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Resume
This paper deals with the charging system and rail infrastructure fees use 
in V4 countries. The goal was to find out how the charges differ in terms of 
the train type, weight and distance traveled on different track categories. 
The charging principle for minimum access packages and for the access 
and services supplied in service facilities was investigated. Due to different 
technical, technological and other conditions for the rail infrastructure 
capacity utilization, the modeled situation was compared to the real one. 
This research shows differences between individual countries, both in 
the charging system and in the price for the rail infrastructure use (the 
prices were recalculated to € and in the PPP-purchasing power parity). It 
is interesting that the differences are not only significant with regard to 
the category of track used and the train's weight (especially in the freight 
transport), but with regard to other factors, as well, in particular the type of 
train and price for the use of railway stations.
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remove barriers for interoperability. The development of 
the railway infrastructure and improvement of quality 
of the rail passenger services are the key priorities 
in promotion of a sustainable transport and mobility 
system in Europe [3].

The rail infrastructure charges are one of the main 
conditions to achieving a single European railway 
area. The principles of the rail infrastructure charges 
are defined by legislative framework of the European 
Parliament, Council and Commission mainly in 
Directive 2012/34/EU of the European Parliament and 
of the Council of 21 November 2012 establishing a single 
European railway area. Chapter IV of this Directive is 
focused on charges for the use of railway infrastructure 
and allocation of the railway infrastructure capacity. 
Infrastructure managers must publish the content of 
network statement free of charge in electronic format 
on their webs in at least two official European Union 
languages [4]. Directive 2012/34/EU has been amended 
by Directive (EU) 2016/2370 but this amendment did not 
affect the charging scheme neither the infrastructure 
capacity allocation model (except for the timing of the 
capacity allocation process). 

Although the Directive describes the general 
principles and sets-out the basic framework for the 
rail infrastructure charging, each EU country uses 
a different rail infrastructure charging system. As 

1 Introduction

The major aim of the European transport policy 
is to achieve sustainable transport. The European 
Green Deal described the aims in the same areas such 
as alternative fuels, multimodal transport, the Single 
European Sky etc. Transport accounts for a quarter 
of the EUʹs GHG (greenhouse gasses) emission. To 
achieve a climate-neutral EU by 2050 requires among 
other a shift to more sustainable transport such as rail 
and inland waterways [1]. The rail transport is still 
considered as one of the ecological modes of transport, 
especially the use of electric traction. “Rail is still 
the most efficient solution for carrying freight across 
medium-long distances and it should therefore become 
more competitive” [2]. However, carriers and passenger 
will use the rail transport services if they are good 
quality and at an affordable price, which means that the 
railway transport would be competitive and effective. 
The European Union adopted a number of directives 
and regulations to achieve this goal, which described 
in the railway packages, the main goal of the Fourth 
Railway Package is a single European railway area. 
This Package comprises two “pillars” which have been 
negotiated largely in parallel, “technical pillar” and 
“market pillar”. One of the goals of the Fourth Railway 
Package is to liberalize the rail passenger market and to 
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and Talebian researched a proposed access charge 
regime aimed at motivating the operators to use longer 
train configurations [18].

In most articles, authors have examined the rail 
infrastructure charges or charging system in individual 
countries. Stendard et al. used an econometric approach 
to estimate the costs function and marginal costs 
in regional lines, which constitute the basis for the 
railway charges in Slovenia [19]. Trampish explained 
the financing system of the German railway sector, 
especially due to the control- and supervision duties 
of Bundesnetzagentur, which is under the new rail 
regulation law in charge of controlling the charging 
system of infrastructure managers [20]. Abramovic 
dealt with the calculating infrastructure charges and 
considered problems with the way in which this is dealt 
with in a case study in Croatia [21]. Alvarez-SanJaime 
et al. analyzed access charges for the use of the rail 
infrastructure and other factors to the introduction 
of on-track competition in High Speed Rail lines in 
Spain [22]. Talebian et al. studied a rail track access 
charging policy proposed by the Australian Rail Track 
Corporation, in which a discount on access charges 
is offered if above-rail operators employ the train 
with a particular length, which results in the efficient 
use of a train path [23]. Bugarinovic et al. developed 
a model for the access charges based on the analytic 
network process approach.  Their model presents the 
objectives of the identified stakeholders through the 
established criteria from three different perspectives: 
the government influence, railway market environment, 
network use efficiency and used it in the Serbian 
Railways case study [24]. Crozet and Chassagne explain 
why, in terms of welfare and subject to some conditions, 
high rail access charges are economically justified. They 
have been estimating the market entry conditions for the 
high speed rail in France for a competitor [25]. Nikolova 
evaluated the pricing principles and approaches to 
charging infrastructure costs in Bulgaria [26].

As can be seen in this literature review, authors 
mainly investigated the rail infrastructure charges from 
two points of view: comparison of the principles and 
methods of rail infrastructure charges and description 
of the rail infrastructure charges in individual countries. 
Authors did not find scientific papers comparing the 
rail infrastructure charges in V4 countries (expect 
[27]). This issue is mentioned marginally in scientific 
papers dealing with the rail competition, for example 
in [28-30]. There are very few articles that compare the 
rail infrastructure charges for certain transportation in 
several countries.

3 Methodology

The rail infrastructure charging system is described 
in Network Statement (NS) in each of the EU countries. 
The NS have a uniform structure, most often with the 

a result, any carrier wishing to use the infrastructure of 
one or more countries must become very familiar with 
the specific charging systems of each country. From the 
viewpoint of railway undertakings, this is a very lengthy 
process. 

This study compares the rail infrastructure 
charges for the specific freight and passenger trains 
in the different track categories in V4 countries. The 
V4 countries were chosen because the V4 regional 
cooperation is also successfully developing in the current 
period, mainly in the sectoral policies, such as economy, 
digitalization, infrastructure and innovation. In addition, 
authors have dealt with several projects funded by the 
International Visegrad Fund. For the relevance of the 
comparison, authors have recalculated the prices in 
the individual countries according to purchasing power 
parities. The presented case studies were modeled since 
it is not possible to achieve exactly the same conditions 
in all the countries in practice.

2 Literature review

A number of papers that dealt with rail 
infrastructure costs from a different point of view were 
studied. The marginal maintenance costs of the rail 
infrastructure have been researched very often. Some 
authors researched this issue from the traffic point of 
view [5-8]. Calvo et al. researched the impact of the 
train type (short-distance trains, long-distance trains 
and freight trains) to maintenance and renewal costs 
[9]. Odolinski estimate the impact of axle loads on rail 
infrastructure maintenance costs [10]. Smith et al. 
estimated the relative marginal cost of different vehicles 
types running on the rail infrastructure [11]. 

Appropriate access charges are one of the conditions 
for guaranteeing fair competition in the rail sector [12]. 
Infrastructure managers in European Countries use 
different railway infrastructure tariff system principles 
to set the price for using a rail network such as marginal 
cost of a train running in the network, recovering the 
marginal costs plus a mark-up, recovering the full costs 
or recovering the full costs minus a State subsidy [13]. 
Nash researched the rail infrastructure charges in 23 
European countries. He stated that a wide variety of 
both structure and level of charges existed [14]. 

Some authors researched the different factors or 
processes which influence rail infrastructure costs or 
charges. Some of these factors can be influenced by the 
rail infrastructure managers, some by the rail freight 
or passenger operators. The rail network capacity 
utilization can influence those infrastructure charges 
and simultaneous optimal rail infrastructure capacity 
utilization is necessary for terms of a liberalized access 
to the infrastructure [15]. The lower rail infrastructure 
charges can be achieved by using modern wagon types 
[16]. Ober et al. investigated rail infrastructure charges 
with respect to vehicles’ characteristics [17]. Savelsberg 
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C L Z K P S Ss x 1 2) ) ) ) )= , (3)

where:
Cs costs of using the railway by one sub-train,
L length of the sub-train movement,
Z basic price per 1 train km,
K track category coefficient,
Px product factor P1 to P5,
S1, S2 specific factors.

C Z m NPK n
pk

pk znn 11

15
) )=

=
^ h| , (4)

where:
CPK the costs of using the access roads for passengers on 

a passenger train,
zn

pk basic price for one scheduled stop of a passenger train 
for boarding and/or disembarking of passengers at 
railway stations and stops of category “n”,

mpk train weight for calculating the cost of using 
passenger access services on a passenger train,

Nzn the planned number of stops of a passenger train for 
boarding and / or disembarking passengers at “n” 
category railway stations and stops.
The minimum access package described in Equation 

(2) and (3) includes the costs of the allocation of rail 
capacity and the price of the infrastructure manager 
for the use of track by running the train. The price of 
using access roads for passengers on a passenger train 
(Equation (4)) is the price for services provided within 
the minimum scope and content of services and forms 
a separate component of the regulated price for the use 
of track by train [32].

The rail infrastructure charges (minimal access 
packages) in Hungary are based on charges for ensuring 
the train path, running of trains, use of catenary, use 
of station for the passenger and freight trains. Those 
charges are described using the following formulas 
by Network Statement MAV (Magyar Allamvasutak - 
Hungarian State Railways), 2020 [33]:

E P Svt trkm tkm)= , (5)

where:
Evt ensuring the train path,
Ptrkm performances in train km,
Re rate of insurance per train km.

R P R P R P Ritkm rtkm grtkm grtkm tkm ei

n

1
) ) )= + +

=
| , (6)

where:
R running of trains,
Ptrkm performances in train km in the i-line section 

category,
Rr running rate per train km,
Pgrtkm performances in gross ton km in the i-line section 

category,
Rgrtkm running rate per gross ton km,
Re catenary use rate.

following chapters:
• general information
• access conditions
• infrastructure
• infrastructure capacity allocation
• services
• charges. 

In this study, a basic formula for calculating the 
charges for minimum access packages was used. In the 
Slovak Republic the formula is [31]:

,

U U V U V

U V U V
k

1 1

1000
2

1000
2

mp ii

n
i ii
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i i

i

n i

i
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e

11 1
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2

43

) )

)
)

)

= + +

+ +

= =

= =

| |
| | , (1)

where:
Ump charges for the minimum access packages,
U1i maximum charges for ordering and allocating 

infrastructure capacity,
U2i maximum charges for the traffic management and 

organization,
U3i maximum charges for ensuring railway 

infrastructure serviceability,
U4i maximum charge for use of the electrical supply 

equipment to supply traction current,
V1i train km performances in the i-tracks category,
V2i gross ton km performances in the i-tracks category,
ke coefficient that takes into account the diesel trains 

running on electrified tracks.
Besides the minimum access charges described 

in Equation (1), the carriers must pay charges for the 
access and the services supplied in service facilities [31]:
• charges for access to passenger stations, its premises 

and facilities, including the facilities for travel 
related information

• charges for access to a location for ticketing services 
at passenger stations

• charges for access to train formation stations and 
train formation equipment, including the shunting 
facilities and to freight terminals solely operated by 
the Railways of the Slovak Republic - ZSR (Zeleznice 
Slovenskej Republiky / Railways of the Slovak 
Republic)

• charge for the access to storage tracks. 
The Czech Republic use different rail infrastructure 

charging systems, which is focused in the three following 
formulas [32]:

C K K D K Pt dj1 2 3) )= + + , (2)

where:
C railway capacity allocation price,
K1 rate for processing and planning of the timetable 

and allocating railway capacity,
K2 rate for designing a train route,
K3 daily rate for a train route allocation,
Dt distance of the allocated route between the departure 

and final points of the route on railway network,
Pdj number of days for which the route is allocated.
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the assumption that the transport process is carried 
out under the same conditions in all the countries (the 
same trainset, the same gross weight of locomotive and 
wagons, the use of railway stations and railway lines 
of the same category, etc.). This is the basic condition 
for a relevant comparison of the level of the rail 
infrastructure charges in each country.

As the rail infrastructure charges for the minimum 
access packages and railway access to services facilities 
fall into the category of regulated prices, infrastructure 
managers must publish them on their websites. Given 
that this is a number of prices depending on various 
factors, Table 1 provides an overview of prices for 
passenger trains for the 1st or the highest railway 
line category and also for the highest railway station 
category.

All the fees were recalculated to euros according 
to the official exchange rates and then those fees were 
recalculated according to the purchasing power parity 
(PPP) for individual countries. Table 2 shows the data 
used.

Calculation of the rail infrastructure charges was 
realized for the five alternatives:
•	 	rail passenger transport:
o express train (Ex) in the first or comparable railway 

line category - electrified
o regional train in the second or comparable line 

category - non electrified
o regional train in the third or comparable line 

category - non electrified
• rail freight transport:
o through freight train in the first or comparable 

railway line category - electrified
o container train in the first or comparable railway 

line category - electrified. 
The calculation of the rail infrastructure charges 

was realized in the spreadsheet program MS Excel 
based on Equations (1) – (9) by use of prices from the 
Network statements of the V4 countries.  More detailed 
information about the trains parameters and other 
factors are described in the next section. The total fees 
of the rail infrastructure charges were modelled due to 
distance to better present the differences.

4 Results - case studies in the V4 countries

The change in the rail infrastructure access fees 
was investigated with respect to various distances in 
different situations in the rail passenger and freight 
transport. The calculation is based on the NS and 
individual Annexes of NS, regarding relating to price or 
specific charging conditions for timetable 2020/2021. The 
rail infrastructure charges for minimum access packages 
and railway access to services facilities, were compared. 
Charges of additional and ancillary services were not 
taken into account because those charges are very 
different and depend on a number of different factors. In 

P N R N R/ /
St PT i

PT
i
St

i
PT o d

i
PT o d

i

n

i

n

11
) )= +-

- -

==
|| , (7)

where:
PSt-PT station use charges for passenger trains,
Ni

PT number of factual passenger train stopping at 
stations in the i-station category,

Ri
St fee for use of stations for stopping the passenger 

trains,
Ni

PT-o/d number of origin/destination stations by the 
passenger trains,

Ri
PT-o/d fee for use of origin/destination stations by the 

passenger trains.

P N RSt FT i
FT

i
St FT

i

n

1
)=-

-

=
| , (8)

where:
PSt-FT charges for station use for freight trains,
Ni

FT number of factual freight train stoppings at 
stations in i-station category,

Ri
St-FT fee for station use for stopping the freight trains.

Hungary has two infrastructure managers - MAV 
Zrt and GYSEV Zrt (Gyor-Sopron-Ebenfurth Railway). 
Both have the same charging principle described in 
Equations (5) - (8), only fees for individual charging are 
different. 

The rail infrastructure charges in Poland are based 
on train and gross train km; unlike the Czech Republic 
and Hungary Poland does not take into account type 
of passenger and freight trains similar to Slovakia. 
The basic principle of charges by Annex 12 of Network 
Statement is described by the following Formula [34]:

Ch R W P S W P

R P .

SF MK TC trkm MPB w trkm

E trkm

) ) ) )

)

= + +

+

^ h
 (9)

where:
ChSF charges for using the railway infrastructure - 

standard fees,
RMK average rate according to the train weight and 

railway line category,
WTC rate factors according to the railway line category,
Ww rate factors according to total planned train gross 

weight,
RE sub rate varying according to traction for trains 

and shunting operations based on electric traction,
Ptrkm performances in train km.

Besides the charges described in Equation (9), the 
rail freight and passenger carriers must pay a handling 
fee for capacity allocation applications. 

The fundamental principle of the rail infrastructure 
charges, under the minimal access packages, are 
described in the previous formulas. More detailed 
information, as well as fees are given in the individual 
NS on the website of each rail infrastructure manager. 

The methodology for calculating the rail 
infrastructure charges in the V4 countries is based on 
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Table 1 Selected prices of the rail infrastructure charges for passenger trains 

country
capacity allocation running of train use of electrical supply 

equipment station use charges

factor price factor price/
coefficient factor price factor price

Slovakia train km 0.0691/train 
km

train km 0.997/train 
km

gross ton km 0.000228/
gross ton km

number 
of stops 

-regional 
trains

0.510/1stop

gross ton km 0.001102/
gross ton km

number of 
stops - long-

distance 
trains 

(express 
train, 

intercity 
train …)

5.100/1 stop

Czech 
Republic

fixed rate 
(for time 

table)
64.947 train km (Z) 0.8214/train 

km

- -

multiply 
number of 
stops and 

gross ton of 
train

0.0031

distance 0.3056/km

product 
factor 

coefficient  
(P)

1

number of 
days 0.3820/day

gross ton km 
(S1) -interval

0.94
(for interval 
300 - 399)

using ETCS 
level 2 

coefficient  
(S2) - yes/no

1.0/0.95

Hungary train km 0.0232/train 
km

train km 1.1306/train 
km

train km 0.1768/train 
km

number of 
stops (origin/
destination 

station)

9.5637/1 stop

gross ton km 0.0008/gross 
ton km

number of 
stops (other 

station)
6.6386/1 stop

Poland fixed 22.7051

train km 
- average 

rates

1.7486/train 
km

train km 0.05/train 
km - -

rate factors 
coefficient - 
gross weight

0.96
(for interval 
300 - 360)

rate factors 
coefficient - 
gross weight 

- average 
line category

1.2191

Note: All the prices are listed in € without VAT
Based on Network Statements of each country [31-34]

Table 2 Data of exchange rates and PPP

country PPP exchange rate as of 01.08.2020

European Union 100 -

Czech Republic 73.4 26.175 CZK per 1€

Hungary 64.5 344.95 HUF per 1€

Poland 59.5 4.4034 PLN per 1€

Slovakia 79.7 -
Source: [35-36]
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train in the first track category are shown in Figure 1 
and Figure 2.

As can be seen in Figure 1, Slovakia has the highest 
fees for use of the railway infrastructure capacity. In 
Poland, compared to other V4 countries, the base rate, 
which depends on the train km, is almost twice as large 
(e.g. in the Czech Republic it is 21.50 CZK - € 0.8214 
per train km, in Poland is 7.7 PLN - € 1.7486 per train 
km), but there is no charge for use of the electrical 
supply equipment to supply traction current of Poland 
Unit fees are the same for any train km in Poland. It is 
caused by the system of the rail infrastructure charges, 
which has no special price for access to services facilities 
in Poland. Differences between Slovakia and Hungary 
are not great, for example total fees for 200 train km 
in Slovakia is € 264 and in Hungary € 234. The Czech 
Republic has the lower fees (in the modeled conditions), 
approximately 30 % compared to Slovakia and Hungary.

