance by vessel-specific capacity measure and design
speed for evaluating power conditions: ship size, hull form, and
fairway restrictions; external factors: wind, waves, hull and
propeller roughness

[60]

Lebkowski

reduction of fuel consumption in
inland water transport

(a) barge resistance and barge velocity to calculate the towing
power

(b) frictional resistance; lower speed hull form factor; appendage
resistance; wave resistance; bulbous bow pressure resistance;
transom pressure resistance; residual resistance; and
aerodynamic drag to calculate total resistance

(c) stern shape coefficient; beam; waterline length; draft;
displaced volume; prismatic coefficient; length of run; corrective
coefficient; position of the center of buoyancy

(d) density of ware; ship speed; frictional resistance coefficient;
appendage shape coefficient; and surface of appendage to
calculate appendage resistance

(e) density of air; ship velocity; transverse area; and ship hull
drag coefficient to calculate the aerodynamic drag

(f) towing power; drive train efficiency; barge hull efficiency;
shaft efficiency; rotational efficiency; and free-running propeller
efficiency to calculate to power drive motor

(g) effective power on the engine power take-off shaft; heat losses;
losses related to engine internal friction to calculate power
contained within the fuel

[55]

Source: own elaboration based on sources from the last column of the table.

Identifying the factors influencing energy consumption in inland waterway transport
at various levels using a multidimensional approach allowed for the assessment of data
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coverage for further analysis and the identification of the methodological and empirical
gap. It is also a justification for the direction of the research for the analyzed area.

3. Data and Methods
3.1. Data

In the analysis, annual secondary data from the public databases of Glowny Urzad
Statystyczny (Central Statistical Office of Poland, GUS) [62-66] and Dziedzinowe Bazy
Wiedzy (Knowledge Databases, DBW) [67] were used. The volume of inland waterway
transport (in tons) and the transport performance (in ton-kilometers) were obtained from
the GUS data and the unit energy consumption of the contractual vessel (in MJ/tkm) from
the DBW. On their basis, the total energy consumption (in GJ) of inland waterway freight
transport, the energy intensity of inland waterway transport, and the average distance
traveled by 1 ton of goods were calculated (more information in the footer of Table 4).
The cross-sectional data represent 9 sections of the Odra River (Table 4) and the time data
concern the years 2015-2020.

Table 3 presents the particular sections of the Odra River, and Figure 3 presents its
graphic visualization. The article adopts classification and nomenclature for particular
sections of the Odra River similar to the one presented by GUS [62-66]. This was necessary
due to the principle of uniformity of the data. For clarity, the sea section of the Odra River
has been translated as the Sea Odra River (in Polish ‘Odra morska’; this name of the river
section is not mentioned in other classifications except the one proposed by GUS). However,
there is also a different classification for particular sections of the Odra River. The Odra
River is one of the two main rivers in Poland included in the Accord. Européen Sur Les
Grandes Voies Navigables (AGN) agreement as to the E-30 route (Danube—Baltic Sea).
The 687 km-long Odra River waterway consists of sections that meet the requirements of
various classes of international classification (I, III, and Vb). The canalized Odra and the
lower section of the Odra offer the best navigation conditions.

Table 3. Sections of the Odra River.

zZ
e

Route Section

Upper Odra River (canalized)
Middle Odra River (freely flowing)-Upper Odra River (canalized)
Middle Odra River (freely flowing)
Middle Odra River (freely flowing)-Lower Odra River
Upper Odra River (canalized)-Lower Odra River
Lower Odra River
Sea Odra River-Lower Odra River
Sea Odra River-Upper Odra River (canalized)
Sea Odra River

Source: own elaboration based on classification of particular sections of the Odra River by GUS [62-66].

O 0N ONUl b WN -

Table 4 presents selected descriptive statistics of the studied variables in particular
sections of the Odra River.

Based on selected descriptive statistics of features for the Odra River and its sections,
it was calculated that the average energy consumption by inland waterway transport is
equal to 102,511.3 GJ. When analyzing the standard deviation in comparison to the mean
value, it can be seen that the ratio of these two values is approximately 2.8. This value is
equal to the coefficient of variation (280%), which proves a very large differentiation of
the analyzed sections and years due to the mentioned feature (energy consumption). The
highest average annual energy consumption recorded in the Lower Odra River section is
equal to 552,159.24 GJ, and the Sea Odra River section is equal to 241,234.21 GJ. The lowest
average values in the Sea Odra River-Upper Odra River (canalized) section, the Middle
Odra River (freely flowing)-Lower Odra River section, and the Middle Odra River (freely
flowing) sections are 356.78 GJ, 368.81 GJ, and 392.67 GJ, respectively.
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the Sea Odra River

the Lower Odra River

the Middle Odra River
(freely flowing)

the Upper Odra River
(canalised)