The system of the rail infrastructure charges is the 
same for Regional trains and Express trains in all the 
V4 countries. The differences are only in prices, no V4 
countries take into account market segmentation in the 
rail passenger transport. Figures 3 and 4 show results of 
the rail infrastructure charges, calculated for a regional 

addition, the rates for these services are commercial and 
the resulting prices depend on the contract between the 
manager and the carrier.

4.1  The passenger transport

With regard to passenger transport the express 
train in the first or higher track category (by NS of 
individual countries) and regional trains (Re) on second 
and third or comparable track categories were taken 
into account. Table 3 shows train switching and other 
parameters needed for calculation of fees.

Calculation is based on these premises:
•	 	type of train is the same in all the V4 countries 

although this is sometimes not realistically possible 
(e.g. due to the technical parameters of wagons, 
locomotives and trains)

•	 	an express train stops every 50 km on average in 
the A or the first station category, a passenger train 
stops on average every 5 km in the second and third 
or comparable station category

•	 	trains do not use the track for storage. 
The results of the total and unit fees for an Express 

Table 3 The passenger train parameters

type of 
locomotive

weight of 
locomotive 

HKV (t)

type of 
wagon

number of 
wagons weight (t) capacity 

(passengers)
total weight 

of trainset (t)

express train 193 (Siemens 
Vectron) 89

WRmz817 1 54 -

347.84Ampz143 1 49 58

Bdmpee233 3 44 80

regional train
Diesel 

Multiple Unit 
643

- - - 57 137 67.96

regional train 
Diesel 

Multiple Unit 
861

- - - 120 291 143.28

Figure 1 Total fees of the rail infrastructure access for an express train in the first track category
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Figure 2 Unit fees of the rail infrastructure access for an express train  
in the first track category

Figure 3 Total fees for the rail infrastructure access for a regional train (DMU 643)  
in the second track category
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Figure 4 Unit fees for the rail infrastructure access for a regional train (DMU 643)  
in the second track category
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In Poland, the fee for access to services’ facilities is 
paid only for services, which are supplied (for example 
shunting) mainly for freight trains. Therefore, this fee is 
not listed in the Table 4 and 5 to make it comparable to 
other countries.

As can be seen in Tables 4 and 5, in the Czech 
Republic the price level for the minimum access packages 
is approximately the same for the second and third track 
categories, the price level for the third track category 
is approximately 58% lower compared to the second 
category in Hungary. Access to services facilities fees is 
also lower in the third track category. 

Here is also investigated how the fees would change 
if the train shifting changed. Figures 7 and 8 show the 
results for Regional train (train switching - DMU 861) in 
the second track category.

Due to the fact that the change of train switching 
affects only the part of the fees that are dependent on 
the gross ton km, there is no significant differences 

train (train switching - DMU 643) in the second track 
category and Figures 5 and 6 show the results in the 
third track category.

When comparing Figures 3 and 5 one can see 
differences in the price level of the second and third track 
categories. While in the Czech Republic and Poland the 
total fees are approximately the same in the second track 
category (differences is only 4.425 € for 60 km distance), 
in the third track category difference is 7.735 € for 60 km 
distance. The total fees are very different in the second 
and third track categories in Hungary. If one compares 
Hungary (the highest total fees) to Poland (the lowest total 
fees), in the second category the difference is 70.958 €, but 
in the third it is only 32.586 €. In the case of passenger 
trains, which run over short distances, station charges 
were much more pronounced in the rail infrastructure 
charges. In Tables 4 and 5 the fees in the 2. and 3. track 
category are compared, divided into the minimum access 
packages (MAP) and access to services facilities (ASF). 

Figure 5 Total fees of the rail infrastructure access for regional trains (DMU 643)  
in the third track category
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Figure 6 Unit fees of the rail infrastructure access for regional trains (DMU 643)  
in the third track category
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line categories or route ordering regime (up to annual 
timetable, ad-hoc). In addition, not all the infrastructure 
managers use the same freight transport distribution 
factors to calculate fees. Therefore, only 2 types of 
a freight train - through freight train (Figure 9 and 10) 
and container train (Figure 11 and 12) in the first track 
category, were compared. 

Calculation is based on these premises:
•	 	gross ton weight of a through freight train is 1,700 

tons and container train 1,000 tons,
•	 	both trains stop only in the originating and 

destination stations of a train,
•	 	both originating and destination stations are the 

highest category,
•	 	trains do not use track for storage,
•	 	trains are planned in the annual timetable no 

ad-hoc (Hungary and Poland do not have a special 
price level for ordering and allocating infrastructure 
capacity for ad-hoc train).

between countries. For example, if we take into account 
the distance of 60 km, the difference in the fee between 
the Slovak Republic and Czech Republic is 16.69 € for 
DMU 861 and 16.97 for DMU 643. Comparing Figures 
3 and 7, it can be seen that the differences between 
countries are minimal.

4.2 The freight transport

The comparison of the rail infrastructure charges 
for the freight transport is more complicated than 
for the passenger transport. This is because the final 
price can be affected by several different factors, such 
as the division of the freight transport into several 
different categories that have their own rates or 
coefficients affecting the final price (standard freight 
trains, combined transport trains, individual wagon 
consignments), different prices for different railway 

Table 4 Total fees of the minimum access packages and access to services facilities in the 2. track category

Czech Republic Slovakia Hungary Poland

train km MAP ASF MAP ASF MAP ASF MAP

5 3.187 0.726 4.203 0.765 3.434 6.829 2.235

10 5.963 1.089 8.407 1.148 6.869 12.004 5.669

15 8.739 1.452 12.610 1.530 10.303 17.180 8.504

20 11.515 1.815 16.814 1.913 13.738 22.356 11.339

25 14.291 2.178 21.017 2.295 17.172 27.531 14.173

30 17.067 2.540 25.221 2.678 20.606 32.707 17.008

35 19.843 2.903 29.424 3.060 24.041 37883 19.843

40 22.619 3.266 33.628 3.443 27.475 43.059 22.677

45 25.395 3.629 37.831 3.826 30.910 48.234 25.512

50 28.172 3.992 42.035 4.208 34.344 53.410 28.347

55 30.948 4.355 46.238 4.591 37.779 58.586 31.181

60 33.724 4.718 50.442 4.973 41.213 63.761 34.016

Table 5 Total fees of the minimum access packages and access to services facilities in the 3. track category

Czech Republic Slovakia Hungary Poland

train km MAP ASF MAP ASF MAP ASF MAP

5 3.010 0.581 3.973 0.733 1.443 3.414 2.303

10 5.609 0.871 7.945 1.100 2.886 7.004 4.606

15 8.207 1.161 11.918 1.466 4.329 10.594 6.909

20 10.806 1.452 15.891 1.833 5.772 14.185 9.212

25 13.405 1.742 19.864 2.200 7.215 17.775 11.515

30 16.004 2.032 23.836 2.566 8.658 21.365 13.818

35 18.603 2.323 27.809 2.933 10.101 24.955 16.121

40 21.201 2.613 31.782 3.300 11.544 28.545 18.424

45 23.800 2.903 35.755 3.666 12.987 32.135 20.727

50 26.399 3.194 39.727 4.033 14.430 35.725 23.030

55 28.98 3.484 43.700 4.399 15.873 39.315 25.333

60 31.97 3.774 47.673 4.766 17.316 42.905 27.586
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Figure 7 Total fees for the rail infrastructure access for a Regional train (DMU 861)  
in the second track category
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Figure 8 Total fees for the rail infrastructure access for a regional train (DMU 861)  
in the second track category

Figure 9 Total fees for the rail infrastructure access for a through freight train  
in the first track category
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Fees for a container train are the lowest in the 
Czech Republic because this country provide a direct 
discount on freight trains, which are operated as 
combined transport trains. This discount serves to 
support the development of this market segment and 
should therefore motivate carriers to use both the 
railway itself and use of various types of transport 
equipment, such as conventional containers, Innofreight 
container system etc. The infrastructure manager uses 
a product factor - P4 (formula (3)) for this discount, 
which has a rank of 0.65. However, this discount does 
not apply to the total fee for the Z rail infrastructure, 
but to a fee for the running trains’ track use. The rail 
infrastructure manager in Slovakia does not take any 
freight train segmentation, rail infrastructure manager 
in Hungary uses different rates dependent on gross tons 
for standard freight train and other trains. In Slovakia, 

As can be seen in Figure 9 and 10, the highest rail 
infrastructure access fees are in the Czech Republic 
(from 220 km distance). But if one takes into account the 
through freight train with lower fees for the gross tons 
(e. g. 300 gross tons) fees in the Czech Republic would 
be the cheapest as can be seen in Table 6. That is caused 
by the rapid increase in specific factor S1 (formula (3)), 
which takes the train weight category into account. For 
the train’s gross tons, 500 tons, S1 factor is 1.34, for 
2,000 tons is 5.37. The Slovak Republic has the highest 
charges for access to a train formation station which can 
be seen in the unit costs.

The total fees for the container train were compared, 
because some infrastructure managers (in the Czech 
Republic and Poland) use a specific factor for this train 
and the total fees are lower compared to the through 
freight train.
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Figure 10 Unit fees the for rail infrastructure access for a through  
freight train in the first track category

Table 6 Total fees of the minimum access packages and access to services facilities in the 1. track category for a through 
freight train

gross 
ton
of 

train

distance

200 km 500 km
Czech 

Republic Slovakia Hungary Poland Czech 
Republic Slovakia Hungary Poland

300 169.109 312.649 236.762 194.928 422.16 662.95 565.48 590.84

600 242.880 376.249 267.054 215.506 606.58 821.96 641.21 653.55

900 349.585 439.850 297.345 286.173 873.36 980.96 716.94 849.98

1200 487.906 503.451 327.636 329.093 1 219.15 1 139.96 792.67 980.79

1500 556.408 567.051 357.928 374.701 1 390.40 1 298.96 868.39 1119.79

1800 689.460 630.652 388.219 422.681 1 723.03 1 457.96 944.12 1266.02

2100 752.692 694.252 418.510 468.793 1 881.11 1 616.96 1 019.85 1406.56

2400 887.061 757.853 448.802 329.093 2 217.04 1 775.97 1 095.58 1544.54

2700 951.611 821.454 479.093 557.804 2 378.41 1 934.97 1 171.31 1677.84

3000 1 145.261 885.054 509.385 597.406 2 862.54 2 093.97 1 247.04 1798.54
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infrastructure, for different passenger and freight trains 
in different track categories, in the V4 countries, showed 
many interesting differences like:
•	 	the cheapest fees for passenger train on the first 

track category are in the Czech Republic, the most 
expensive are in Slovakia;

•	 	the results on the second and third track category 
are different, for example the fees for Passenger 
train in Slovakia is the cheaper than in Hungary;

•	 	in the case of a freight train, there is a different 
situation in the Czech Republic compared to the 
other countries; the fees for the through train are 
the highest (approximately the same as in Poland), 
but for the container train are the cheapest.
This study and its results are limited by the 

premises of passenger and freight train introduced in 
sections 4.1 and 4.2, as well as by the current Network 
Statement of the rail infrastructure managers in the 
V4 countries. In practice, there may be a change in the 

the most expensive is access to train formation stations 
(more than three times that of Hungary) for that the 
unit fees are higher for 50 km distance and then fall 
rapidly.

5 Discussion 

Charges for the railway infrastructure use are the 
important costs item of the rail passenger and freight 
carriers. Carriers must be able to calculate this fee in 
advance for a correct calculation of these costs to the 
product. In the case of international railway transport, 
the prices of the rail infrastructure services and mainly 
the system of rail infrastructure charges are different. 
Despite the fact that the train km and gross ton km 
are the main parameters which the fees depend on, the 
systems are very different.

Comparison of charges for use of the railway 

Figure 11 Total fees for the rail infrastructure access for a container train  
in the first track category
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in the first track category
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of only a small amount of euros per train stop (in the 
case of regional train for distance 60 km, difference is 
58.788 €). In this case, Hungary has the most expensive 
charge for use of the railway stations, which is, on 
average, € 7.03 per stop. 

There are many factors that affect the fees of the 
rail infrastructure use regarding the freight transport. 
Among the V4 countries, the Czech Republic uses the 
most possible factors that may affect the final price for 
infrastructure in its charging system. Their system is 
based on product and specific factors, which allows the 
segmentation of the fees by type of train, using level of 
ETCS (European Train Control System) and other factors 
comparable to other countries. The development of fees 
with regard to distance, is also significantly affected by 
the train’s weight. While charges for the through freight 
trains with a lower weight are the lowest in the Czech 
Republic, for trains with a higher weight (more than 
1,700 gross tons) they are the lowest in Hungary and 
in the Czech Republic are the highest (as can be seen 
in table 6). The situation is completely different when 
comparing international transport trains. Due to the 
fact that the Czech Republic uses a product factor that 
favors these trains, the fees are significantly lower than 
in Slovakia. When those charges on other categories 
of tracks, under approximately comparable conditions, 
were analyzed, it turned out that the differences in the 
level of charges among these countries were the same. 

The current different charging systems increase 
the requirements on the distribution processes of 
carriers, especially when planning the new transports or 
comparing the costs of alternative routes, for example, in 
the case of insufficient railway infrastructure capacity. 
However, the unification of charging systems (not rates) 
is not a technical or economic problem, but rather 
a political problem.
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train set (for example, in the border’s exchange station 
a locomotive can be changed), the number of train stops 
at the same distance is different, etc. Some countries 
change prices of individual rail infrastructure services 
every year (for the period of validity of the timetable) 
or change the system of rail infrastructure charges. 
However, for the purposes of the relevant comparison, 
not all the real factors (especially as far as the train 
parameters are concerned) can be taken into account, as 
the results would be distorted.

6 Conclusions

Achieving a single European railway area is 
a demanding and lengthy process.  Besides the technical 
differences, there are many other differences, which 
complicate rendition of the rail passenger and freight 
services especially in international transport. One of 
these differences is the rail infrastructure charging 
system. Despite the fact that there is a common EU 
legal framework in the field of charges for the use 
of railway infrastructure, individual countries use 
different systems. The presented study shows that 
larger differences are for passenger trains. 

In the case of passenger trains, it can be stated 
that in all the analyzed countries there is no difference 
in terms of rail infrastructure charges, whether it 
is an express train or a lower category train, such 
as a regional train. If the train category affects the 
price, then only assuming the use of different types 
of locomotive that have different weights, or whether 
the set uses dependent or independent traction, since 
in some countries (Slovakia, Hungary, Poland) the 
resulting price is less affected by charging the overhead 
contact line. However, it is necessary to mention that 
Slovakia adds the factor of train running independent 
traction on the line to the price, where an electric 
traction line is available at the same height, as 
a separate fee for locomotive dependent traction using 
this device. The final price in Slovakia, Czech Republic 
and Hungary is also affected by charging for use of 
the railway stations for passenger transport, which 
is a mandatory part of the rail infrastructure fees (as 
can be seen in tables 4 and 5). However, in the case of 
Slovakia, this part of the charge is a negligible amount 
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Resume
The growth of big data processing market led to an increase in the overload 
of computation data centers, change of methods used in storing the data, 
communication between the computing units and computational time needed 
to process or edit the data. Methods of distributed or parallel data processing 
brought new problems related to computations with data which need to 
be examined. Unlike the conventional cloud services, a tight connection 
between the data and the computations is one of the main characteristics of 
the big data services. The computational tasks can be done only if relevant 
data are available. Three factors, which influence the speed and efficiency of 
data processing are - data duplicity, data integrity and data security. We are 
motivated to study the problems related to the growing time needed for data 
processing by optimizing these three factors in geographically distributed 
data centers. 
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of the data file on nodes [2]. Suppression of duplicities in 
the systems was also examined in study [3], which deals 
with data processing by technologies like MapReduce, 
Spark and SQL queries.

Secondly, the network security became crucial 
component in the data processing and various fields 
and sectors of informatics. Regarding distributed 
data processing, the security is divided into variety of 
elements, such as Tool security, environment Hadoop, 
Flink, Samza, Spark [4] or many others. Critical parts of 
cloud security consist of the safety of the data storing in 
the cloud [5], monitoring, anomaly and threat detection 
[6] and last but not the least data audit [7]. The largest 
part of security is management of accesses and keys, 
sharing the access groups and last, but not the least, 
there is a problem of security of data itself.

Thirdly, the service quality (QoS) of big data tasks 
was not taken into account in already existing work. 
Similar to conventional cloud services, the big data 
applications exhibit a service level agreement (SLA) 
between a service provider and the applicants. The 
computational tasks are foremost determined according 
to where they are located and number of computation 
resources assigned to the task. The portable speed is 
another significant influence factor because the big data 
tasks are devoted to the data. The computational task 
cannot continue until the available data do not match 
each other. Existing studies regarding the computing 
clouds are generally, for example [8], mainly focused on 

1  Introduction 

Severe data change led not only to a change of 
database types, specifically to a data transfer from 
the relational databases to non-relational ones, but it 
caused a rapid development of technology known as 
distributed data processing. Google belongs to the first 
pioneers of this technology, which spreads its network 
in 13 data centers in 8 countries on four continents 
[1]. The potential of big data indicates great benefit in 
various industries since 2007 - whether in economical 
statistics, transport system management or behavior 
of transport unit analysis, in the medical field with 
the diagnosis of illnesses or in the computer science. 
The costs, related to the performance of computing 
operations, were growing with the popularity growth in 
relevant industries. 

Hand in hand with the increasing use of distributed 
processing systems, the first problems were occurring 
related to distributed data processing. A considerable 
effort was made to reduce the issues related to the 
processes working with distributed data. A method 
of maximal duplicated segment and choice of storage 
nodes to distributed file fragments was created. System 
of duplication detection and fragmentation (DDFP) and 
method for deduplication - which virtually eliminates 
the duplicated data - were designed. Other than that, 
there were significant methods developed for the storing 
of data fragments and allocation of unique occurrences 
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of storage utilization and reliability is increased. Besides 
that, the dare of privacy for sensitive data also occurs 
when outsourced by users to the cloud. In this approach 
authors used new distributed deduplication systems with 
upper dependability. The data chunks are distributed 
from the corner to cornering multiple cloud servers. 
The well-being needs of information security and label 
soundness are refined by presenting a deterministic 
mystery sharing plan in circulated capacity frameworks.  
On the other hand, a deduplication technique can 
reduce the server-side storage cost and save the upload 
bandwidth at the user side.