Figure 3. The Odra River sections. Note: In an isolated system, attention can be drawn to 4 sections
of the Odra River: the Sea Odra River, the Lower Odra River, the Middle Odra River (freely flowing),
and the Upper Odra River (canalized). However, the adoption of such an arrangement would exclude
longer routes beyond the boundaries of the section concerned. The network system includes 9
sections of the Odra River, additionally connecting two or more sections into one in the case of
transports performed outside the section boundaries from an isolated system, e.g., the Sea Odra
River—the Lower Odra River. Transport over longer sections was not decomposed and assigned to
sections from an isolated system but to sections from the network system. Source: own elaboration.

Table 4. Selected summary statistics of inland waterway transport features by sections of the Odra
River in 2015-2020.

. e . Energy Consumption Transport of Goods Energy Intensity .
Route Section Statistics G) (tons) (kJ/ton) Average Distance (km)
. mean 89,328.59 1,519,881.67 65,035.00 10.83
U Odra R
szern l.ra d)“’er standard deviation 72,474 44 530,106.97 52,063.55 9.63
canafize skewness 0.98 2.17 0.75 1.30
Middle Odra River mean 4338.44 792.67 3,382,292.17 492.01
(freely flowing)-Upper standard deviation 6611.83 779.15 3,674,134.19 363.76
QOdra River (canalized) skewness 2.00 0.18 1.88 0.23
) . mean 392.67 115.17 995,573.33 104.26
M(lggg Oﬂir;ﬁ“’)er standard deviation 907.96 171.00 2,018,306.03 185.58
¥ 8 skewness 2.44 1.80 239 224
Middle Odra River mean 368.81 153.33 958,313.33 115.83
(freely flowing)-Lower standard deviation 675.33 198.66 1,388,769.91 144.38
QOdra River skewness 2.20 1.20 1.44 0.71
Upper Odra River mean 5301.18 1208.83 3,783,886.50 566.94
(canalized)-Lower Odra standard deviation 4369.67 827.38 1,786,716.33 55.13
River skewness 0.33 0.38 —0.45 -0.27
mean 552,159.24 926,772.67 555,157.00 85.68
Lower Odra River standard deviation 707,771.69 273,745.51 599,726.21 61.06
skewness 2.42 —0.04 2.36 0.96
Sea Odra River_L mean 29,121.79 32,077.33 1,097,162.33 163.61
ca Org ver-Lower standard deviation 33,503.07 11,351.32 1,574,713.43 156.87
ra River skewness 2.29 035 2.44 1.07
Sea Odra River—U mean 356.76 51.33 1,158,306.50 108.20
Oe;‘ R’Fa ‘(Ver IPPS’; standard deviation 873.88 125.74 2,837,259.89 265.04
ralsiver (canalize skewness 245 245 245 245
mean 241,234.21 492,137.00 427,269.50 63.22
Sea Odra River standard deviation 157,856.48 238,029.45 200,056.21 1.23
skewness —0.05 —1.09 —0.92 —-1.29
mean 102,511.30 330,354.44 1,380,332.85 190.06
Total standard deviation 285,687.74 560,382.60 2,169,639.84 250.36
skewness 5.73 1.89 2.21 1.41

Note: To calculate energy consumption, the unit of energy consumption of a contractual inland vessel for the
transport of goods for a given year (M]/thousand tkm) was used and multiplied by the transport performance
(thousand tkm) on a given section of the Odra River. The limitation of this approach is the lack of exploration of
the energy consumption of the diversified inland waterway transport fleet. In the presented approach, such a
detailed level of data granularity is not required. Energy intensity is the energy consumption per unit of transport
volume expressed in the unit k] /ton (the amount expressed in kJ /ton is equal to the amount expressed in the unit
M]J/thousand tons—this is another notation of the unit of the same size). Source: own calculations based on data
from [62-67].
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Analyzing the volume of inland waterway freight transport, the average annual
value in the selected sections is 330,354.44 tons. The observations deviated from this
value by 560,382.60 tons on average. In comparing the two values, it was found that
the transport varied in particular sections of the Odra River over the years. The highest
volumes of transport were recorded on the Upper Odra River (canalized) section and the
Lower Odra River section, while the lowest was on the Sea Odra River-Upper Odra River
(canalized) section.