In further research, authors came across a method 
of data mining and fuzzy logic, the aim of which is to 
eliminate duplication. In the paper [10], a practical 
and novel duplicate elimination system is presented, 
which exploits a fuzzy inference engine for handling the 
uncertainty involved in detecting fuzzy duplicates. The 
system’s innovation is capturing an expert’s knowledge 
in the form of natural language fuzzy rules and using 
these simple rules to clean the data efficiently. This, in 
turn, reduces the time required for the repetitive and 
time-consuming task of hard-coding for deduplication 
based on a scheme for each database.

The presented examination issue’s objective was 
to dispense with duplication of information, which 
is the essential objective. Notwithstanding, it is 
understood that replication in numerous regions also 
guarantees the framework’s unwavering quality during 
the exploration. To look after dependability, authors 
were compelled to address consistency with steadfast 
quality in lessening duplications. The specialists [11] 
considered the referenced viewpoint and they thought 
of the case that the deduplication framework improves 
capacity usage while reducing dependability. Besides 
that, the test of protection for touchy information 
likewise emerges when clients redistribute them to the 
cloud. Meaning to address the above security challenges, 
this paper makes the primary endeavor to formalize the 
idea of dispersed, dependable deduplication frameworks. 
The new disseminated deduplication frameworks were 
proposed with higher unwavering quality in which 
the information pieces are distributed over various 
cloud workers. The security prerequisites of information 
classification and label consistency are likewise 
accomplished by presenting a deterministic mystery 
sharing plan in appropriated capacity frameworks, 
rather than utilizing united encryption, as in past 
deduplication frameworks. Security examination shows 
that the proposed deduplication frameworks are secure, 
as far as the proposed security model’s definitions. As 
confirmation of the idea, the proposed frameworks were 
actualized and it is indicated that the acquired overhead 
is restricted in practical conditions. Cloud companies 
from Amazon, Microsoft or Google, are among the areas 
that are gaining more and more popularity, which results 
in exploring duplicates even in a quiet environment. In 
their work [11], the researchers presented certain pitfalls 

restriction of computational capacity while ignoring the 
limits of the system’s portable speed.

 Optimization of solutions, studied here, is related 
to data duplicity, data integrity and data security in 
the geographically distributed centers, to overcome the 
weak points related to the distributed data processing 
in a cloud envirnment. The servers are equipped by 
the limited storing and computational tools. Each data 
block has a demand for storage space. The goal is 
to minimalize the number of duplicities of the big 
data, reduce the number of accesses and increase data 
integrity. Main benefits of presented research can be 
summarized as follows:
• Based on the growing amount of data, it is necessary 

to control the data in the system; Not only that the 
speed of the data processing is increased, but the 
amount of storage space needed for the data is 
effectively reduced. 

• Here is dealt with the minimization of the data 
access - the data centers - and thus the higher data 
security is ensured and the amount of restrictions is 
reduced. 
The rest of the paper is arranged as follows. 

Part 2 summarizes the related work. This part is the 
crucial aspect of research direction compared to other 
researchers’ approaches, who are dealing with the same 
research topics. Part 3 presents the system model. it 
is necessary to find out which architecture is more 
effective in eliminating duplicate data which enter 
the system during our research. Two architectures are 
introduced and the proposed methodology was tested 
experimentally. These experiments are described in part 
4 and serve as verification of theoretical findings. Finally, 
conclusion of the presented research and experiments is 
provided in the part 5.

2 Related work 

Many factors influence the current state of the 
distribution data processing. It is well known that 
data that comes to the system contains in any way the 
same duplicate data. This factor influence leads to an 
increase in the transformation process and of the course 
distribution process. The same data for multiple users 
are stored at the same time. This factor leads, with the 
replication factor equal to 3 for two users, to store data 
6 times. This wasting memory and increasing server 
costs lead many researchers to develop methods, which 
decrease the duplicated data and save the operating 
costs. During this research, many papers that worked 
with the issue were studied.

The researchers in [9] created an approach based 
on the method known as Data deduplication. This data 
deduplication process is widely used in cloud storage to 
decrease storage space and upload bandwidth. However, 
only one copy of each file is stored, even if many users own 
such a file. By using, deduplication system, the progress 
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shown in [2]. The process they took as the primary 
method and from which they relied on is called data 
deduplication. In their paper, the researchers saw the 
main challenge of identifying the maximum duplicate 
segment and selecting the storage nodes to distribute 
files. In this paper, researchers proposed Duplicate 
Detection and Fragment Placement (DDFP). This 
deduplication system virtually eliminates duplicate data 
and fragments placement that allocates individual data 
files on storage nodes. For repeated data, a reference 
point is used and unique data is stored on the storage 
node. The created approach increases the percentage 
of duplicate data detection. A fragment placement 
algorithm is used for placing fragments on different 
storage nodes. The T-coloring is used to select nodes, set 
T is used, which restricts the nodes at distance T from 
one another. The DDFP considerably achieves duplicate 
elimination and obtain a high level of security on data 
fragments by storing fragments of the data file using the 
T-coloring. This selects the nodes that are not adjacent, 
which prevents unauthorized access to data from other 
users.

As can be seen from previous research, the problem 
being solved in the current paper increasingly impacts 
efficiency of the algorithm and other factors, such as 
reliability, reducing server utilization and reducing the 
cost of storing data in the system.

3 Design and implementation of the real-time 
data catching method

In the rapidly developing world, the duplicated 
data are a big problem, which was examined in various 
studies. This paper’s main objective was designing 
and implementing a method capable of catching the 
data in real-time, thus reducing the data duplicity to 
a minimum. The architecture, presented in Figure 1, is 
designed to fulfill this objective.

that occur in cloud services. They also provided a solution 
at work that has developed a solution that includes data 
security and space efficiency in server storage and 
distributed content checksum storage systems. Here is 
adopted a method called interactive Message-Locked 
Encryption with Convergent Encryption (iMLEwCE). In 
this iMLEwCE, the data is encrypted firstly and then the 
ciphertext is again encrypted. Block-level deduplication 
is used to reduce the storage space. Encryption keys 
are generated in a consistent configuration of data 
dependency from the chunk data. The identical chunks 
will always encrypt to the same ciphertext. The hacker 
cannot deduce the keys configuration from the encrypted 
chunk data. Thus, the information is protected from 
the cloud server. This paper focuses on reducing the 
storage space and providing security in online cloud 
deduplication.

In paper [12], researchers defined their own 
proposed temporal architecture concerning element 
registration in the system. Whereas the data models 
depicted attributes and temporality definition, evolve, 
it is necessary to create a complex environment 
and possibilities for dealing with these changes and 
reflections to the temporal management layer. The 
temporal registration concept does it. Researchers 
developed a method that significantly decreases the 
duplication of data in a database, which led to reduced 
performance of used servers.

Another interesting idea was presented in [13], 
which deals with the granularity management of the 
temporal system proposes a data sharing model based 
on the reliability, sensitivity and precision of data 
providers. A new concept of the temporal benefit is 
introduced, which is consecutively evaluated in the 
experiment section. Optimization of the data flow by 
historical data aggregation and limitation of the data 
amount is a core part for the system decision making, 
whereas the time for data transferring is strictly limited. 

A similar method, as one presented in [9], was 

Figure 1 Stream data processing



A226  Č E R E Š Ň Á K  e t  a l .

C O M M U N I C A T I O N S    4 / 2 0 2 1  V O L U M E  2 3

To maintain a necessary distance from each of 
these issues, it is chosen to utilize Kinesis checkpointing 
to update it at any rate, ensure and plan a different 
lightweight answer to limit the probability of duplicates. 
Two unique methodologies were designed; the second 
worked fundamentally better than the first one. Both 
methodologies are next described in some detail and it is 
clarified how authors came to that conclusion.

The system portrayed in Figure 2 did not make 
the data catching effective even though the duplicity 
recognition was possible. The architecture presented 
in the Figure 2 solves this problem with a different 
approach. It catches not only the data, which do not 
contain duplicity but exactly the data, which include 
deception. it was decided to use the Amazon S3 file 
storage, since it was necessary to effectively control 
parallel processes, parallel approach and useful incoming 
data expanding the in-memory database such as Redis 
or Memcached. 

During the handling, the information was divided 
into the Spark stream. Each function got a particular 
ID dependent on the current timestamp and was set in 
a basin determined as a hash code of ID function. Here 
is an example of the information partitioning:
def createPair(fields: Map[String, String]): 
(DateTimePartitionKey, Map[String, String]) = {

val partitionKey = DateTimePartitionKey(
 fields(FlowField.EventId) 
 fields(FlowField.EventHour),
 fields(FlowField.EventDate),

)
partitionKey -> fields
}
To accomplish the non-problematic execution, it was 

expected to run the deduplication prepared concurently. 

3.1 One data storage

As presented in Figure 1, this architecture consists 
of three essential parts: Amazon Kinesis, Apache Spark 
and S3.

Naturally, while burning-through information from 
Kinesis, Spark provides data catching in any time period. 
This is accomplished with Kinesis checkpointing, which 
keeps up the putting away and balances time frame 
Kinesis stream in DynamoDB. On the off chance that 
Spark crashes in the middle of the Kinesis checkpointing, 
it always begins with calling of all the functions from the 
earliest starting point of the span. This implies that each 
operation can be processed or entered into system more 
than once, which can lead to creation of duplicates.

Apache Spark provides a component to avoid 
duplicates, which recoups information after the crashes 
and keeps the streams from handling documents called 
Spark checkpointing. The implicit Spark Streaming 
element should not be mistaken for the Kinesis 
checkpointing (which was referenced above). At the point 
when the Spark checkpointing is empowered, Spark 
stores metadata and handles RDDs to dependable, 
persevering capacity, e.g., HDFS. Another component of 
the Spark Streaming are the Write Ahead Logs (WALs). 
The WAL contains information obtained from Kinesis 
(or some other information stream). It is utilized for 
the state recuperation after the disappointments of 
the driver and the beneficiaries. Once implemented, 
the blend of checkpointing and WAL should be useful 
as a way of precision boosting of the system. As it may 
be, these highlights in Spark don’t work effectively and 
cause execution corruption, mainly if more seasoned 
renditions are utilized. In this implementation, Spark 
1.5.2 was used.

Figure 2 Improved stream data processing
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the data to S3. The S3 File System was used since the 
parallel processing of the data was needed to secure the 
testing and real purposes for several Amazon instances. 
Amazon S3 File system allows several sources to access 
the data and read the information in them, which is one 
factor that played an essential role in the seletion of data 
storage. 

For the consistency sake, both data and storages 
were endured in one exchange. This was conceivable, 
since both knowledge and reserves were put away 
in the S3 filesystem. During the group preparation, 
information and stores were kept in touch with the 
transitory catalogs. When a clump was handled, its 
substance was moved to the last area as a nuclear 
activity. In the event, when one of the move tasks fizzled, 
the entire stream was halted until the predictable state 
was reestablished physically.

The Cache itself is a straightforward information 
structure comprised of two sections. The first is an 
unchanging set, which containes information stacked 
from S3. The other one is a variable set, which was 
utilized for including new function IDs. 

Thus, it was necessary to perform various 
intermediate steps, as they are portrayed in Figure 4 
and to create a code capable of suppressing the duplicity. 
The source code is provided at the following address:
https://github.com/romanceresnak/deduplication/blob/
main/deduplication.java.

The function getCache needed to be called just once 
for each parcel key. In the other case, one can use an 
obsolete reserve since some new function IDs may be 
continued in an impermanent area. The simplest method 
to do this is to sort information by key. This should be 
possible during the repartitioning utilizing worked 
in the repartitionAndSortWithinPartitions Spark 

Since the information, corresponding to the parceling 
plan depicted above was previously handled, the similar 
parallelism was used for deduplication. Consequently, it 
was expected to parcel the reserve put away in the S3 file 
system in a similar way the information in the stream 
was divided.

3.2 Multiple data storage

During the research, the second method, capable of 
working with the data, was also examined. As opposite 
to the first proposed method, the data is stored in 
several data storages. A new type of architecture was 
developed due to the multiple data storage spaces, which 
is portrayed in Figure 3.

To achieve the satisfying performance, it was 
necessary to start the deduplication processing in 
parallel. Since the data were already processed in 
parallel with the above-described division scheme, the 
same type of parallelism was used for the deduplication 
process. That is why it was necessary to divide the 
cache. The date in the file system S3 was stored by use 
of the method for splitting the data in the stream.

The division into sections was implemented with the 
hierarchical directory structure:
• The first level - batch creation data
• The second level - time (hour) of the batch creation
• The third level - the storing of cache files to a bucket 

Having multiple cache files for each segment could 
become a problem caused by the high latency of reading 
operations in S3. Operation efficiency of S3, however, was 
sufficiently compelling and because of the achievement 
of remaining performance, the files were read in several 
threads. The same approach was also valid for writing 

Figure 3 Multiple data storage architecture
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Figure 4 Individual data processing steps

Figure 5 Architecture of application
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delivery car, was created. That application is based on 
microservices and is shown in Figure 5. 

Delivery routes can be the same at specific points, 
but based on this proposal, the duplicate data were 
captured and were not store it in the database. In 
the end, this approach allowed not only to reduce the 
amount of data in the system, which is shown in Figure 
6, but also to lower the load of the server.
Host namenode

HostName ec2-18-216-40-160.us-east 2.compute.
amazonaws.com
User ubuntu
IdentityFile ~/.ssh/MyLab_Machine.pem

Host datanode1
HostName ec2-18-220-65-115.us-east-2.compute.
amazonaws.com
User ubuntu

technique. At last, the deduplication part of work can be 
described as follows. 

In this capacity, the data stream is mapped 
to a flood of sets where the principal component is 
a composite parcel key while the subsequent one 
contains the information. From that point forward, 
a changing work is applied to this stream, which 
permits to work with the RDDs and bunch time. At last, 
the  repartitionAndSortWithinPartitions was considered 
on the RDD and the copies were channeled utilizing the 
pass-through storing system.

4 Experiments for the real-time data catching 
method

For experimental testing of proposed methods, an 
application, which monitors the GPS position of the 

Figure 6 Tracking car

Table 1 Server configuration

technology parameters

• EC2 instance • cloud

• a1.medium
• vCPU: 1
• MeM(GiB): 2

• EMR cluster

• master: 1x
• m3.xlarge
• core: 2x
• m4.4xlarge

• spark

• 1 r5.12xlarge master node
• 19 r5.12xlarge core nodes
• 8 TB total RAM
• 960 total virtual CPUs
• 170 executor instances
• 5 virtual CPUs/executor
• 37 GB memory/executor
• parallelism equals 1,700
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clearly states that all the data are stored in a single 
file, as oppose to architecture B, which needs up to 50 
files in order to work correctly and keep watch over the 
duplicated data. 

Time is crucial. Based on measured values, finding 
of the duplicated values is faster while using architecture 
A. A large problem was recognized during the run of the 
process - it was not the inefficiency of architecture B, but 
the necessity to merge and manage the duplicated data 
in various files in parallel.

The values that were measured during the data 
recording for the interval of two hours are presented 
in Table 3. it was chosen to limit values, where the 
efficiency of duplicated data’s processing is the same. 
The CPU load has doubled, which does not cause 
any significant problems in actual processing. During 
the experiments, the number of files increased, as 
well, which allowed effective searching, as oppose to 
architecture A, processing all the data in a single file – 
approach, which degrades with higher ammount of data.

Lastly, the values that were measured during the 
data recording for the interval of three hours are 
presented in Table 4. In this step, the efficiency of parallel 
processing with various files can be seen clearly. Even if 
the operations of file division and subsequently their 
connecting are time-consuming with the vast amount of 
the data, the parallel processing, clearly surpasses the 
efficiency of the processing of data in one file. 

The results at the beginning hinted at the superiority 
of the architecture A. However, regarding the interval 

IdentityFile ~/.ssh/MyLab_Machine.pem
Host datanode2

HostName ec2-52-15-229-142.us-east-2.compute.
amazonaws.com
User ubuntu
IdentityFile ~/.ssh/MyLab_Machine.pem

Host datanode3
HostName ec2-18-220-72-56.us-east-2.compute.
amazonaws.com
User ubuntu
IdentityFile ~/.ssh/MyLab_Machine.pem

4.1 Results of experiment for the proposed 
methodology 

Three types of data were used for experimental work. 
For the purpose of the experiments, the configuration 
shown in Table 1 was used. The application records the 
GPS positions at intervals of one, two and three hours. 
The recorded values are presented in Tables 2, 3 and 4, 
respectively.

The values that were measured during the data 
recording for the interval of one hour are presented in e 
Table 2. This data set contains 34 similar records. Three 
aspects were evaluated - RAM, CPU and number of files - 
which point to the fact, that with the same configuration, 
architecture A uses more CPU performance to watch the 
duplicated components, but it uses less RAM. It also 

Table 2 Results of GPS data recording in the interval of 1 hour

configuration one data storage
(architecture A)

multiple data storage (architecture B)

RAM 1.2 TB 2 TB

CPU 5 GB 2 GB

FILES 1 50

transform time 85 seconds 90 seconds

Table 3 Results of GPS data recording in the interval of 2 hours

configuration one data storage
(architecture A)

multiple data storage
(architecture B)

RAM 3.6 TB 4.8 TB

CPU 10 GB 4 GB

FILES 1 103

transform time 2 min and 32 s 2 min and 32 s

Table 4 Results of GPS data recording in the interval of 3 hours

configuration one data storage
(architecture A)

multiple data storage
(architecture B)

RAM 5 TB 8 TB

CPU 8 GB 4 GB

FILES 1 158

transform time 7 min and 13 5 min and 25 s



V A R I O U S  A P P R O A C H E S  P R O P O S E D  F O R  E L I M I N A T I N G  D U P L I C A T E  D A T A  I N  A  S Y S T E M   A231

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

value, which means the algorithm must create a correct 
reference for the given value. 

The experiments, performed for a test of the 
designed method confirmed this. The conventional 
opposite process of distributed data processing, which 
missed the duplicated value, this system effectively 
reduced the server overload. It reduced the time needed 
for the whole distribution of the data on several nodes. 
The second significant result, which is the data decrease 
in the nodes and the cost reduction, is related to the data 
node reduction. 

The future research, dealing with the duplicity 
suppression, will be related to improvement of the 
designed method, not only the in cloud service Amazon, 
but in creating a general module in programming 
language golang, as well, which will help with 
implementation of parallelism. Authors also want to 
focus on more effective reference creation in the primary 
step in the control of duplicities entering the system. 
The research presented in this paper also points to the 
selected topics in the area of signal theory similar to 
research presented in [14]. 
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of 2 hours, the efficiency was equal for both proposed 
architectures and architecture B proved its efficiency 
with the increasing ammount of data.

5 Conclusion 

In the current, quickly developing world, the 
duplicity suppression has a significant influence on the 
velocity of system performance and the storing of the 
data to the data storages. The primary objective of many 
researchers in the area is examining the problem related 
to the duplicity suppression - user data searching in 
various data storages and the reduction of the systems 
needed for the processing of data by system. Finally, the 
duplicated data increases ammount of space needed in 
the data storages, which is, in the end, mirrored even in 
need of buying new hardware and expanding the data 
centers. 

To make the process more effective and reduce 
computational costs, authors created the method dealing 
with the catching of the same data coming from several 
sources to the system. Specifically, the duplicated data 
are caught in the first phase of our proposed algorithm 
and by creating a reference to a particular source 
creating a link. The second phase of proposed algorithm 
is based on distributed data processing. After finishing 
the processing, the system always found a particular 
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Resume
The impact of the e-economy has been observable in almost all the sectors 
of the national economies of the states in the last few years. The growing 
influence of this phenomenon is due to development of the Internet, which 
has already become a viable part of almost all the business activities 
including buying and selling. Therefore, it can be assumed that the area of 
e-commerce will have an increasing impact, not only on national economic 
development, but on the express mail market, as well. The content of the 
article is designed to provide a comprehensive view of the interdependence 
between the level of economic maturity (the GDP gross Domestic Product) 
per capita in the PPS (Purchase Power Standard) indicator), development 
of the e-commerce (indicator B2C (Business to Customer) e-commerce 
turnover) and the number of express deliveries. Identifying the influence 
between the aforementioned indicators, it will be possible to take certain 
measures to support the development of the e-commerce market.
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in the European countries [4]. The Internet enables both 
wholesale and retail businesses to reach a wider range 
of customers, move in the distribution network and 
optimize resources in overall. This means the necessary 
fulfillment of both, the supply, as well as the return, of 
the goods through the distribution chain, an important 
component of which are the postal and logistics service 
providers, who must adapt to this new market situation. 
The increasing volumes of goods to be delivered to 
customers were already highlighted by the European 
Commission in 2012, while pointing out the need to 
find new solutions in this area of business [5-6]. Some 
authors also write about the importance of focusing on 
stakeholders in the distribution chain [7]. The costliest 
component of this chain is the last mile where goods 
are delivered to the end customers [8]. At the same 
time, it is important to perceive the increasing customer 
demands, which no longer focus solely on the quality 
of the goods or their sellers, but increasingly these 
demands on the part of customers are directed to the 
postal providers as well [9]. The requirements relate 
to ensuring flexibility in time and place of delivery, 
the possibility of returning the delivered products with 
an option to make a complaint and/or to get a refund, 
finally, also, the variability of payment terms. Currently, 
the role of a customer is shifting [10]. A customer is now 
considered a co-creator of service innovation. At the 
same time, the customers demand shorter delivery time. 

1 Introduction and literature review

Different indicators are used in macroeconomics to 
measure the economic performance of a state. One of the 
most important indicators is the gross domestic product 
per capita in purchasing power standard (GDP per capita 
in the PPS). The GDP per capita in PPS is, according to 
the most common definition also given by Eurostat, 
defined as the market value of all the manufactured 
goods and services produced in a given economy, in this 
case the economy of a given state, over a certain period 
of time, using the factors of production available in the 
territory of the selected economy, while independent of 
the ownership of those factors, calculated per capita [1]. 
Development of the GDP per capita in PPS then depends 
on many factors. Transport and technical infrastructure, 
civic equipment and public spaces are among the most 
important [2]. The quality of infrastructure, especially in 
terms of its scope, coverage density, throughput, safety 
and other specific factors, influences the possibility of 
using production factors and thus the performance of 
the state economy.

In recent years there has been a dramatic increase 
in development of the e-commerce, which also stimulates 
the need to develop the logistics industry [3]. The 
infrastructure that enables the development of the 
e-commerce phenomenon is undoubtedly the Internet 
communication network. Its coverage averages 82.49 % 
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had an exemption. Countries such as the Czech Republic, 
Slovakia, Romania, under the EU Directive thus had 
longer time to remove the remaining barriers for the new 
logistics service providers and at the same time existing 
monopolists had time to implement the cost-cutting 
strategies and focus on parcel delivery and express parcel 
delivery, an area where the substantial competition had 
already flourished [21-22]. Year 2012 is also an important 
year for this sector, the operators entered the global 
monitoring system, which enabled improved shipments 
tracking. This system, which has gradually integrated 
all the countries, allowed for more than 20 % increase in 
express shipment and proof of delivery timeliness in 90 % 
of cases between 2014 and 2015 [23].

The objective of this article is to evaluate the 
existence of dependence of the economic development 
of the state, monitored by the macroeconomic indicator 
GDP per capita in PPS, on the year-over-year turnover 
of B2C e-commerce and the number of express mail 
shipped using the postal infrastructure. The regression 
and correlation analyses were used to achieve the 
objective of the article. The objective is divided into 
two sub-objectives that must be completed in order to 
achieve the main objective. The first step is to assess the 
existence of dependence of the GDP per capita in PPS 
in each state on the year-over-year turnover of the B2C 
e-commerce. The second sub-objective is to assess the 
existence of dependence of the GDP per capita in PPS 
in each state on the number of express items shipped.

2 Methodology

Data series are described in detail at the beginning 
of this section, followed by defined hypotheses the validity 
of which was tested using the selected mathematical and 
statistical methods, which are also described in detail.

2.1 Datasets

All the variables used, i.e. the GDP per capita 
in PPS, B2C e-commerce turnover and number of 
transported express shipments, were monitored in all 
the selected European countries between 2013 and 2017. 
Since some data was not available for some of the years 
or some of the states, only those states were chosen 
for which all the data for all the relevant years were 
available and subsequently tested to confirm or reject 
validity of hypotheses.

To compare the national economic performance 
through the GDP per capita, this variable was expressed 
in PPS (purchasing power standards), a common 
currency that eliminates differences between countries. 
The GDP data per capita in PPS was obtained from 
European Statistical Office documents [1]. „The value 
of the total output of goods and services produced by 
an economy, less intermediate consumption, plus net 

According to the authors, it is important, that the postal 
system looks for common features with other branches 
of the communications sector and identify possible 
interoperability [11].

The relationship between the turnover of the 
e-commerce and GDP per capita in PPS was investigated 
by many researchers [12]. The authors focused in 
particular on the legislative side of the matter, which 
prevents faster development of the e-commerce. 
They see problems not only in telecommunications 
infrastructure, but also in the adequacy of consumer 
rights protection [12]. Here it is worth mentioning that 
authors highlighted the Czech Republic and Ireland, 
as countries in which businesses have created the 
right conditions to connect online. During the research 
regarding the impact of the e-commerce on GDP, several 
obstacles were found influencing the development of the 
e-commerce. Therefore, the European countries were 
split up into several groups with similar characteristics 
[13]. Next author focused on three countries for which 
she examined the relationship of the e-commerce not 
only with GDP per capita in PPS, but also with the 
unemployment rate, as another indicator of economic 
development [14]. The increasing turnover of the 
e-commerce, which is growing by an average of 14.28 % 
per year in the business to customer (B2C) model, puts 
enormous pressure on postal operators and the need for 
their rapid adaptation to increasing customer demands 
[4]. At this point, it should be noted that, there are other 
commonly used e-commerce models, among which the 
authors include business-to-business (B2B), customer-
to-customer (C2C), customer-to-business (C2B) and the 
already mentioned B2C model, which this article deals 
with in particular [15]. Especially for the B2C sector 
in China, the last mile raises great concerns due to the 
rapid development of the e-commerce, with customers 
looking for delivery through express companies [16]. 
Some authors are looking into how to deliver a package 
the same day, using free public transport capacity 
[17]. Other authors go even further and propose a new 
concept of the city‘s railway transit system with stations 
equipped with freight platforms, which assumes a pre-
known demand, but also works with customer‘s requests 
regarding delivery time [18]. Further research focuses 
on challenges and opportunities of urban logistics as 
a whole in order to prioritize allocation of resources to 
ensure quality of life of the population and meeting its 
needs [19]. Some other studies head in different direction 
and work with the option of returning the vehicle to 
a depot for new shipments before delivering already 
loaded shipments, even seeing possible improvements 
that can offer preventive returns to the depot [20]. 
These improvements include reduction in delivery 
times or more efficient use of a vehicle capacity. 

The liberalization of the postal market has taken 
place gradually by 2012 [21]. Full liberalization of the 
postal services was completed in all the states by the 
beginning of 2013 including the last 13 countries that 
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defined objective of this article, first, it will be necessary 
to test the normality of the data for each variable.

One of the tests to verify the normality of data is the 
Kolmogorov-Smirnov test (K-S test):

supD F x F xn n= -^ ^h h , (1)
where:
Fn - the empirical distribution function for n independent 
and identically distributed ordered observations Xi,
supx - supremum of the set of distance.

The zero hypothesis assumes that the tested data 
series correspond to the selected theoretical distribution, 
i.e. the normal distribution. A zero hypothesis is rejected 
if the critical boundary (Dmax) of criterion Dn is exceeded. 
As a rule, zero hypothesis is rejected if the P-value 
< 0.05. Therefore, if the P-value < 0.05, it is unlikely 
that the data series follows the normal distribution.

After verifying the normality of the tested data 
and after the acceptance of zero hypothesis using 
the Kolmogorova-Smirnov test, the strength of the 
correlation of the monitored variable using the Pearson 
correlation coefficient was examined:
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X X

X X

Y Y

Y Y
2 2
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- -

- -
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h h
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|

|| , (2)

where:
Xr  Mean of X variable,
Yr  Mean of Y variable.

The final determination of significance of correlation 
was established based on calculation of the P-value with 
significance level at 5 %.

3 Results

Based on the methodology described above, the 
content of this section of the article is focused on 
presentation of results of the hypotheses validity testing, 
followed by the detailed examination of the monitored 
variables correlation.

3.1 Czech Republic

The Kolmogorov-Smirnov test was used to assess 
whether the monitored data series from Table 1 have the 
normal distribution. The test results for the Data Series 
of the Czech Republic are shown in Table 2.

Tests reveal that all the data series have a normal 
distribution. Table 3 shows the results of the Pearson 
correlation coefficient, resulting in a strong correlation 

taxes on products and imports. The GDP per capita is 
calculated as the ratio of GDP to the average population 
in a specific year“, [1].

Another variable used is turnover of the B2C 
e-commerce. The data was obtained from the Ecommerce 
Foundation, which works with 19 national associations 
and more than 75,000 companies, including SAP, Asendia 
Management SAS and MultiSafepay. The E-commerce 
Foundation analyzes the B2C e-commerce market and 
focuses, in particular, to negotiate the better conditions 
for development of the e-commerce with European Union 
legislators [1].

The last variable is the number of transported 
express shipments. Data on the number of express 
shipments transported was extracted from Universal 
Postal Union documents [23]. Universal Postal Union 
brings together information from all national regulatory 
authorities of the Member States. These regulatory 
authorities provide Universal Postal Union with data on 
number of express shipments transported.

2.2 Characteristics of tested hypotheses and used 
mathematical and statistical methods

With reference to the objective, set out in the 
introduction of this article, the following hypotheses 
were established:
H01: Development of the GDP per capita in PPS indicator 
in a given state does not have a significant impact on 
development of the B2C e-commerce indicator in that 
state.
HA1: Development of the GDP per capita in PPS in 
a given state has a significant impact on the development 
of the B2C e-commerce indicator in that state.
H02: Development of the GDP per capita in PPS indicator 
in a given state does not have a significant impact on 
development of the indicator of the number of express 
shipments transported in that state.
HA2: Development of the GDP per capita in PPS 
indicator in a given state has a significant impact on 
development of the indicator of the number of express 
shipments transported in that state.

The validity of the presented hypotheses were 
verified for the Czech Republic, Bulgaria, Poland, 
Estonia and Romania.

2.3 Methods

To test validity of the hypotheses in relation to the 

Table 1 The Czech Republic - data series, [1, 4, 22]

year 2013 2014 2015 2016 2017

GDP per capita in PPS (per person in EUR) 22400 23800 25300 25600 26900

e-commerce B2C turnover (EUR bn) 2210 2600 3150 3800 4470

transported express shipments 480077 488636 529281 563239 635237
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3.3 Poland

The Kolmogorov-Smirnov test was used to assess 
whether the monitored data series from Table 7 had 
a normal distribution. The test results for Poland‘s data 
series are shown in Table 8.

Testing shows that all the data series have normal 
distribution. Table 9 shows the results of the Pearson 
correlation coefficient, resulting in a strong dependence 
between the GDP per capita in PPS and E-commerce 
B2C turnover, as well as between the GDP per capita  
in PPS and the number of express shipments 
transported.

3.4 Estonia

The Kolmogorov-Smirnov test was used to assess 
whether the monitored data series from Table 10 have 

between the GDP per capita in PPS and E-commerce 
B2C turnover, as well as between GDP per capita in PPS 
and the number of express shipments transported.

Bulgaria and Poland show the same results, which 
can be seen in the following sections of the article.

3.2 Bulgaria

The Kolmogorov-Smirnov test was used to assess 
whether the monitored data series from Table 4 had 
a normal distribution. The test results for Bulgaria‘s 
data series are shown in Table 5.

Testing shows that all the data series have a normal 
distribution. Table 6 shows the results of the Pearson 
correlation coefficient, revealing the strong dependence 
between the GDP per capita in PPS and E-commerce 
B2C turnover, as well as between the GDP per capita in 
PPS and the number of express shipments transported.

Table 2 Czech Republic - Kolmogorov-Smirnov test for data

data series Dn p-value Dmax test result

GDP per capita in PPS (per person in EUR) 0.2133 0.90999 0.565 H0 accepted

e-commerce B2C turnover (EUR bn) 0.1613 0.98133 0.565 H0 accepted

transported express shipments  0.3191 0.16461 0.565 H0 accepted

Table 3 Czech Republic - Pearson correlation coefficient

data series Pearson‘s r p-value 95% interval test result

GDP per capita in PPS and 
e-commerce B2C turnover 0.9659 0.0075 0.5656 to 0.9978 HA1 accepted

GDP per capita in PPS and express 
shipments 0.9311 0.0215 0.2736 to 0.9956 HA2 accepted

Table 4 Bulgaria - data series, [1, 4, 22]

year 2013 2014 2015 2016 2017

GDP per capita in PPS (per person in EUR) 12 200 12 900 13 700 14 200 14 800

e-commerce B2C turnover (EUR bn) 199.43 250 330 419.4 488.6

transported express shipments 1002409 1109686 1236146 1318089 1289516

Table 5 Bulgaria - Kolmogorov-Smirnov test

data series Dn p-value Dmax test result

GDP per capita in PPS (per person in EUR) 0.154 0.99622 0.565 H0 accepted

e-commerce B2C turnover (EUR bn) 0.1695 0.7887 0.565 H0 accepted

transported express shipments  0.233 0.16191 0.565 H0 accepted

Table 6 Bulgaria - Pearson correlation coefficient 

data series Pearson‘s r p-value 95% interval test result

GDP per capita in PPS and 
e-commerce B2C turnover 0.9896 0.0013 0.8459 to 0.9993 HA1 accepted

GDP per capita in PPS and express 
shipments 0.9526 0.0123 0.4404 to 0.9970 HA2 accepted
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3.5 Romania

The Kolmogorov-Smirnov test was used to assess 
whether the monitored data series from Table 13 have 
normal distribution. The test results for the Romania 
data series are shown in Table 14.

Testing shows that all the data series have normal 
distribution. Table 15 shows the Pearson correlation 
coefficients, revealing strong dependence between the 
GDP per capita in PPS and E-commerce B2C turnover, 

normal distribution. The test results of data series 
collected in Estonia are shown in Table 11.

Testing shows that all the data series have a normal 
distribution. Table 12 shows the Pearson correlation 
coefficients, revealing strong dependence between the 
GDP per capita in PPS and E-commerce B2C turnover, 
but the dependence between the GDP per capita in PPS 
and the number of express shipments transported is 
refuted. The Pearson coefficient even reaches negative 
values.