When assessing the resultant value of both energy consumption and the volume of
transport, i.e., the energy intensity of inland waterway transport, large diversity among
the analyzed sections and individual years can also be found. The average value of energy
intensity was 1,380,332.85 k] /ton. The sections of the Upper Odra River (canalized)- Lower
Odra River and the Middle Odra River (freely flowing)-Upper Odra River (canalized)
were characterized by the highest average annual energy intensity. The Upper Odra River
(canalized) section was characterized by the lowest energy intensity.

The annual average distance traveled by 1 ton of goods for all sections is approximately
equal to 190 km, with the highest average annual value recorded in the Upper Odra River
(canalized)-Lower Odra section and the lowest for the Upper Odra River (canalized)
section, as is the case with the energy intensity of this type of transport.

When analyzing the value of skewness, it can be observed that most of the features
examined in particular sections were characterized by a right-hand distribution (similarly
to the average values for the entire river). Only in the case of the Sea Odra River section is
a left-hand distribution noticeable on all the examined variables. In the case of the Upper
Odra River (canalized)-Lower Odra River section for it is noticeable on two variables:
energy intensity and average distance, and in the case of the Lower Odra River section,
for one variable: the transport of goods. High skewness values may suggest that there
is a problem of disturbance/instability of the processes: energy consumption, transport
volume, and their resultant value-energy intensity of transport, which were examined
using industrial statistics (X-average control charts) later in the article.

3.2. Methods

The Eta coefficient (17) was used to investigate the relationship between the route
selection (qualitative, nominal variable) and the energy consumption by inland waterway
transport, the volume of transport, the energy intensity of this mode of transport, and the
average distance traveled by 1 ton of goods (quantitative variables).

Eta correlation is associated with the analysis of variance (ANOVA). Using ANOVA, it
was investigated how the independent variable influences the dependent variable. Because
the variable represented by the route selection (‘Route section’) has many levels (these
are different sections of the Odra River), it was an appropriate method to investigate the
differences among the studied groups. In other words, it led to the verification of whether
the selection of specific sections of the Odra River differentiates energy consumption, the
volume of transport, the energy intensity of transport, and/or the average distance traveled
by 1 ton of goods.

The Fisher (F) statistic and the p-value were used for verification (statistical significance
was assumed at a p-value of <5%). The relationships among the ANOVA results, the
correlation coefficient #, and the F statistic can be written as follows [68]:

» _ SS (between groups)

T = SS total M)
1= 1/n? @

2.(N =
p_ (N =K)] 3)

(1 =5?)(k=1)]
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where SS (between groups) is the sum of the squares of the effect for the independent
variable, SS total is the total of the sum of squares, 1 — k and N — k are the degrees of
freedom (df), N is the number of total observations, and k is the number of groups.

Bearing in mind that the choice of route may, on the one hand, differentiate the
discussed quantities (energy consumption, volume of transport, energy intensity, and
average distance), and, on the other hand, shape these values, the study was extended to
include generalized linear models to explain the energy consumption of inland waterway
transport and the energy intensity of this transport. The models were verified with the
Wald Chi-Square test (type III) [69] and the Omnibus test [70].

The models were also tested for overfitting and collinearity. To separate the signal from
the information noise, the Lasso (L1) and Ridge (L2) method for the energy intensity model
was used (for more information about the whole procedure [71,72]). Lasso regularization
was also used to eliminate collinear attributes.

In the final part of the study, the Six Sigma tool was used, i.e., X-average control charts,
to define the centerline, warning lines, and control lines (see Six Sigma methodology [73]).
The use of this method was necessary from the point of view of diagnosing the instability
of consumption processes and was complementary to the previously used ones. With this
technique, it was possible to identify the years in which the instability had occurred.

4. Results and Discussion

Due to the diversity of the features described above, the following research questions
arose: Do particular sections of the Odra River differ significantly in terms of energy
consumption, the volume of transport, the energy intensity of inland waterway transport,
and the average distance traveled by 1 ton of goods in the analyzed years? Does the selection
of the route along the Odra River (the river section for transport activity) determine the
volume of inland waterway freight transport, energy consumption, and thus the energy
intensity of this transport, and its average distance? The answers to these research questions
can be found in the results of the analysis of variance (ANOVA) and association measures
(Eta and Eta squared). The results are presented in Tables 5 and 6, respectively.

Table 5. Analysis of variance (ANOVA).

Features Items SS::;r(::fs df Mean Square F Significance
between groups 12 1 3
Energy bined 1.66 x 10 8 2.08 x 10 3.52 3.08 x 10
rion * (combined)
Clgns‘tlmp p within groups 2.66 x 1012 45 591 x 1010 - -
oute section total 432 x 1012 53 - - -
Transportof ~ CCIVECMBIOUPS g 4o 1013 8 1.82 x 1012 39.74 6.69 x 1018
ds (b . (combined)
%00 ts ( Ort‘,s) within groups 2.06 x 1012 45 4.59 x 1010 - -
oute section total 1.66 x 10'3 53 - - -
Energy be&fﬁ&i‘zj‘;" S 814 x 101 8 1.02 x 1013 2.72 155 x 102
RmttenSIt}t].* within groups 1.68 x 1014 45 3.74 x 1012 - -
oute secion total 249 x 101 53 - - -
Average be;xflgiire‘:i‘;f’s 188 x 10° 8 2.34 % 10° 729 3.66 x 106
Rdlitancet.* within groups 1.45 x 106 45 3.21 x 10* - -
oute section total 3.32 x 10° 53 - - -

Source: own calculations.



Energies 2022, 15, 4660

11 of 21

Table 6. Measures of association.

Features Eta Eta Squared
Energy consumption * Route section 0.6203 0.3847
Transport of goods (tons) * Route section 0.9360 0.8760
Energy intensity * Route section 0.5711 0.3261
Average distance * Route section 0.7514 0.5645

Source: own calculations.

Based on variance analysis, it can be estimated that the particular sections of the Odra
River differ significantly in terms of transport volume (F (8, 45) = 39.74 with a p-value < 0.01,
1? = 87.6%), energy consumption (F (8, 45) = 3.52 with a p-value < 0.01, % = 38.5%), energy
intensity in inland waterway transport (F (8, 45) = 2.72 with a p-value < 0.01, 5% = 32.6%),
and the average distance traveled by 1 ton of goods (F (8, 45) = 7.29 with a p-value < 0.01,
1% = 38.5%).

For the differentiation in the volume of inland waterway freight transport, 87.6% can
be explained by the performance of transport in various sections of the Odra River. On the
other hand, the operation of transport on various sections of the Odra River explains 38.5%
of the diversification of energy consumption and 32.6% of the diversification of the energy
intensity of inland waterway transport. Additionally, for the differentiation of the average
distance traveled by 1 ton of goods, 56.5% can be explained by the performance of transport
services in various sections of the Odra River. Therefore, the decision to transport on a
given section of the Odra River is an important factor in determining, on the one hand, the
volume of transport, and, on the other hand, the energy consumption by inland waterway
freight transport. Moreover, the choice of the route (Odra River section) determines the
energy intensity and the average distance traveled of 1 ton of goods. These conclusions
provide the basis for the construction of a model with which it will be possible to assess the
impact of the decision on the selection of the section of the Odra River (route) on the energy
consumption by inland waterway freight transport (Table 7) and the energy intensity of
this type of transport (Table 8).

Table 7. Model of energy consumption in inland waterway freight transport in relation to the selection
of the route section and the volume of transport.

Parameter B Standard Error Significance
Transport of goods (tons) 1.87 2.02 x 1077 <0.01 ***
Route section = Upper Odra River (canalized) —2,429,136.57 321 x 1073 <0.01 ***
Route section = Middle Odra River (freely 4 .
flowing)-Upper Odra River (canalized) 775346 2.2 10 <0.01
Route section = Middle Odra River (freely flowing) 1184.91 4.09 x 107% <0.01 ***
Route section = Middle Odra River (freely 4 .
flowing)-Lower Odra River 431.03 417>10 <001
Route section = Upper Odra .Rlver (canalized)-Lower 4092.39 210 x 10-* <0.01 **
Odra River
Route section = Lower Odra River —675,166.21 2.09 x 1073 <0.01 ***
Route section = Sea Odra River—-Lower Odra River 19,157.01 393 x 1074 <0.07 ***
Route section = Sea Odra Rlver—Upper Odra River 1565.05 379 % 10—4 <0.01 ***
(canalized)
Route section = Sea Odra River —757,157.09 1.30 x 1073 <0.01 ***
(Scale) 12 - -

Note: Dependent Variable: Energy consumption. Model: Route section, transport of goods (tons). Scale weight
variable: Energy intensity. The good fit of the model was verified on the basis of the Omnibus test. Based on the
Wald Chi-Square test (type III), it was verified that the model effects, i.e., ‘Route section” and “Transport of goods
(tons)’, are statistically significant (p-value < 1%). *—Fixed at the displayed value. ***—Significance of p-value at a
level equal to or lower than 1%. Source: own calculations.
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Table 8. Warning model of energy intensity in inland waterway freight transport in relation to the
selection of the route section and the average distance traveled by 1 ton of goods.