Table 7 Data series in Poland, [1, 4, 22]

year 2013 2014 2015 2016 2017

GDP per capita in PPS (per person in EUR) 17900 18600 19900 19900 20900

e-commerce B2C turnover (EUR bn) 1930 3450 4960 6280 8380

transported express shipments 136396000  194464000  214159000  264070000 307751000  

Table 8 Poland - Kolmogorov-Smirnov test

data series Dn p-value Dmax test result

GDP per capita in PPS (per person in EUR) 0.2509 0.78607 0.565 H0 accepted

e-commerce B2C turnover (EUR bn) 0.1328 0.99781 0.565 H0 accepted

transported express shipments  0.1557 0.2197 0.565 H0 accepted

Table 9 Poland - Pearson correlation coefficient

data series Pearson‘s r p-value 95% interval test result

GDP per capita in PPS and 
e-commerce B2C turnover 0.9742 0.0049 0.6544 to 0.9984 HA1 accepted

GDP per capita in PPS and express 
shipments 0.949 0.0137 0.4100 to 0.9967 HA2 accepted

Table 10 Estonia - Data series, [1, 4, 22]

year 2013 2014 2015 2016 2017

GDP per capita in PPS (per person in EUR) 20200 21300 22000 22500 23600

e-commerce B2C turnover (EUR bn) 101 119 159 175 204

transported express shipments 1341503 909900 910000 1079846 1228902

Table 11 Estonia - Kolmogorov-Smirnov test

data series Dn p-value Dmax test result

GDP per capita in PPS  
(per person in EUR) 0.125 0.99982 0.565 H0 accepted

e-commerce B2C turnover (EUR bn) 0.1826 0.94702 0.565 H0 accepted

transported express shipments  0.2311 0.45197 0.565 H0 accepted

Table 12 Pearson correlation coefficient for Estonia

data series Pearson‘s r p-value 95% interval test result

GDP per capita in PPS and 
e-commerce B2C turnover 0.9833 0.0026 0.7624 to 0.9989 HA1 accepted

GDP per capita in PPS and express 
shipments -0.1101 0.8601 -0.9046 to 0.8553 H02 accepted
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Table 13 Romania - Data series, [1, 4, 22]

year 2013 2014 2015 2016 2017

GDP per capita in PPS (per person in EUR) 14500 15200 16300 17400 18800

e-commerce B2C turnover (EUR bn) 1040 1200 1490 2050 2800

transported express shipments 4211266 3472404 3515399 38746320 4489918

Table 14 Romania - Kolmogorov- Smirnov test

data series Dn p-value Dmax test result

GDP per capita in PPS (per person in EUR) 0.2918 0.8544 0.565 H0 accepted

e-commerce B2C turnover (EUR bn) 0.1859 0.9689 0.565 H0 accepted

transported express shipments  0.2568 0.5375 0.565 H0 accepted

Table 15 Romania - Pearson correlation coefficient

data series Pearson‘s r p-value 95% interval test result

GDP per capita in PPS and 
e-commerce B2C turnover 0.9854 0.0021 0.7892 to 0.9991 HA1 accepted

GDP per capita in PPS and express 
shipments 0.4454 0.4522 -0.7198 to 0.9532 H02 accepted

Table 16 GDP per capita in PPS 2018, 2019, [1]

GDP Bulgaria Czech Republic Estonia Romania Poland

2018 15 500 27 900 24 700 19 800 21 400

2019 16 500 28 900 26 100 21 700 22 700

Figure 1 Number of express shipments [23]
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of similar size. However, the data series of E-commerce 
B2C turnover was not obtained for Slovakia, due to this 
fact Slovakia could not be included in the final group of 
analyzed countries.

A certain limit to this article is the unavailability 
of the data needed for other European countries, which 
is due to the inconsistent practice of European states 
in obtaining data based on which the comprehensive 
studies mapping the issue across the continent of 
Europe are carried out. 

Based on the results presented in this article, it 
can be concluded that majority of tested hypotheses 
confirmed the impact of the GDP per capita in PPS on 
development of the B2C e-commerce turnover indicator 
during the considered time period as well as the impact 
of the GDP per capita in PPS on the number of express 
shipments transported during the same time period. 
Based on this fact, it is possible to ascertain that through 
the monitoring of the macroeconomic indicator GDP per 
capita in PPS, the prediction of the development of 
B2C e-commerce and the number of express shipments 
transported can be carried out.

Table 16 shows the GDP per capita in PPS in the 
group of analyzed countries in 2018 and 2019. In all the 
analyzed countries, there is a year-on-year increase in 
the value of the GDP per PPS in 2018 and 2019. Based 
on this fact and with reference to results of this article, 
it is possible to predict the growth of E-commerce B2C 
turnover in 2018 and 2019 as well.

The conclusions of the article opened space for 
further research to seek why the validity of the two 
sub-hypotheses had not been confirmed in Estonia and 
Romania.
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but rejects the dependence between the GDP per capita in 
PPS and the number of express shipments transported.

4 Discussion and conclusion

The analysis of dependence between the GDP per 
capita in PPS and B2C e-commerce turnover, respectively 
between the GDP per capita in PPS and the number of 
express shipments transported, was established through 
the value of the correlation coefficient, respectively, 
the Pearson coefficient of serial correlation was used. 
Prior to the correlation analysis itself, the Kolmogorov-
Smirnov data normality test was performed, which 
confirmed that the examined statistical selection 
had a normal probability distribution. Therefore, the 
Pearson coefficient of serial correlation could be used to 
determine the link between data series. The resulting 
values of the Pearson coefficient of serial correlation, 
verified by the significance testing, imply the existence 
of a strong dependence between all the variables for the 
Czech Republic, Bulgaria and Poland. 

Dependency was not confirmed only between the 
GDP per capita in PPS and the number of express 
mail shipped in Estonia and Romania. This may be 
because, as can be seen in Figure 1, the data series of 
express shipments has an increasing trend for Estonia 
and Romania, same as other countries included in 
the studies, except for the year 2013. As the postal 
market was to be fully liberalized from 2013 on and 
this period marked a difficult transition for many 
countries, it is possible that the responsible authorities 
in Estonia and Romania did not proceed the same 
way as other countries when reporting the number 
of express mail transported, even though Estonia 
fully opened its market in 2009 [5]. The data series 
of express shipments was also obtained for Slovakia. 
Figure number 1 shows that Slovakia achieves higher 
value of number of express shipments than countries 
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Resume
The objective of this study was to assess the effect of selected operational 
and technical factors on downtime of vehicles. The sample consisted of buses 
from a municipal transport company (Poland). Estimation of parameters 
of a linear regression model was performed. Month of failure (downtime 
event) and its type were used as predictors. Failures were divided into three 
categories: events related to the company’s operations, including vehicle 
failures (1) and other (organizational) problems (2), as well as failures caused 
by external factors unrelated to the operations of the transport company (3). 
The downtime was found to be significantly associated with failure type 
and month of failure. A linear regression model of downtime with a reduced 
number of impact factors, taking into account two main failure types and 
two main periods of their occurrence during the year, was developed.
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can be limited to improve the regularity of headways 
[8-10]. Berrebi et. al. have studied the practical effects 
of implementation of these corrective strategies. They 
demonstrated that the “bus holding” system reduced 
bunching, thus also decreasing average passenger 
waiting time [2]. Adamski and Turnau have presented 
a transport system control strategy in which buses 
were sent at specific times to critical bus stops with 
high numbers of passengers [11]. However, it is worth 
mentioning that the “bus holding” method also had 
negative effects, such as disturbances in traffic flow and 
an increase in average waiting time [1, 12-18]. 

An important component of the “bus holding” strategy 
is prediction of fleet availability. One prediction method 
involves simulation of readiness based on a regression 
model developed with use of the retrospective data. 

In this paper, a linear regression model is proposed, 
which links the bus downtime (not-ready time) with the 
month of the year in which a bus was stationary and 
type of downtime. A regression analysis of downtime was 
performed based on data obtained from the municipal 
transport company in Lublin, Poland. The main objective 
was to develop a regression model with a reduced 
number of factors, which could be used to effectively 
predict bus downtime and ensure continuity of system 
operation. 

1  Introduction 

In public transport systems, vehicle failures and 
organizational shortcomings often substantially increase 
passenger waiting time. In this paper, disablement 
of a vehicle caused by technical or operational factors 
has been referred to with the umbrella term “failure”. 
Vehicle failures are of concern to both drivers and fleet 
managers. In public transport systems, randomness of 
bus departure times and travel times has an influence on 
the quality of transport services [1]. In a situation when 
compliance with the timetable is the major requirement, 
the real travel time in the whole transport system 
is adjusted to a vehicle with the lowest operational 
speed. In the literature, this phenomenon is known as 
“bunching”. Bunching forces passengers to arrive early 
at stations and to budget long travel time [2-5].

The literature describes several corrective strategies 
to reduce bus bunching. Hickman has proposed 
a stochastic model of vehicle operations based on recursive 
equations for expected values of headways and bus loads 
[6]. His strategy of improving transport services consists 
in holding operating buses along the service line, in order 
to regulate the system on an ongoing basis. 

Daganzo and other authors have developed a mixed 
strategy in which passenger boarding and alighting 
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status of the vehicles. Unfortunately, the data were not 
detailed enough to allow to discriminate which failure 
was caused by which factor. Type B were failures related 
to events outside the company’s control (e.g. collision 
with another vehicle, freezing of the pneumatic system, 
vehicle trapped in the snow, a blocked route, an incident 
inside the vehicle). 

3 Results

Downtime observation results were divided into 
”monthly” groups. The number of all the failures 
recorded in 2018-2019, broken down by month, is given 
in Table 2. Downtime data for the years 2018-2019, also 
broken down by month, are shown in Table 3. Monthly 
downtime duration is presented in Table 2. Figure 1 
shows a box plot of downtime per month. As seen in 
the graph, median values of downtime are different 
for different months. The highest mean values were 
recorded in January, September, October and November. 
It is worth stressing that the number of failures is 
different for each month (Table 3). The largest number 
of failures occurred in March, however, the mean and 
median downtime values for this month were the lowest 
(Table 2), which means that the failures were short-term 
ones.

Significance of differences in downtime between 
months was assessed using the non-parametric Kruskal-
Wallis test. 

The Chi-squared statistic was χ2 = 243.98 and 
the p-value < p <0.0001, which indicated that, at 
the significance level α = 0.05, the null hypothesis of 
equality of means was rejected. This demonstrates 
that there were significant differences between at 
least two monthly downtime groups.

Another factor that was analysed was the type of 
failure. The observed failures were classified as one 
of the three categories (types), designated here as 
A1, A2, B. The largest group were type A2 failures, 
which occurred 1338 times in the whole study period. 

2 Material and methods

Twenty one buses (8 different makes and models) 
were studied. The vehicles were between 10 and 16 
years old. Observations were conducted in standard 
public transport conditions over 2 years of operation 
(2018-2019). The dates and times of bus arrival to and 
departure from the depot and the vehicle downtime 
were registered. Source documentation included the 
company’s daily internal reports on the operational 
status of the fleet. The basic descriptive statistics of the 
buses are presented in Table 1. 

The buses serviced standard routes in municipal 
traffic. The average monthly mileage was approximately 
4637 km. The lowest average monthly mileage of 4313 km 
was recorded for a bus make 5 (Standard Deviation-SD 
1711 km) and the highest mileage of 6041 km for a bus 
make 2 (SD 1699 km).

Fleet downtime data for the years 2018-2019 were 
analysed. The impact of two factors, month of failure 
and failure type, on the dependent variable (downtime) 
was considered. 

Month of failure was analysed repeatedly in each 
year of observation and was thus an indicator of 
seasonality related to seasonal changes in weather 
and vehicle loads (number of passengers) over the 
year. In winter, many downtime events were caused by 
door freezing, failures of driver’s cabin and passenger 
compartment heating and power outages. During 
the summertime, downtime was mainly due to high 
temperatures, i.e. engine overheating and lack of air 
conditioning in the vehicle.

The second factor that has been analysed was 
the failure type. Three types of most frequent failures 
(downtime events) were considered. Type A1 were 
failures related to a vehicle damage (e.g. broken/jammed 
door lock, fluid leakage, broken brakes, no ignition, 
engine overheating). Type A2 were organizational 
failures and other technical problems (e.g. a damaged 
wind shield, mirror, tyre). Some of these failures were 
related to weather conditions and some to the general 

Table 1 Descriptive statistics of the investigated buses

vehicle 
make

indicator

vehicle type number of 
objects (pcs)

average mileage 
per 1 vehicle

M (km)

median mileage per 1 
vehicle 
Me (km)

standard deviation
Sd (km)

1 single-decker 53 6041 6473 1699

2 single-decker 20 4414 5511 2671

3 articulated bus 27 4495 4519 926

4 articulated bus 28 4313 4972 2197

5 single-decker 22 3668 3523 1171

6 articulated bus 10 5966 6226 1448

7 single-decker 20 5062 5301 1507

8 articulated bus 30 5500 5593 873

9 single-decker 18 5014 5774 2504
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significantly depending on the type of failure. The 
longest downtimes (though the smallest in number) 
were caused by the B type failures, which were outside 
the company’s control. The shortest stoppages were 
related to A1 type events associated with repair of 
subsystems (mechanisms) or scheduled maintenance of 
vehicles. 

The number of type A1 failures was similar (1136 
events). The lowest number of failures were the B type 
events (596 events). Descriptive statistics of downtime 
for each type of failure is presented in Table 4 and 
a box-plot of downtime versus failure type is shown 
 in Figure 2.

As Figure 2 shows, downtime duration differed 

 
Figure 1 The box plot of downtime in each month

Table 2 Descriptive statistics of bus downtime distribution in each month

month
median

M (minutes)
mean Me (minutes)

standard deviation
Sd (minutes)

January 65 95.4 84.8

February 37 45.8 43.2

March 39 47.7 40.7

April 41 48.7 52.4

May 38 43.3 35.3

June 44 49.2 36.9

July 50 51.8 39.5

August 55.5 86.7 95.8

September 65 104 110.

October 62 101 106.

November 61 107 118.

December 48 53.4 51.7

Table 3 Number of failures in each month in 2018-2019

month January February March April May June

number of 
failures 332 339 369 305 227 228

month July August September October November December

number of 
failures 179 178 255 247 266 195
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studied category. Variables with extreme average values 
were selected: type A1 failure and the month of April. In 
this way, the effect of single-signedness of the remaining 
parameters with regards to the level of the omitted 
variable was obtained.  

A statistical analysis was conducted to determine 
the structure of the linear regression model with binary 
variables, which resulted from the quantitative nature 
of the dependent variable and the qualitative character 
of the independent variables. The estimated model 
parameters are given in Table 5.

Four of the estimated parameters were statistically 
insignificant. The AIC (Akaike Information Criterion) = 
34011 and corrected R2 = 48 % indicate that the model 
does not fully explain the observed phenomena. This 
is also indicated by the residual distribution, which is 
different from the normal distribution (Lilliefors test 
statistics D = 0.088 and p-value < 0.001). Additionally, 
an analysis of the autocorrelation function (Figure 3) 
demonstrated significant dependencies not described by 
the model. This means that bus downtime is dependent 
on factors which have not been included in the model.  

The regression equation is given by:
y= 18.4+36.1 *A2 + B*137.7 +29.6*January - 216 
*February -13.6*March + 3.3*May + 1.8*July -3.8 
*June + 23.1*August + 31.6*September + 30.0 
*October + 32.1*November + 2.5*December+ ε. (2)

4 Linear regression model of downtime

Based on the bus downtime data discussed in 
Section 3, a multi-regression model describing the 
relationship of downtime duration with month and type 
of failure was developed. The general formula for the 
linear regression model is as follows: 

y= βo+β1x1+β2x2+...+βkxk+ε, (1)

where y is dependent variable, β0 is intercept, xk are 
independent variables, βk are model parameters, ε is 
random parameter. 

The regression coefficient βk describes by how much 
the average value of the independent variable y will 
change if the value of the independent variable xk 
changes by a unit, all the other independent variables 
being constant. The random component in the model 
reflects an incomplete fit to empirical data. 

Due to the fact that the independent variables 
had a qualitative character and formed closed sets (24 
months and 3 types of failures), they had to be recoded 
as binary variables. Then, each variable took either the 
value of 1 - when the phenomenon does occur or 0 - when 
it does not occur. Parameters of the regression function 
were estimated using the least-squares method after 
initial elimination of a selected variable in each of the 

Figure 2 The box plot of bus downtime versus type of failure

Table 4 Descriptive statistics of downtime distribution for different types of failures

type of failure median (minutes) mean
(minutes)

standard 
deviation
(minutes)

min. (minutes) max. (minutes)

A1 10 23.8 26 1 119

A2 63 64.1 27.1 10 132

B 134 167 124. 23 399
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is that the differences are statistically significant. The 
test statistic is given by: 

W sgn x x R
i

N
i2 11

#= -
=

^ h6 @| ,  (4)

where sgn is the sign function, R Ri ijj

k
=| , Rij is the 

rank of observation, x1, x2 are study groups, N is sample 
size (number of study groups). Test results are presented 
in Table 6.

Based on the results, three groups of months were 
selected for which the downtime distributions were 
not significantly different. Additionally, the lack of 
significance of differences in each group was confirmed 
using the Kruskal-Wallis test. The first group of months 
(group I) included August, September, October and 
November. For this group, the chi-squared statistics  
χ2 = 1.245 and p-value = 0.742. The second group (group 
II) included February, March, April, May, June, July 

The quality of fit of the regression model was 
evaluated using AIC (Figure 3). The value of AIC was 
found from the following equation:

AIC= -2 ln L +2k, (3)

where k is the number of model parameters and L is the 
reliability function.

In accordance with the objective of the study, in the 
next stage of the calculations, the model was simplified. 
To limit the number of predictors, it was proposed that 
months with similar regression coefficients should be 
aggregated. Statistically similar months were grouped 
with Pairwise Wilcoxon Rank Sum Test, which is a non-
parametric test with multi-testing correction\ used to 
compare pairs in groups. The null hypothesis for Pairwise 
Wilcoxon Rank Sum Test is that there are no differences 
between distributions, while the alternative hypothesis 

Table 5 Parameters of the linear regression model and evaluation of their significance 

parameter estimate βk std. err or S(βk) t value p-value

β0 18.4 3.379 5.432 < 0.001

failure A2 36.1 2.300 15.672 < 0.001

failure B 137.7 2.907 47.390 < 0.001

January 29.6 4.472 6.621 < 0.001

February -21.6 4.453 -4.850 < 0.001

March -13.6 4.357 -3.112 0.002

May 3.3 4.933 0.668 0.504

July 1.8 5.338 0.336 0.737

June -3.8 4.930 -0.761 0.447

August 23.1 5.341 4.320 < 0.001

September 31.6 4.806 6.585 < 0.001

October 30.0 4.843 6.184 < 0.001

November 32.1 4.755 6.759 < 0.001

December 2.5 5.182 0.474 0.636

where Std. Err or S (βk) explains the accuracy of the parameter estimate (βk). Indicates by how many units the assessment 
value (estimated) differs from the actual value of parameter βk.

Figure 3 Autocorrelation function of model residual
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seasonality over the year and the effect of organizational 
and technical factors (type of failure) on bus downtime. 
The model also permits to predict the availability 
of a transportation system as part of the strategy of 
ensuring the continuity of transportation services, e.g. 
by introducing the «bus holding» control strategy. 

From among the three types of downtime 
events, considered as independent variables, the 
model includes type B failures (events outside the 
company’s control) as the dominant type and type 
A2 (operational and organizational) failures (which 
have four times less impact than type B events). 
Among the selected month groups, the reduced model 
presents the summer-autumn season, including August, 
September, October and November, as well as the 
winter season, which is represented by a single month 
- January. The effects of the two seasons on downtime 
duration are comparable and similar to the impact  
of A2 type failures. 
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and December. For this group χ2 = 10.878 and p-value 
= 0.092. The last group consisted of only one month, 
January, for which no goodness of fit with any other 
group was observed. The parameters of the estimated 
model are presented in Table 7.