Parameter B Standard Error Significance
Average distance 8364.16 8.31 x 1074 <1% ***
Route section = Upper Odra River (canalized) —25,515.11 4.08 x 1071 <1% ***
Route section = Middle Odra River (freely flowing)-Upper Odra River —732,960.51 578 x 10-1 <19 ***
(canalized)
Route section = Middle Odra River (freely flowing) 123,500.67 417 x 1071 <1% ***
Route section = Middle Odra River (freely flowing)-Lower Odra River —10,535.12 4.19 x 1071 <1% ***
Route section = Upper Odra River (canalized)-Lower Odra River —958,057.01 6.24 x 107! <1% ***
Route section = Lower Odra River —161,450.97 414 x 1071 <1% ***
Route section = Sea Odra River—-Lower Odra River —271,324.96 430 x 101 <1% ***
Route section = Sea Odra River-Upper Odra River (canalized) 253,284.55 418 x 107! <1% ***
Route section = Sea Odra River —101,500.49 412 x 1071 <1% ***
(Scale) 12 - -

Note: Dependent Variable: Energy intensity. Model: Route section, average distance. The good fit of the model
was verified on the basis of the Omnibus test. On the basis of the Wald Chi-Square test (type III), it was verified that
the model effects, i.e., ‘Route section” and ‘Average distance’ are statistically significant (p-value < 1%). *—Fixed
at the displayed value. ***—Significance of p-value at a level equal to or lower than 1%. Source: own calculations.

The model presented in Table 7 suggests that an increase in inland waterway freight
transport by 1 ton (with the current structure of transport in the analyzed Odra River
sections maintained) will increase energy consumption by 1.87 GJ on the Odra River ceteris
paribus. In other words, there is a growing marginal cost of 1.87 GJ/ton, equated here
with the energy intensity of this type of transport. This is higher than the average cost
(energy intensity), equal to approximately 1.38 GJ/ton (see mean of total sections in Table 4).
Therefore, according to the economic theory of marginal costs, one can expect an increase
in the average cost with an increase in transport volume.

The increase in marginal costs correlates with a decrease in marginal benefits. The
transport of each subsequent ton of cargo without changing the transport structure within
the analyzed routes consumes more and more energy resources. Therefore, there is a need
to make decisions about the rationalization of transport in selected sections of the Odra
River. The model shows that three route sections can be selected that are important in the
context of reorganizing inland waterway freight transport, taking into account the need
to minimize the energy intensity of this transport (i.e., through the prism of weighted
scaling). In these sections, the most efficient operation of this transport is in terms of energy
consumption and transport volume, and they include the following: the Upper Odra River
(canalized), the Sea Odra River, and the Lower Odra River. The following relationships can
be assessed:

e Inland waterway freight transport, which takes place through the Upper Odra River
(canalized) section, contributes to lower energy consumption on the entire Odra River
by 2,429,136.57 GJ compared to if this section of the route was excluded from use
(ceteris paribus).

e Inland waterway freight transport via the Sea Odra River section allows for lower
energy consumption on the entire Odra River by 757,157.09 GJ compared to if this
section was excluded from use (ceteris paribus).

e  The possibility of providing inland waterway freight transport through the Lower
Odra River section allows one to reduce the total energy consumption on the entire
Odra River by 675,166.21 GJ compared to the situation if this section was excluded
from use (ceteris paribus).

In contrast to these conclusions, it is also possible to identify sections that are charac-
terized by the opposite direction of influence. For one of them, with the strongest impact,
the following relationship was assessed:



Energies 2022, 15, 4660

13 of 21

e  The performance of transport services on the Sea Odra River-Lower Odra River section
causes an increase in the total energy consumption by 19,157.01 GJ on the entire Odra
River as compared to the situation if the transport were planned for a section other
than this one.

This is probably influenced by the transport distance, i.e., the combination of the
Lower Odra River section and the Sea Odra River section. However, it is also worth looking
at this section from the network point of view. Excluding this section from the route for
hypothetical energy consumption mitigation could disrupt the continuity of the supply
chain over longer distances.

Taking into account the fact that the Odra River sections discussed differ significantly
from each other in the analyzed characteristics, the analysis was extended with additional
elements. The energy intensity of the inland waterway freight transport was examined
based on the average distance traveled by 1 ton of goods and the choice of route, also taking
into account the continuity of the supply chain (Table 8). The energy consumption itself
and the volume of transport do not fully reflect the specificity of this type of transport.