The final form of the model was the following:

y= 12 +36.8 *A2 + 135.5 * B + 36.2 *  
grI + 36.3 * gr III. (5)

All the model parameters were statistically 
significant. Corrected R2 = 48 % and AIC = 34045.64. 
The values of the parameters describing the quality of 
the regression model did not differ significantly from the 
basic formula given by Equation (2). The reduction of 
the number of factors, achieved by their aggregation in 
the manner presented in this paper, did not reduce the 
quality of the initial regression model.

5  Summary

Based on a study of municipal bus operations, 
a linear multi-regression model of downtime, as 
a function of selected groups of months of the year and 
type of downtime event (failure), was developed.  

This model allows to determine the impact of climate 

Table 6 Pairwise Wilcoxon Rank Sum Test

 January February March April May June July August September October November

February 0.000

March 0.000 0.623

April 0.000 0.738 0.542

May 0.000 0.795 0.481 0.990

June 0.000 0.118 0.386 0.118 0.118

July 0.000 0.040 0.166 0.046 0.046 0.576

August 0.000 0.000 0.000 0.000 0.000 0.001 0.022

September 0.036 0.000 0.000 0.000 0.000 0.000 0.000 0.340

October 0.009 0.000 0.000 0.000 0.000 0.000 0.001 0.621 0.685

November 0.004 0.000 0.000 0.000 0.000 0.000 0.004 0.711 0.576 0.991

December 0.000 0.120 0.376 0.117 0.117 0.910 0.701 0.005 0.000 0.000 0.001

Table 7 Parameters of the linear regression model

parameter estimate std error t value p-value

(intercept) 12 1.815 6.634 < 0.001

failure A2 36.8 2.285 16.104 < 0.001

failure B 135.5 2.900 46.731 < 0.001

group I 36.2 2.297 15.772 < 0.001

group III 36.3 3.387 10.697 < 0.001
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Resume
Delivery time means a certain period in which the carrier is obliged to 
transport the consignment from one place to another. The delay occurs when 
the carrier does not deliver the consignment to the consignee within this 
period. The authors analyse individual legislative documents regulating 
the transport - legal conditions of international transport. In addition, they 
present the reasons for the delay in delivery of the consignment and point 
to the carrier's liability for non-fulfilment of the obligation to transport the 
consignment within the delivery period. By comparing the results, authors 
state that there is a diversity of regulations in the field of international 
transport, especially in the context of the multimodality development. Such 
a diversity in regulations causes inconsistencies in the transport market and 
therefore there is a need to harmonize unimodal transport systems.
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enforcement of a lien by the carrier, or another legal 
action of a third party towards the consignment (e.g. an 
execution based on a final judicial ruling towards the 
consignor or consignee of the consignment).

The following parts of the paper will deal with 
issues of a delay in delivery of a consignment and claims 
resulting from delay in delivery or non-observing the 
delivery time in individual (unimodal) transport systems 
[1].

2 Delivery time in international carriage  
of goods 

Complaints about delays in the delivery of goods 
are one of the most common disputes in international 
transport between the consignor and the consignee. In 
order to be able to take adequate measures, both parties 
must be aware of their rights and obligations arising 
from the transport process [2].

The international carriage of goods by sea [3-6] 
is governed by various conventions such as the 
International Convention for the Unification of Certain 
Rules of Law Relating to Bills of Lading (Hague Rules) 
[7], Protocol to Amend the International Convention 
for the Unification of Certain Rules Relating to Bills of 
Lading 1924, (Hague - Visby Rules) 1968, 1979; [8] United 
Nations Convention on the Carriage of Goods by Sea, 
1978 (Hamburg Rules) [9], United Nations Convention 
on Contracts for the International Carriage of Goods 

1 Introduction

A delay in delivery of a consignment is related to 
a question of a delivery time. The delivery time means 
a certain time segment when a carrier is obliged to 
conduct a carriage and its related operations, i.e. to carry 
a consignment from one certain place (of shipment) to 
another certain place (of delivery, or destination). A time 
lag/delay happens when the carrier does not deliver the 
consignment to its recipient within this time segment, 
provided there are no obstacles to the delivery, which 
would release the carrier from liability for failure to 
meet the commitment to carry the consignment within 
the delivery time.

The reasons for a delay in delivery of the consignment 
may be both factual and legal. The factual reasons 
for a delay in delivery may lie in the impossibility 
to load or unload the consignment due to unsound 
technological transhipment equipment, a destruction 
of the consignment due to a breakdown, a theft of the 
consignment, a fire of a transport means, a freight 
explosion, etc.

The legal obstacles to a proper delivery of the 
consignment and a fulfilment of the contract of carriage 
mainly include a ban on export and import, or transit of 
the carried freight through a certain territory, a stoppage 
of carriage due to incomplete transport documentation, 
an infringement of provisions for the consignment 
carriage (mainly in the case of dangerous cargo carriage), 
a seizure of the freight by public authorities or an 
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doubts, the time starts to pass as of the day following 
the day when the consignment was accepted by the 
carrier. The amendment of the Commercial Code in 
Article 624 specifies that in the case of loss or damage 
of the consignment, the carrier is obliged to compensate 
the price of the consignment valid in time it was passed 
to them. In the case of damage or impairment of the 
consignment, the carrier is required to reimburse the 
difference between the price, which the consignment 
had at the moment of its acceptance by the carrier and 
the price, which the damaged or impaired consignment 
would have had at that time. The carrier is entitled to 
get the negotiated remuneration, or if not-negotiated 
the remuneration standard in time when the contract 
was concluded, considering the content of the carrier’s 
commitment. The carrier becomes entitled to the 
freightage after the carriage to the place of destination 
is performed, if the contract does not determine another 
time as decisive. If the carrier cannot complete the 
carriage, due to facts they are not liable for, they are 
entitled to get an aliquot amount of the freightage, 
taking into account the carriage already performed. The 
legislation, however, does not mention any sanctions or 
a scope of claims of the consignor in the case of a delay 
in delivery. 

The indemnification due to delay in delivery of the 
consignment would apply to damages of the consignment 
itself, as well as to damages directly related to the breach 
of commitments, accruing from the contract of carriage 
(Article 373 et seq. of the Commercial Code on the 
indemnification and breach of obligations resulting from 
a contractual relationship). In such a case, the burden of 
proof would lie on a plaintiff and a defendant - carrier 
would be entitled to invoke all the circumstances related 
to waiving their liability. The indemnification would 
include the actual damage, as well as loss of profit.

Under Article 629 of the Commercial Code, the 
implementing rules may differently regulate railway, 
air, road, inland water and sea transport, in terms of the 
origin of the contract, transport documents, exclusion of 
a package from carriage, acceptance of the consignment 
by the carrier and its dispatch to the consignee, scope 
of claims for the carrier and their fulfilment. This 
regulation, however, must not reduce the liability of the 
carrier in the case of the consignment damage.

2.2 Delivery time in international carriage  
by road under the CMR

The CMR (Convention Marchandise Routiere) 
- Convention on the Contract for the International 
Carriage of Goods by Road [20], in its Article 19 defines 
the delivery time as a time negotiated by parties; if it is 
not negotiated, then it is the time, which can be expected 
from a diligent carrier. In the case of a delay in delivery 
of the consignment there, of course, exists a consignor’s/
consignee’s claim to get the indemnification occasioned 

(Wholly or Partly) by Sea, 2008 (Rotterdam Rules) 
[10]. Those rules established the minimum obligations, 
maximum immunities and the limit of carrier’s liability 
and aims at creating one uniform law concerning the 
international carriage of goods by sea. Nevertheless, 
none of those attempts has been successful, instead, the 
present legal framework consists of a disordered array 
of international conventions designed to regulate the 
carriage of goods by sea, diverse regional/sub-regional 
agreements, national laws and standard term contracts. 
As a consequence, both the applied liability rules and the 
degree and extent of carrier’s liability vary greatly from 
case to case and are unpredictable. Modern transport 
patterns and practices have been considerably affected 
by the growth of containerized transportation together 
with technological developments on the multimodal 
transferring systems [11-15]. In 1996, considering the 
absence of an updated maritime transport regime, the 
United Nations Commission on International Trade Law 
(UNCITRAL) proposed to include a review of modern 
practices and applicable law regimes in the international 
carriage of goods by sea in its work program with 
a view of establishing the need for uniform rules 
where such rules were lacking, so as to achieve greater 
uniformity of laws [16]. Accordingly, it assigned to the 
Secretariat the task of collecting information, ideas and 
opinions Reviews and analysis of the rules, instructions, 
conventions, etc. from governments and international 
organizations representing commercial sectors involved 
in the carriage of goods by sea. Increasingly, big liner 
shipping companies, some of which dominate the 
container shipments of ocean trade, are also expanding 
their services to offer transportation from door-to-door 
by involving other carriers to perform different modal 
stages of a multimodal transaction [14, 17-19]. The 
current liability framework reflects few developments 
that have taken place in terms of transport patterns, 
technology and markets. The international uniform 
regime has not been in force to govern liability for loss, 
damage or delay arising from multimodal transport.

2.1 Delivery time under the commercial code

Under the Contract of Carriage of Goods, pursuant 
to Article 610 of the Commercial Code - Act No. 513/1991 
Coll. (the Commercial Code), a carrier is committed to 
a consignor to carry a package (a consignment) from 
a certain place (of shipment) to another certain place (of 
destination) and the consignor is committed to pay them 
a remuneration (a freightage) for this service. Under 
Article 617, the carrier is obliged to perform the carriage 
to the place of destination with diligent care within the 
agreed time, in other words without undue delay. Thus, 
if the time was not negotiated it is impossible for the 
carrier to store the freight into a warehouse and to start 
the carriage with a significant delay. For such a case 
the Commercial Code expressly defines that, when in 
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exceeding the delivery time and they are waived this 
liability if the delivery time exceeding was caused by an 
eligible party, by order of an eligible party, due hidden 
defects of goods or circumstances, which could not have 
been avoided and whose consequences could not have 
been averted by the carrier. Article 23 Paragraph 3 also 
quotes situations when the carrier is waived the liability 
(carriage in open wagons, missing or faulty wrapping, 
natural ability of the goods to lose its properties, etc.). 

To determine the extent of indemnities, the provision 
of Article 33 of the CIM is decisive - if the damage 
happens due to exceeding the delivery time, the carrier 
is obliged to pay the compensation, which represents no 
more than the four times the freightage. If the freight 
is completely lost, there is no compensation up to the 
four times of the freightage concurrently payable with 
the indemnity for loss of the consignment. In the case 
of partial loss of the freight, the indemnity reaches 
maximum four times of the freightage in proportion 
to the lost part of the consignment. In the case of the 
freight damage, which is not a consequence of exceeding 
the delivery time the indemnity is provided in parallel 
with the indemnity for the consignment damage. At the 
same time, however, Article 33 Paragraph 5 of the CIM 
establishes that the indemnity for exceeding the delivery 
time along with the indemnity for loss or damage of the 
consignment must not in any case be higher than the 
indemnity in the case of total loss of the freight. 

In this context, it is necessary to highlight that 
the indemnity reaches 17 units of account (SDR, XDR) 
per each missing kilogram of gross weight of the 
consignment. At the same time, the COTIF assumes 
that if the delivery time is set by agreement, then there 
in this agreement it is possible to predict a different 
arrangement of the indemnity in connection with delay 
in delivery, as well. Provided the maximum delivery 
time, set in Article 16 Paragraph 2 of the CIM appendix, 
is exceeded, then the entitled party may request the 
indemnity negotiated with the carrier (i.e. a higher 
indemnity, too).

Under Article 35 of the CIM, in the case of exceeding 
the negotiated delivery time the consignor may enter 
into agreement with the carrier regarding the so-called 
indemnity, with quotation of interest in delivery of the 
freight, provided the consignor will record the calculated 
amount of their interest in the consignment note. 
Then, if a damage is occasioned due to exceeding the 
negotiated delivery time, this indemnity may be asked 
for up to the amount stated in the consignment note.

Under Article 36 of the CIM all the limitations of 
the carrier’s liability will not be applied in the case of 
proving that the damage was caused with an act or 
negligence of the carrier, conducted either with intent 
to cause such a damage or with negligence and the 
knowledge of the carrier that such a damage could 
probably have happened (deliberate negligence).

on the consignment itself, which was established in 
compliance with provisions of Article 23 of the CMR. 
In the case of exceeding the delivery time the eligible 
party also has a claim to the indemnification but only 
up to the amount of the freightage and provided that the 
eligible party proves the damage due to exceeding the 
delivery time and makes a claim within 21 days since 
the consignment dispatch. If exceeding the delivery time 
(e.g. of engineering components carriage) does not result 
in any damage (e.g. due to a sufficient stock capacity of 
carried goods at the consignee’s site) and there happens 
no consignment damage, the eligible party will not be 
allowed to claim to compensation. The indemnification 
may consist of direct reimbursements, e.g. as a result 
of a production outage and indirect ones, provided they 
are provable and have a causal relationship with delay 
in delivery of the consignment. Those claims may refer 
to the reimbursement of a contractual penalty for the 
sub-customer, subsequent paid duty, loss of profit, claim 
due to price decrease or loss of market value of the 
consignment.

The consignor may claim a higher compensation, 
in compliance with Article 26 of the CMR, only if 
they together with the carrier negotiate the so-called 
particular interest in delivery of the consignment in the 
case of exceeding the delivery time and if the consignor 
pays a negotiated surcharge. In such a case the eligible 
party may claim to the indemnification due to delay in 
delivery of the consignment up to the amount quoted in 
the consignment note. These reimbursed damages will 
also include a purchase of destroyed or lost goods, loss 
of business, taxes and charges related to the freight and 
carriage, etc.

If a delay in delivery of the consignment arises 
due to an intentional act or negligence of the carrier 
equivalent to the intent, there will not be applied the 
maximum limit for the indemnification in the amount of 
the freight, but the carrier will be obliged to reimburse 
the incurred loss to the full extent. These consequences 
may mean a bankruptcy for the carrier since the 
damages caused intentionally or in gross negligence are 
not covered by insurance [21].

2.3 Delivery time in international carriage  
by rail under the COTIF/CIM

The COTIF (Convention relative aux transports 
internation aux ferroviaires) - Convention Concerning 
International Carriage by Rail [22], in its Appendix 
CIM related to international carriage of goods by rail, in 
Article 16, determines the delivery times for wagon and 
individual packages, although it takes the agreement 
between the consignor and the carrier as the basis for 
the delivery time determination. Under Article 23 of 
the CIM the carrier is liable for damage caused with 
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have happened. In the case of a delay in delivery of the 
consignment the entitled party must file a complaint 
within 21 days from the date on which the baggage or 
freight have been passed to the consignee [24].

2.5 Delivery time by inland waterways under 
CMNI

The CMNI (Convention de Budapest relative au 
contract de transport de merchandises en navigation 
interieure) [25] - the Budapest Convention on the 
Contract for the Carriage of Goods by Inland Waterways 
in its Article 16 defines the liability of the carrier for 
a damage occasioned due to exceeding the delivery 
time, unless it is shown that the damage was due to 
circumstances, which a diligent carrier could not have 
prevented and the consequences of which he could not 
have averted. The delivery time, as indicated in Article 
5, is the time limit agreed in the contract or, if there is no 
contractual agreement, it is the time limit, which could 
reasonably be required of a diligent carrier, taking into 
account the circumstances of the voyage and unhindered 
navigation [26].

Under Article 20 Paragraph 3 of the CMNI, the 
carrier’s liability for the damage due to a delay in 
delivery shall not exceed the amount of the freightage. 
However, the full indemnification shall not exceed the 
amount, which would correspond to total loss of the 
freight based on the calculation done. The maximum 
limits of liability do not apply where the nature and 
higher value of the goods have been expressly specified 
in the transport document and the carrier has not 
refuted those specifications, or where the parties have 
expressly agreed to higher maximum limits of liability. 
Under Article 21 of the CMNI, the carrier loses the right 
for protection granted with the limited compensation, if 
it is proved that they themselves caused the damage by 
an act or negligence, either with the intent to cause such 
damage, or recklessly and with the knowledge that such 
damage would probably have resulted [26-27].

2.6 Delivery time in carriage by sea under 
the Hague, Hague-Visby, Hamburg and 
Rotterdam rules

Neither the Hague Rules [7] (International 
Convention for the Unification of Certain Rules of 
Law Relating to Bills of Lading), nor the Hague-Visby 
Rules (Protocol to Amend the International Convention 
for the Unification of Certain Rules of Law Relating 
to Bills of Lading) do directly deal with the question 
of the carrier’s liability for a delay in delivery of the 
consignment. The indemnification is provided only in 
the case of damages of the freight itself, or damages 
related to the freight. Under the Hague Rules, the 
limited indemnities represent 100 pounds sterling per 

2.4 Delivery time in international carriage by air 
under the Warsaw convention and Montreal 
protocol

This Convention for the Unification of Certain 
Rules for International Carriage by Air (1929, Warsaw 
Convention) [23], in its Article 19 defines that the carrier 
is liable for damage occasioned by delay in carriage 
of passengers, baggage or cargo by air. In the case of 
a delay, the limit of the carrier’s liability is fixed at a sum 
of 250 francs per kilogram of the consignment’s weight 
(for the purposes of the reimbursement calculation 
a franc means a monetary unit, which corresponds 
to 65.5 milligrams of gold of millesimal fineness nine 
hundred) [23].

In the case the consignor makes a special 
declaration of interest in delivery at destination and 
pays a supplementary sum at the moment when the 
consignment is handed over to the carrier, the carrier 
is obliged to indemnify the consignor the for a delay 
in delivery of the freight up to the amount negotiated. 
However, under Article 25 of the Warsaw Convention, 
the limit of liability mentioned above is not applicable 
in the case of proving that the damage resulted from an 
act or negligence of the carrier or their employees, done 
either with intent to cause such damage, or recklessly 
and with the knowledge that the damage would probably 
have resulted. At the same time, it is required to prove 
that the act, omission or negligence emerged or occurred 
within the scope of their employment. Furthermore, 
there is the condition that in the case of a delay in 
delivery of the consignment there must be a complaint 
against the carrier filed within 21 days from the date 
on which the baggage or cargo have been passed to the 
consignee. 

The Convention for the Unification of Certain 
Rules for International Carriage by Air (1999, Montreal 
Protocol) in its Article 19 establishes the carrier’s 
liability for damages occasioned by delay in carriage by 
air with the exception when the carrier proves that they 
and their employees and agents made all efforts and 
took all measures to avoid the damage or that it was 
impossible for them to take such measures. The liability 
of the carrier for a delay in delivery of the freight is 
limited with the sum of 19 units of account (SDR/XDR) 
per kilogram (under the legislation in force since 30. 
12. 2009). Like the Warsaw Convention the Montreal 
Protocol allows for the consignor to make a special 
declaration of interest in delivery at destination and pay 
a supplementary sum at the time the freight is handed 
over for the carriage. In such a case the carrier is liable 
for the damage occasioned and is obliged to provide the 
compensation up to the designed amount. The value 
limit of the carrier’s liability is not applicable in the case 
of proving that the damage happened due to an act or 
negligence of the carrier, their employees or agents, done 
either with intent to cause such damage, or recklessly 
and with the knowledge that the damage would probably 
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the COTIF/CIM, the Warsaw Convention and Montreal 
Protocol, CMNI and discusses the current developments 
towards uniformity. There are analysis of shippers’ 
obligations, the obligations of the carrier and the rights 
and immunities of the carrier and there is a full coverage 
of the main issues in charterparties: transportation 
(including problems of Delivery time, delay in delivery). 
This paper seeks to examine, in a commercial context, the 
legal problems facing shipowners, charterers, shippers 
and receivers of goods and the solutions adopted by the 
courts and international conferences to those problems. 
Many of the legal principles involved are not restricted 
to shipping but serve the wider area of commercial law 
generally. The analysis shows that international rules 
present similarities in certain fields of international 
transport, however considerable differences exist (as 
each treaty was signed decades after the other) and to 
this respect the most important rules were compared 
with respect to the contract of carriage by the method 
of comparison. The dissimilarity of legislation is also 
shown and suggestions for further research in this area 
are given.

All the transport conventions contain a limitation of 
the compensation to be paid by a carrier. The Visby rules 
established the limitation per package at 666. 67 SDR, 
or 2 SDR per kg. The Hamburg rules raised the limit 
to 835 SDR per package or 2.5 SDR per kg. The 1980 
Multimodal Convention (that has not entered into force 
yet) raised limit to 920 SDR per package and 2.75 per kg. 
The Rotterdam Rules in Article 59 adopt the limit of 875 
SDR per package or unit and 3 SDR per kg. While the 
weight limits are still below those found in other modes, 
whether these new limits of liability are seen as better 
for cargo interests is, of course a different matter and 
will be evaluated by each cargo owner based on his or 
her claims history and experience. With comparison to 
unimodal modes, for instance the Budapest Convention 
on the Contract for the Carriage of Goods by Inland 
Waterway (CMNI) of 2001, establishing the liability 
of the carrier rate of 2 SDR per kilogram shipment or 
666.67 SDR per package or any other unit load, or 1.500 
SDR per container without the stored goods and further 
25,000 SDR for goods stored in a container. The limit 
for transport of goods by air is almost nine times higher 
than the limit for maritime conveyances. However, the 
goods transported by air usually have a much higher 
value than their counterparts that are being shipped 
by sea [7-10]. Comparable Limits of Liability under 
Unimodal and Multimodal Regimes [20, 22-25] can be 
found in Table 1.

Containerization, the increasing complexity 
of modern supply chains, development of electronic 
documentation and the enhanced importance of security, 
have made carrier - shipper relations incredibly 
complex, while at the same time its driving governments 
towards a desire to harmonize the way in which global 
financial and trading rules are implemented. It is 
extremely important to the economic interests of all the 

package or unit, or a counter-value of this amount 
in another currency. Under the Hague-Visby Rules 
the limit of the carrier’s liability is restricted with an 
amount of 2 units of account (SDR/XDR) provided the 
damage was not caused with negligence of the carrier 
intentionally or with the knowledge that such damage 
could probably have happened [7-10].

The Hamburg Rules (United Nations International 
Convention on the Carriage of Goods by Sea) in their 
Article 5 define that the carrier is liable for a delay in 
delivery if the occurrence, which caused the delay, took 
place while the goods were in their charge. Under the 
Hamburg Rules, the delay in delivery occurs when the 
goods have not been delivered at the port of discharge 
provided for in the contract of carriage by sea within 
the time expressly agreed upon or, in the absence of 
such an agreement, within the time, which it would be 
reasonable to require of a diligent carrier, having regard 
to the circumstances of the carriage. The liability of the 
carrier for a delay in delivery, according to provisions of 
Article 6 Paragraph 1, Subparagraph b) of the Hamburg 
Rules, is limited to an amount equivalent to two and 
a half times the freight payable for the goods delayed, 
but not exceeding the total freight payable under the 
contract of carriage of goods by sea. The aggregate 
liability of the carrier for damage of the freight and 
delay in delivery shall not exceed the amount, which 
would equal to the carrier’s liability in the case of total 
loss of the freight. It is equivalent to two and a half times 
the units of account (SDR/XDR) per kilogram of gross 
weight, or 835 units of account per package or another 
freight/shipping unit. By agreement between the carrier 
and the consignor, limits of liability exceeding those 
quoted in the Hamburg Rules may be fixed [9, 28].

The Rotterdam Rules (United Nations Convention 
on Contracts for the International Carriage of Goods 
(Wholly or Partly) by Sea) [10] in their Article 21 define 
a delay as a moment when the freight is not delivered 
to the place of destination within the time expressly 
agreed upon. Under Article 60 of the Rotterdam Rules, 
the indemnity for loss or damage of the freight, due to 
a delay in delivery, is limited to an amount equivalent 
to two and a half times the freight payable for the goods 
lost or damaged. However, the full amount of indemnity 
must not exceed the amount, which would be payable 
in the case of total loss of freight. The carrier may ask 
for limitation of the liability in the case of intentional 
damages and negligence [29].

3 Discussion

The paper contains a thorough analysis of the law 
on the subject written primarily from the perspective 
of English law, but with reference to cases in other 
major developed countries. The main output focuses on 
international carriage measures, such as the Hague, 
Hague-Visby, Hamburg and Rotterdam Rules, the CMR, 
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parties, or it results from respective regulations or 
international treaties. European courts (mostly those 
of higher instances) have practiced appropriate periods 
of carriage (carriage times) several times, e.g. between 
Germany and Greece, Germany and Turkey, but these 
periods cannot be considered binding and applicable in 
all the cases. 

The diversity of regulations in the area of 
international carriage of consignments through 
individual transport modes, mainly in context of the 
multimodality development, brings inconsistency and 
disharmony to the transport market. In conjunction 
with the anticipated and supported development of 
multimodal transport and a wider engagement in 
intermodal transport chains, the authors do recommend 
the unification of transport-legal conditions, not 
only with regard to delivery times in international 
carriage of goods and sanctions resulting from delay  
in delivery.
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trading nations that complicated supply chain functions 
seamlessly and equitably for all involved. To achieve 
such a goal, there must be not only the political will to 
sign and ratify improvements on existing carriage rules, 
but the widespread adoption of the contract terms as 
well, without exemptions being negotiated at the firm 
contract negotiation level. 

The idea of the Rotterdam Rules is that it shall 
apply door-to-door mode, regardless of the mode of 
transport, as long as an international sea leg is involved. 
This broad scope of application of the Rotterdam Rules 
carries a risk of conflicts with unimodal transport 
conventions, which regulates carriage by air, road 
carriage, carriage by rail and carriage by inland water. 
Moreover, as the Rotterdam Rules only apply in the 
cases where damage is attributable to the marine 
sea leg, they are still not attractive from a cargo 
perspective, even though they have been more explicit 
in defining delay and have raised the limits of liability. 
For multimodal transport, there remains considerable 
confusion as to what will work best in the door-to door 
context and a trading environment focused on time-
based competition where the consequences of cargo delay 
are a paramount consideration for a large portion of the 
moves [29-30].

4 Conclusion 

The delivery time is usually negotiated in the 
contract of carriage between individual contracting 

Table 1 Comparable Limits of Liability under Unimodal and Multimodal Regimes

regime limit by weight limit by item

sea carriage
- Hague rules (Arts. IV(5) and IX)
- Hague/Visby rules (Art. IV (5))
- Hamburg rules (Art. 6)

n/a
2.00 SDR/kg
2.50 SDR/kg

 

U.S. $500/pkg (= 346.21 SDR/pkg)
666.67 SDR/pkg
835 SDR/pkg,

ICC rules 1975 (rule 11(c)) 
30 Poincare francs/kg

(~2 SDR/kg)
n/a

multimodal convention 1980 (Art. 18(1), (3).)
- but if no sea leg

2.75 SDR/kg
8.33 SDR/kg

920 SDR/pkg

UNCTAD/ICC rules 1992 
(rules 6.1 and 6.3)
- but if no sea leg

2.00 SDR/kg
8.33 SDR/kg

666.67 SDR/pkg

Rotterdam rules 2009 (Art. 59) 3 SDR/kg 875 SDR/pkg

road carriage-CMR (Art. 23) 8.33 SDR/kg n/a

rail carriage-CIM uniform rules 
(Arts. 7, 40 and 42)

17.00 SDR/kg n/a

air carriage-Warsaw convention/ Montreal convention 
(Art. 22(2)) 17.00 SDR/kg n/a

inland water carriage - CMNI (Art. 20) 2 SDR/kg
666.67 SDR/pkg, 

1500 + 25000 SDR/container
n/a (not available)
SDR (Special Drawing Rights)
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Resume
The article presents an analysis of the freight forwarder and carrier costs on 
transport in chosen country of Western Europe. Costs of transport point out 
to several existing problems in this part of Europe. The case study is given 
that deals about chosen transport in France. The article contains a review 
of transport routes during 2019, which were performed by an international 
forwarding company. These sessions were carried out in problematic areas in 
France. These are the transport of refrigerated and frozen perishable goods. 
The shipments are realized between logistics centres in France. The high 
problem is with carriers, with qualifications of their drivers, the number of 
drivers and seasonality of the goods. The article describes these problems 
as dependences of the forwarder´s costs on individual transport routes. 
The article deals about more solutions, which could be used in this part of 
Europe.
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models of supply chain optimization, to compare the food 
aggregation scenarios and their results, which can be 
generalized for further possible research in this area [1].

In another study, the authors described the 
possibilities of creating cooperating groups and how 
these groups should share the costs of this cooperating. 
They used the literature on networking, where the 
potential savings are modelled by cooperative play. Four 
business models in four different subgroups of leading 
companies were examined. They used a network model 
to determine a stable group in the calculation. The 
results are dependent on the selected model and it is 
possible to achieve different characteristics [2].

The solution is the cooperation of logistic companies, 
which is covered by an article with title Shipper 
collaboration, which solves the problem of freight 
transport and cooperation of individual forwarding 
companies in order to provide quality services at lower 
prices, streamlining cooperation between small and 
medium companies. Mathematically, Euclidean graph 
by a minimum costs set of constrained cycles was 
used. They formulated the lane covering problem, 
proposed several solution algorithms and conducted 
a computational study on the effectiveness of these 
methodologies [3].

The solution to the problem of transport of goods 
in France would also be possible by improving the 
quality of the rail transport, dealt with by authors in 
[4]. The solutions are adapted to the Spanish market, 

1 Introduction

Forwarders companies are currently an integral 
part of the supply chain.  A freight forwarder works with 
companies, importers and exporters, to make sure that 
the goods are transported in the safest, most efficient 
and cost-effective way. A freight forwarder works out 
the logistics and makes sure that all the basics are 
covered in the process of transporting goods from A to 
B. In order for the portfolio to be expanded in a targeted 
manner, the forwarder must also look for language-
skilled employees and reduce the current employee 
turnover with appropriate tools. Due to the relatively 
strong competitive environment, it is necessary to take 
into account that the outgoing employee also takes 
the acquired contacts with him, which may in some 
cases deprive the employer of quality partnerships with 
carriers. It is important to build a strong corporate 
identity for employees and systematically reward their 
work, based on work results. It is important to note 
that for the most part, shipments are currently sold by 
people, despite an online platform where carriers can 
book them themselves.

As authors written in article [1], a grouping 
of shipments is performed to improve the logistics 
performance of the company. The food consignments are 
grouped from independent companies for one operator 
in order to eliminate the company´s CO2 costs. The 
study presents a survey of dominant food flows and the 



T H E  C A S E  S T U D Y  O F  I N T E R N A T I O N A L  T R A N S P O R T  B Y  T H E  F R E I G H T  F O R W A R D E R  I N  F R A N C E   A257

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

the period 2014 - 2018. That is exactly why the France 
domestic transport route was chosen.

2 The case study of chosen transport route  
in France

The analysed transport route is French domestic 
transport. This is a temperature-controlled transport 
between the logistics centres in the Nord Calais region 
and in the Loire region. The route leads specifically, 
as you can be seen in Figure 1. The distance between 
these points was set by the freight forwarder at 635 km. 
The transport was procured as one-way. The completed 
and validated CMR (Convention Marchandise Routière 
- Agreement on a contract of carriage in international 
road transport) consignment note required the carrier 
to enclose an invoice and a printed label showing the 
temperature in the vehicle´s cargo space during the 
transport. 

The transport routes are analyzed in this section, 
from several points of view. This analysis also includes 
the success of the shipment tracking. Based on the 
results of the analysis, the measures are proposed 
that could contribute to improving the position of the 
forwarding company at the market as well as to greater 
transparency of the supply chain. 

On this route, 39 different carriers carried goods and 
a total of 89 shipments took place between January 2019 
and August 2019. Although it was a French domestic 
transport, the largest representation with a share 
of 36 % were polish carriers, followed by Lithuanian 

but transport services can be used on the Paris-Orleans-
Limoges- Toulouse (POLT) route in France, as well. 
Spain´s competitiveness depends on such projects [4].

Very important is study [5], which is one of the first 
analyses demonstrating the additional environmental 
costs that exist between mainland France and overseas 
France. Thus, the results demonstrate the importance 
of creating a specialized and regionalized database 
for the case of remote islands. That database would 
allow for professionals to have a precise environmental 
assessment, not on a national but on a regional scale. 
This document also provides a framework and guideline 
for policy decision-making in the overseas islands [5].

In the article [6] is presented a model that includes 
the freight transport supply and demand, as well as 
infrastructure quality and non-time-varying fixed effects 
related to the route, the exporting company, its strategy 
and the product. The results show that distance is 
a determining factor in the cost of transport, in spite 
of the infrastructure coverage and improvements in 
quality. At the same time, the analysis confirms that 
transport costs are more sensitive to the degree of 
competition on the route, the volume of freight on the 
route and the volume of goods shipped on the route by 
the exporting company, the configuration of the supply 
chain, the company strategy and the coverage and 
quality of transport infrastructure [6].

Despite the size of Europe, the costs market is 
relatively diverse. This is mainly due to different laws 
that have not yet been harmonized within the European 
Union. Despite the decline, France had the highest 
share of imports within the European Union during 

Figure 1 Location of places Dankerque and Reze on the map [GoogleMaps]
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carriers on this route, the number of shipments that 
took place increased each month. This may also be due 
to an increase in the customer´s order, as the customer 
is a company, which deal with cultivation, storage and 

carriers 21 % and Spanish with 15 %. Only one French 
carrier offered its services on this route. 

The first transport on this route took place in 
January 2019. Due to the forwarder´s ability to acquire 

Figure 2 The number of transports per month

Figure 3 Absolute price rates 

Figure 4 Seasonality of prices
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During January, February and June, the freight 
forwarder was able to benefit from the carrier´s prices. 
The largest loss was recorded during the month of 
May, when the forwarder had to invest € 3,200 in 
these transports from his own financial resources. 
This may be due to the low capacity of refrigerated 
semi-trailers in the area, which is presented  
in Figure 3 [11-13].

Due to the cooperation with Greek carriers in 
June 2019, the freight forwarder was able to produce 
a profit, despite the fact that the demand for refrigerated 
semi-trailers increased with the increased temperature 
during the summer months. In Figure 4 can be noticed 
that the customer did not change his price during the 
whole period and that he paid to the carrier 1.34 € per 
km. The market fluctuations reflected in prices of the 
carriers, therefore had to be taken over by the forwarder. 

distribution of vegetables and fruits, for which the 
demand is rising in the summer months [7-9].

The data collection took place in early August, but 
as only one shipment was recorded in August, so this 
month was omitted from the statistics to avoid data 
distortions. The numbers of transports are presented in 
Figure 2.

Carriers offer the price as “ALL IN”. The freight 
forwarder most often paid 1.18 € per kilometre to 
carriers. However, if there were low capacities on the 
market during the period, it was necessary to pay more 
than that was agreed with the customer to keep the 
customer.  From January 2019, the price was the same, 
namely 1.34 €. The following graphs (in Figures 3, 4 and 
5) show how this price affected the forwarder’s profit or 
loss and whether the carriers were able and willing to 
travel below this price [10].

Figure 5 Influence of the carrier´s price on the economic outcomes 

Figure 6 Paid delays and provided discounts
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enables a faster reaction of the employee to the current 
situation and the movement of a vehicle and thus to be 
able to put pressure on the customer´s logistics centre in 
time for loading or unloading. This saves the customers 
costs and the carrier´s time.

The paid delays fees were paid for shipments whose 
status in the customer’s tracking system reported either 
an error or unavailability. If the system reports an 
error, it can be cleared. Either the carrier has provided 
a vehicle registration number that is in the system but 
is not assigned to the transport or an employee in the 
system has assigned a vehicle registration number of the 
truck to the semi-trailer.

All the ten carriers, which transported the most 
consignments on the given route during the monitored 
period, also experienced errors or unavailability of 
tracking devices, which one can see in Figure 7.

The ten carriers were monitored, 50.98% were 
analysed from it. The system showed an error at 27.45 % 
and an unavailability at 21.57 %. Elimination of these 
discrepancies should be in the interests, not only of 
the forwarders, but of the carriers themselves, as well, 
as one can see in Figure 8. The correct setting of their 
fleet management software predestines them to provide 
services at a higher level and, at the same time, provides  
competitiveness within the forwarder´s portfolio.