Based on the model presented in Table 8, the following conclusions were formulated,
assessing the direction and strength of the relationships:

e Anincrease in the average distance traveled by 1 ton of goods by 1 km will increase
the energy intensity by 8364.14 k] /ton (approx. 8 M]/ton, ceteris paribus).

e Inland waterway freight transport on the Sea Odra River—-Upper Odra River section
causes an increase in energy intensity of this type of transport by 253,284.55 k] /ton
(253 MJ/ton) compared to the case of abandoning transport of goods along the entire
analyzed Odra River (ceteris paribus).

e Inland waterway transport on the Middle Odra River (freely flowing) section increases
the energy intensity of this transport by 123,500.67 kJ /ton (123.5 MJ/ton) compared to
if the transport on this section was abandoned (ceteris paribus).

e Inland waterway transport on the Upper Odra River (canalized)-Lower Odra River
section causes a decrease in energy intensity by 958,057.01 k] /ton (958 MJ/ton) com-
pared to if this section was excluded from transport (ceteris paribus).

e Inland waterway transport on the Middle Odra River (freely flowing)—Upper Odra River
(canalized) section reduces the energy intensity of this transport by 732,960.51 k] /ton
(733 MJ/ton) compared to if it had not been carried out following this route (ce-
teris paribus).

To sum up, the energy intensity of inland waterway transport is the highest when
carrying out cargo transport on the entire Odra River and only on the Middle Odra River
(freely flowing) section. On the one hand, it can be noticed that the extension of the
route of the Upper Odra River (canalized)-Lower Odra River by a section to the sea
causes a breaking point somewhere. This was a situation in which transports planned
along the entire route were less favorable in terms of the ratio of energy consumption to
transport volume. On the other hand, planning transports through the Middle Odra River
(freely flowing) section with another section resulted in a reversal of the energy intensity
changing. Transport only on this section was relatively more energy-intensive in relation
to the transport of 1 ton compared to the case of an extension of the route to the upper or
lower section of the Odra River. This means that the energy intensity of inland waterway
transport is not unit proportional to the average transport distance (to the length of the
route) but is also dependent on the operating conditions of the roads (a latent variable in
the qualitative variable).

Regularization as part of machine learning is useful to avoid overfitting the model. To
separate the signal from the information noise, Lasso (L1) and Ridge (L2) regularizations
were used. Parameter assessments using these techniques are presented in Table 9.
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Table 9. Regularized warming model of energy intensity in inland waterway freight transport in
relation to the selection of route section and the average distance traveled by 1 ton of goods by Lasso
and Ridge methods.

Coefficient Coefficient

1D Parameter (Lasso L1) (Ridge L2) Difference
1 Average distance 8364.11 7964.39 —399.72
2 Route section = Upper Odra River (canalized) —25,505.57 —18,160.44 7345.13
Route section = Middle Odra River (freely
3 flowing)-Upper Odra River (canalized) —732,927.03 —459,658.38 273,268.65
4 Route section = Middle Odra River (freely flowing) 123,496.86 141,584.75 18,087.89
5 Route section = Middle Odra R}Ver (freely ~10,520.35 30,661.64 41181.99
flowing)-Lower Odra River
Route section = Upper Odra River B B
6 (canalized)-Lower Odra River 958,019.80 626,923.99 331,095.81
7 Route section = Lower Odra River —161,437.70 —109,028.58 52,409.12
8 Route section = Sea Odra River-Lower Odra River —271,307.81 —176,500.12 94,807.69
9 Route section = Sea Odra Rlver—Upper Odra River 253,280.93 25417794 897.01
(canalized)
10 Route section = Sea Odra River —101,488.35 —65,337.80 36,150.55

Note: « = 1 (regularization strength for L1 and L2). Italics indicate change of direction (sign from minus to plus).
Source: own calculations.

As a result of the regularization carried out using two methods (Lasso and Ridge),
the Lasso method (Table 9) obtained values similar to the pure model (Table 8). The Ridge
method was used to obtain results that reduced the impact of transport activity on a given
section of the Odra River, leading to an improvement in energy intensity, and the results
for parameters that increased the energy intensity indicators were strengthened. In one
of the Odra River sections—Middle Odra River (freely flowing)-Lower Odra River—a
completely different direction of influence was obtained compared to the pure model
(before the regularization of parameters) and the model with L1 (Lasso) regularization. It
can be assumed that the results obtained by L2 regularization (Ridge) avoid overfitting, but
they shift the values and may break down the error evaluation efficiency, omitting a lot
of valuable information about further directions of exploration. Its results can be treated
as complementary. The L1 (Lasso) regularization gives higher confidence, which has an
additional advantage (that the L2 method does not have)-it eliminates the collinearity
of the examined attributes. The results of regularization by the L1 (Lasso) method also
indicate that the pure models are not overfitted and do not have the effect of bloating the
variance (which occurs in the case of collinear attributes). This is valuable information
from the point of view of the influence of the neighborhood in the network system for the
continuity of the supply chain (how much a given section is burdened by loads). However,
for the sake of clarity, the results confirmed in the two methods were adopted—before
regularization and after regularization (Lasso). In all three methods, the impact of the
average distance traveled by 1 ton of goods on the energy intensity of this transport was
confirmed. Along with its increase, an increase in the energy intensity is noticeable.

This provides the basis for exploring these two variables with industrial statistics (Six
Sigma tools), i.e., the X-average control chart. The regularization process over time for all
sections is shown jointly in Figures 4 and 5. It is assumed that the central value is equal to
the mean (the stabilization range covers the green area), the first warning threshold was set
at plus/minus 1o (the first-level warning signal covers the yellow area), and the control
(tolerance) limit at plus/minus 20 (30 is also assumed, but due to the standard deviation,
the threshold should be lowered to 20). The results in the red area require intervention
(unstable process). It is assumed that in the case of energy intensity, the upper limits are
alarming from the point of view of energy intensity. On the one hand, the lower ones may
indicate a reduction in energy intensity as a good management result, but on the other
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hand, they may also be a hidden signal of a reduction in transport activity, which may also
be an alarming signal.
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Figure 4. X-average control chart for the energy intensity of inland waterway transport on all sections
of the Odra River. Note: The central line for the energy intensity is 1,380,332.85 kJ/ton, and the sigma
for the energy intensity is equal to 528,464.61 kJ/ton. Source: own elaboration.
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Figure 5. X-average control chart for the average distance traveled by 1 ton of goods by inland
waterway transport on all sections route of the Odra River. Note: The central line for the average
distance traveled by 1 ton of goods is 190.06 km, and sigma for the average distance traveled by 1 ton
of goods is equal to 79.82 km. Source: own elaboration.

By analyzing the average annual data (Figures 4 and 5), it can be seen that the energy-
intensive process of the inland transport of goods was stabilized in 2017, 2019, and 2020.
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It was within the permissible deviations from the central value (+/—10). At the same
time, one can notice relatively large fluctuations in 2015 and 2016—two extreme values,
exceeding the second-level warning threshold (+/—20). In 2018, there was a warning signal
about the reduction of energy intensity, but it was not a permanent signal. However, the
greatest doubts are raised by the upper deviation of energy intensity, which was caused,
on the one hand, by the relatively high consumption of total energy in the analyzed years,
but also by an increase in the average distance traveled by 1 ton of goods. When analyzing
the process of shaping the average distance traveled by 1 ton of goods, stabilization can
be noticed in 2015 and 2017-2020. Only in 2016 did this distance deviate significantly.
Using the data mining method, it was identified that the reason for this was an increase
in the transport volume or the transport performance, energy consumption, and average
distance traveled by 1 ton of goods on two sections—the Sea Odra River-Upper Odra River
(canalized) and the Middle Odra River (freely flowing).

Summing up, the organization of transport in these two sections causes a significant
negative instability of the transport energy intensity. It might seem that transport over
longer distances is less energy-intensive, but in the case of the Odra River, with different
hydrological and operational conditions, it turns out that increasing the distance along
the entire river increases energy intensity. The shifting of loads among river sections can
improve energy intensity. The issue of diminishing marginal benefits from an additional
ton of goods, which generates more and more energy consumption, is also quite important.
This also provides the basis for the study of particular sections of the Odra River in terms
of energy intensity in an isolated system.

The results clearly show that the energy consumption of inland waterway transport
is influenced by the selection of the route section under which the navigable usefulness
of the waterway is hidden (latent variable), i.e., the natural conditions of rivers and the
navigation conditions. Their improvement depends on the regulation of navigational
conditions within the shaping of the trail and the dredging of the river. They are necessary
to improve navigability and accessibility and to avoid bottlenecks, consequently reducing
the energy intensity of this mode of transport. The research shows that it is important
to raise standards and create a coherent waterway to improve the energy consumption
of inland waterway transport over long distances. Odra River sections that significantly
reduce the energy consumption of inland waterway transport in the entire network have
been identified, which may bring immeasurable benefits for inland waterway transport
itself, as well as for the intermodal integration of the entire transport network from the point
of view of environmental management. Intermodal integration will relieve the environment
by reducing infrastructure congestion, mitigating environmental pollution in transport,
and reducing energy consumption per unit of transport volume. In this respect, the results
of the energy consumption of inland waterway transport are valuable in the entire network
system as well as in various sections and over long distances, especially in the case of
low-value and bulk cargo transport. As previously mentioned, inland waterway transport
does not burden the environment as much as road transport and may be complementary to
other modes, provided that appropriate infrastructure investments are made. This research
is also an additional argument for the discussion about the need to invest in the Odra
waterway from the point of view of energy consumption.

5. Conclusions

The analyses presented allow for the identification of quantitative and qualitative
factors that influence the energy consumption of inland waterway freight transport and the
indication of the rationalization directions for the energy intensity.

Based on the literature review using text mining techniques (including Latent Dirichlet
Allocation, MDS, word cloud, and direction mapping), research directions on the energy
intensity of inland waterway transport were identified, as well as research methods and
latent (immeasurable) variables. By exploring this issue deeper, the marginal probability
of the occurrence of a given area in the research of other scientists was calculated. In
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addition to latent variables, quantifiable variables were also identified. This contributed
to the evaluation of the potential of the issues being investigated, the development of
a methodology integrating various techniques, and the recognition of the cognitive gap
regarding the rationalization directions of the energy intensity of the inland waterway
freight transport, using the example of the Odra River.

The conclusions obtained from the literature review made it possible to map the
factors with the data obtained for the study using statistical and econometric methods (i.e.,
ANOVA, generalized linear models, Eta coefficient, the Lasso and the Ridge regularization,
Six Sigma). In general, the literature review was complementary to the main statistical and
econometric research.

Based on empirical research, the directions of rationalization of the energy consump-
tion of inland waterway freight transport were indicated depending on the route selection,
the volume of transport, and/or the length of the route. Therefore, the objective of the study
was achieved. The research hypothesis was confirmed that the choice of the route along
particular sections of the river determines the rationalization of energy consumption (and
energy intensity) of inland waterway freight transport. The conducted research provided
positive answers to the research questions. All of them can be answered with ‘YES’. The
choice of route determines the total energy consumption of this transport and affects the
potential of transport in this mode. In addition, particular sections of the Odra River differ
significantly in the level of energy consumption of inland waterway freight transport and
the volume of transport. This means that, on the one hand, they are an element of the
network system, and on the other hand, they have their specificity (certain navigation and
operating conditions), and the use of a given fairway may create the energy consumption
of this transport in a completely different way.

In addition, it was indicated which sections are used to rationalize the energy intensity
of transport and to what extent. In addition, the impact of the increase in the volume of
transport and the length of the route on the energy intensity of this transport was assessed.
These issues gained the attribute of measurability and comparability. Lasso and Ridge
regularization to denoise the signals turned out to be necessary in this respect. The Ridge
regularization technique eliminated the issue of overmatching of the achieved results but
did not eliminate less important attributes. The results achieved with Lasso regularization
in this regard inspire more confidence. They confirm that the pure models are not overfitted
and are devoid of collinearity.

The extension also evaluates the stability of the energy-intensive processes of inland
waterway transport and the identification of signals about dysregulation using Six Sigma
tools. The use of control charts made it possible to identify the sources and moments of
instability of these processes and to indicate the tolerance thresholds that are important
from an early warning point of view. Modeling the energy consumption processes of
this mode of transport from the point of view of early warning was an important tool
for the management of inland waterway transport, transport policy, shipowners, and all
those involved in this process. They make it possible to change unfavorable patterns
into activities that contribute to reducing energy consumption by monitoring, predicting,
and avoiding negative consequences for the environment. These studies also show the
differences among the Odra River sections, the scale of the potential benefits of reducing
energy intensity, and the increase in the potential for waterway use if the waterway were to
be invested in some sections. The polemic about the need to invest in the infrastructure of
this transport gains new arguments for its development.

However, this study also has limitations. It does not take into account all possible
rationalization directions and does not focus on the lower granularity of the data, which
is a challenge for the future. However, the main advantage of the approach used is its
versatility and the possibility of developing it with new elements. This enables the level
of analysis to be extended to research on the structure of transport or the flexibility of
intermodal substitution.
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The research carried out is innovative because, so far in the analyzed literature, there
have been no studies on the methodology for estimating the energy consumption of the
inland waterway freight transport on the nine sections of the Odra River differentiated
in terms of navigational conditions and route length, nor studies on the energy consump-
tion of the inland waterway freight transport of the Odra River using the network and
the isolated approach. The study is multidimensional and also refers to the problem of
disregarding consumption processes, which is important from the point of view of envi-
ronmental management. The selection of research techniques in the field of data mining
and knowledge discovery (part of the so-called data science) is an innovative proposal to
enrich the methodology of assessing the energy consumption of inland waterway transport
and a proposal to enrich the theory of energy management in transport. The research is
interdisciplinary, as it covers many research areas, i.e., management, economics, transport,
statistics, and IT.
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