Given the growing trend in the number of 
shipments ordered by the customer and the low number 
of involvement of domestic carrier, it is necessary for 
the freight forwarder to expand its portfolio to include 
carriers based in France. One of the factors that does not 
benefit carriers from abroad is cabotage. By Regulation 
(EC) no. 1072/2009 from 21 October 2009 on common 
rules for access to the international market for the 
carriage of goods by road, the carrier may transport no 
more than three consecutive cabotage operations within 

The forwarder was on a loss on this route during the 
monitored period for EUR 4 390. 

The loss or profit forwarding company is caused 
by the unit price of the carrier. The carrier is able to 
reduce the unit price by increasing the coefficients 
of fleet utilization, journey utilization and transport 
capacity utilization not only on a given transport route, 
but within the entire company. On the route that was 
monitored, the lowest price was offered by a Greek 
carrier, namely 1.12 € per km.

Among the analysed carriers, due to his optimal 
price and reliability he received the most shipments, 
namely 15 [14-15].

Figure 5 shows the effect of the carrier´s unit price 
on the number of received shipments and the loss or 
profit reported by the forwarder. The loss or profit of 
the forwarder is expressed as the difference between the 
carrier´s price and customer´s price. 

In the event that the vehicle is delayed for loading/
unloading for more than 2 hours, the customer pays for 
the delay, according to the pre-agreed conditions. One 
of them is to substantiate the movement of the vehicle 
from carrier´s GPS or from the tracking system of the 
forwarder [16-17].

The delays were charged by a total of three carriers 
on the given route, when there was a delay in loading 
or unloading of more than 2 hours. For delays within 24 
hours, the customer paid a delay fee of EUR 200. The 
delays and provided discounts are in Figure 6.

The discount was provided by 2 carriers as a result 
of price negotiations, or the provision or a discount to 
the forwarder due to the previous provision of services 
at a lower level than expected (e.g. late arrival of the 
carrier for loading/unloading).

Connection to the forwarder´s tracking system can 
help reduce the customer delay fees paid to the carrier. It 

Figure 7 Relationship between paid delays/ provided discounts and traceability of the shipment 
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expand its own portfolio. Employees need to be trained 
to target potential partners. The freight forwards 
will be upgrading its services for facility of process, 
increasing flexibility, transparency and availability of 
services. It is a necessary process for the customer’s 
satisfaction. The company’s management has access to 
free capacities through important transport databases, 
such as TimoCom, where carriers publish the location of 
their free capacities and, among other things, telephone 
or e-mail contacts. Another suitable tool for searching 
for the new carriers are national databases, a suitable 
example being the Slovak database www.jiscd.sk. 
Although in some cases it does not provide the contact 
information for carriers, it is possible to search for it 
in another way. The participation of the forwarder in 
various fairs and conferences is also important, where he 
can come into personal contacts with carriers.

The forwarder also offers its services for one-time 
shipments. If one-time transport is properly valued, it is 
possible to make a profit on them, as the customer needs 
to transport the shipment and is often willing to pay 
extra for this service. These shipments are appreciated 
by the lower management, based on previous experience 
or a telephone survey among carriers. A more accurate 
method certainly is to use a dedicated software that can 
plan the route correctly according to the constraints 
of trucks, such as length and weight. As a result, the 
shipper can avoid errors caused by human factors, such 
as incorrect valuation of the transport due to a poorly 
chosen distance between the place of loading and 
unloading. However, the quality of one-time shipments 
can move the forwarder to the forefront of the customer’s 
supply chain.

The aim of article was analysis of the chosen national 
and international carriers on transport in Western 
Europe by freight forwarder. The freight forwarder 
provides transport in Europe. The article presents the 
case study of chosen transport in France. This transport 
is an example of existing freight forwarder as working in 
Europe [19-21].

seven days from the last unloading in that member 
state during the importation. Insufficient knowledge of 
the legislation, as well as the associated sanctions, may 
deter carriers from doing it. In France, the fine for non-
compliance with the conditions laid down, can amount 
to EUR 15 000 The freight forwarder should not only 
expand its portfolio to include French carriers, but also 
to others that offer their services in the region. A good 
example could be a long-term partnership with a Greek 
carrier that provides his services of the high quality on 
this transport route [18].

One of the problems is a delay of carriers on loading 
or unloading, which may be a negative factor in the 
future, due to which carriers will either demand a higher 
unit price for transport or refuse this transport. During 
the monitored period, the customer paid a delay of EUR 
1,136.60 on the Lion Plage - Reze route. In this case, it 
is very important to communicate with the forwarder 
himself, to prevent an escalation of problems, to ensure 
the functionality of the internal information system, as 
well as to recalculate the capacities of loading platforms. 
Minimizing the costs of delays saves resources for the 
customer and the carrier reduces inefficient vehicle 
downtime. The forwarder, who is able to promptly solve 
problems that occur during the transport, increases 
his own credibility both with carriers and customers. 
He gains a competitive advantage in the form of lower 
unit prices from carriers and more shipments from 
customers. 

3 Conclusions

The analysed route served us as a suitable example 
of how the costs market works in Western Europe and 
how seasonality can affect rates. This route also explains 
the principle of operation of the forwarding company 
towards the customer and the carrier, as well as some 
internal procedures.

It should be of interest for the forwarder itself to 

Figure 8 Traceability of the shipment 
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Identification of the impact of a change in transport 
related legislation on the competitiveness of carriers and 
carriage safety.
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Resume
The purpose of the proposed study was to identify the functional patterns 
of influence of the marketing tools on sales of cars on the global market, to 
be able to predict sales volumes in the future, taking into account certain 
marketing tools that the company may use in a particular international 
market. For the purpose of this research the method of correlation-
regression analysis is used to construct the corresponding economic and 
mathematical models of impact on the sales volumes of various instruments 
of product, price, promotion policy, etc. Using the models offered in the 
article, the feasibility of introducing certain measures can be determined, 
when entering new markets in order to increase car sales. Each instrument 
to which potential buyers are sensitive determines the effect of its use. 
Considering this effect, budgets can be set up for appropriate action.
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shows similarities with its usage during the economic 
downturns [13]. The specifics of the COVID-19 crisis 
impact on marketing usage on the global car market is 
presented in the discussion section of this paper.

2 Literature review

Literature review covers two stages:
1.  Review of the researches dedicated to the automotive 

industry development in various countries.
2.  Specifics of marketing factors. 

One of the modern conceptual models, proposed in 
current researches of the automotive industry in India, 
is a conceptual model by Goswani and Kumar [14], 
which captures interdependency of agility enablers and 
develops its underlying attributes. Some components 
such as cost management, product service or customer 
resource adaption are researched in this conceptual 
model, but not in the marketing context. 

The other research on developing the key 
performance indicators for agile manufacturing, 
based on the data of the Indian auto component 
manufacturer, was made by Kumar Potdar and 
Routroy [7]. In this research the following marketing 
performance indicators were studied: capturing 
market environment, management of market volatility, 

1 Introduction

The modern global car market is characterized 
by a complex system of commercial relations, as 
well as the need to coordinate the activities and 
economic interests of a large number of businesses. 
Fluctuations in supply and demand in this market 
can provoke economic crises and can slow down the 
development of the world economy. 

Entering any market is a great investment and 
risk, so businesses require the model for predicting 
success in specific markets using marketing 
parameters, which are relevant to this study.

In the process of studying the marketing activities 
of enterprises in the car market and the prospects for 
their effective operation, it is necessary to take into 
account the globalization processes [1-2], restrictions 
on access to natural resources and increase of their 
value [3-4], digitalization of society [5-6], intensification 
of competition [7-8] and government regulation [9-11], 
which are key factors influencing development of the 
automotive industry in the world. Besides that, since 
2020 the world economy has largely been affected by 
the COVID-19 crisis [12] that has a great impact on the 
consumer’s behavior worldwide; in general and on the 
global car market, in particular. In such circumstances, 
the way in which marketing can be used, has changed and 
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4.  Manufacturers’ websites 
5. Sellers in car dealerships 
6. Social networks. 

It is visible that in the top 6 information sources 
there is no advertising at all and trust in information 
of the car manufacturers (manufacturers’ websites - 
4th place and sellers in car dealerships - 5th place) is 
minimal. Therefore, automakers need to work harder 
to improve the brand loyalty, including improving 
the quality, reliability of the car and improving 
after-sales service to receive the final reward - the 
recommendations of people close to the consumer. 
In addition, it is necessary to actively work with 
independent sites and the media on effective PR 
activity.

The research dedicated to the concept of marketing 
efforts consolidation of car producers at the global 
car market [23] can be considered as the theoretical 
background of this paper. It includes the impact factors 
on strategic and tactical level. This research developed 
the concept in direction of the practical implication 
with the detailed analysis based on marketing factors 
important for the global car market. In addition, previous 
studies in this area [24] focused on modelling of global 
car market development under globalization impact, 
where the sales forecasting model is developed that can 
be useful for our research.

In order to identify the most effective marketing 
tools, the general list of explanatory variables proposed 
by Savych [25], the authors propose to supplement a set 
of features that characterize the needs and behavior of 
consumers in each part of the world, including product 
policy («Loyalty to the brand previously owned by the 
consumer», «Preference is given to manufacturers who 
are localized in the region», «The younger generation 
is the largest consumer in the share of all consumers», 
«Consumer advantage in the compactness of the car», 
«Safety», «Design», «Ecology/electric cars», «Breadth 
of assortment», «Brand premium», «Consumption 
level»), price policy («Cost of ownership», «Low price»), 
place policy («Personal sale», «Internet sales», «Region 
coverage»), promotion policy («Events», «Digital 
advertising», «Magazines», «Television», «Radio», 
«Recommendations from family and friends»), human 
resources policy («Motivation of sellers», «Qualification 
of sellers»).

Based on the analysis of literature sources, the 
authors proposed the following research hypotheses:
H1: The model of forecasting car sales volume, 

considering marketing factors, can be used as 
a basis for conducting a study of various marketing 
tools impact on car sales volume. 

H2: The forecast volume of car sales in the world during 
2007-2019 coincides with the actual figures.

H3: The proposed set of marketing tools has a positive 
impact on the growth of car sales at the global 
market.

improvement in market share, entering new market, 
response time for customer orders and queries, quick 
response to market changes. EL-Khalil [15] considered 
the market only as an element of strategic flexibility 
in the research dedicated to the mediating effect 
of lean management on the relationship between 
flexibility implementation and operational metrics in 
US automotive manufacturing plants.

Cech and Januska [16] evaluated risk management 
maturity in the Czech Automotive Industry, placing 
the emphasis on competition in complex business 
environment and its riskiness for the car producers. 
The force field analysis of Indian automotive strategic 
sourcing risk management enablers and barriers was 
performed by Kumar Sharma, Singh and Matai [8]. 
This research considered such an important marketing 
factor as sharing information among partners in the 
automobile supply chain with the purpose to make the 
communication process clearer. The factor of marketing 
communication policy is also partially considered in 
the research of Demirbas, Wilkinson and Bennett [17]. 
They studied supplier relations impact within the UK 
automotive industry.

Dmytriiev et al. [18] devoted their study to forming 
the competitive strategy of an enterprise based on 
typologization of regional markets one example of the 
Ukrainian automotive industry. The marketing factor of 
regional coverage is emphasized in this paper.

The research of Chen [19] is devoted to analysis 
of the strategies of European, American, Japanese, 
Korean and Chinese car producers on the Chinese 
automobile market. The focus was made on differences 
in development of domestic and foreign car producers 
with attention to such marketing factors as: regional 
coverage, low price, breadth of the range, consumer 
preference for car compactness, preference given to 
producers located in the region.

Cooper [20] considered the drivers of success in 
the new-product development, paying attention to such 
marketing factors as building in voice-of-customer (like 
the factor of brand loyalty to previously owned car), 
adopting a global orientation for the project, a compelling 
value proposition (like the value of possessing factor), 
ecology (represented as a climate factor) and culture.

The analytical report of Deloitte [21] proves that 
such marketing factors as safety, connectivity, ecology 
(represented by the alternative engine solutions) and 
value of possessing (represented by unwilling to pay 
more than…) are still very important for consumers 
around the world.

In general, in the world, the new generation, i.e. 
young people under 35, choose a car according to 6 
main sources of information, which are sorted by impact 
rating [22]: 
1. Recommendations from family and friends. 
2. Reviews on independent sites 
3. News and articles in the media 
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in fact it becomes a constant. Accordingly, it will be 
excluded from the analysis.

For the rest of the indicators that characterize 
the needs and behavior of consumers in each part of 
the world, it is advisable to check for multicollinear 
relationships. Accordingly, in Table 1 and Table 2 their 
correlation matrix is presented. 

As it can be seen from Table 1 and Table 2, 
a significant number of pairwise correlation coefficients 
are equal to one by modulo. This is due to the fact 
that such indicators in different parts of the world 
are either equally important or at the same time 
unimportant in determining the needs of residents in 
cars. Or, conversely, they have the opposite dependence, 
such as the characteristic “Cost of ownership” on the 
value of the correlation coefficient “-1” with many  
other factors. 

Accordingly, in the case of including any of these 
factors in the model, all the variables that have 
a correlation relationship with it at the level of one by 
modulo, should be excluded from consideration. It is 
desirable to reject other variables that have a high level 
of pairwise correlation to avoid the manifestation of 
multicollinearity.

3 Methodology

Based on the performed literature review and to 
achieve the purpose of study, the authors propose to 
build appropriate economic and mathematical models 
of impact of the above mentioned tools of product, price, 
advertising policy etc. on sales volume. 

To make the appropriate calculations and build the 
model of forecasting car sales considering the marketing 
parameters, Microsoft Excel software (package “Analysis 
of data”) was used. The proposed stepwise construction 
of the car sales forecasting model, considering marketing 
parameters is presented on Figure 1.

For each of these features, according to the OICA 
statistics presented in [26] its affiliation to a certain part 
of the world (European Union, CIS, North American 
Free Trade Area (NAFTA), South America, Asia, Africa) 
- if any feature inherent in the needs of consumers in the 
region, it is opposed to «1» and «0» - otherwise.

Since for all the parts of the world the communication 
tool “Television” is marked as important (in all the 
records the value “1” is specified), for this indicator it 
is impossible to calculate correlation coefficients and 
determine the impact on the resulting variable, because 

Stepwise construction of the car sales 
forecasting model considering marketing 

parameters

2. Calculation of the research data by parts of the world and
their transformation into the generally accepted world data

3. Calculation of correlation coefficients and checking for
multicollinear relationships

1. Theoretical substantiation of the model parameters

4. Translation of the basic market and macroeconomic
indicators to a relative form

7. Applying the constructed model for forcasting changes in
car sales

5. Selection of the most significant variables for the model

6. Testing the constructed model for significance

8. Estimation of the quantitative impact of marketing tools on
potential sales with help of the constructed model

Figure 1 Stepwise construction of the car sales forecasting  
model considering marketing parameters
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in each part of the world, the model for forecasting car 
sales, considering marketing factors, must include basic 
market and macroeconomic indicators. In this case, the 
entire data sample will increase 13 times (by the number 
of years of observations). Moreover, the signs of the 
specifics of consumer behavior will be repeated for each 
year of observations for the relevant part of the world.

However, when combining information from 
different parts of the world, it should be borne in 

The fact that these features of the specifics of 
consumer behavior for each part of the world are 
constant tests of the study period 2006 - 2018, to a set 
of independent observations of these factors is 6 records 
- for several parts of the world (European Union, CIS, 
North American Free Trade Area (NAFTA), South 
America, Asia, Africa). 

Therefore, in addition to these features that 
characterize the needs and specifics of consumer behavior 

Table 1 Pairwise correlation coefficients between indicators that characterize the needs and behavior of consumers in the 
world
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Loyalty to the 
brand previously 
owned by the 
consumer

1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000

Preference 
is given to 
manufacturers 
who are localized 
in the region

1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000

The younger 
generation is the 
largest consumer 

1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000

Consumer 
advantage in the 
compactness of 
the car

0.707 0.707 0.707 1.000 0.707 0.000 0.707 0.500 0.250 0.500 -0.707

Safety 1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000
Design 0.333 0.333 0.333 0.000 0.333 1.000 0.333 0.707 0.707 -0.707 -0.333
Ecology/electric 
cars 1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000

Breadth of 
assortment 0.707 0.707 0.707 0.500 0.707 0.707 0.707 1.000 0.500 -0.500 -0.707

Brand premium 0.000 0.000 0.000 0.250 0.000 0.707 0.000 0.500 1.000 -0.250 0.000
Consumption level 0.000 0.000 0.000 0.500 0.000 -0.707 0.000 -0.500 -0.250 1.000 0.000
Costs of 
ownership -1.000 -1.000 -1.000 -0.707 -1.000 -0.333 -1.000 -0.707 0.000 0.000 1.000

Low price -0.707 -0.707 -0.707 -0.250 -0.707 0.000 -0.707 -0.500 0.500 0.250 0.707
Personal sale -0.707 -0.707 -0.707 -1.000 -0.707 0.000 -0.707 -0.500 -0.250 -0.500 0.707
Internet sales 1.000 1.000 1.000 0.707 1.000 0.333 1.000 0.707 0.000 0.000 -1.000
Region coverage 0.707 0.707 0.707 0.500 0.707 0.707 0.707 1.000 0.500 -0.500 -0.707
Events -0.447 -0.447 -0.447 -0.316 -0.447 0.447 -0.447 0.316 0.632 -0.632 0.447
Digital advertising 0.707 0.707 0.707 0.500 0.707 0.707 0.707 1.000 0.500 -0.500 -0.707
Magazines -0.707 -0.707 -0.707 -1.000 -0.707 0.000 -0.707 -0.500 -0.250 -0.500 0.707
Radio -0.707 -0.707 -0.707 -1.000 -0.707 0.000 -0.707 -0.500 -0.250 -0.500 0.707
Recommendations 
from family and 
friends

-0.333 -0.333 -0.333 0.000 -0.333 0.333 -0.333 0.000 0.707 0.000 0.333

Motivation of 
sellers -0.333 -0.333 -0.333 -0.707 -0.333 0.333 -0.333 0.000 0.000 -0.707 0.333

Qualification of 
sellers 0.447 0.447 0.447 0.316 0.447 0.447 0.447 0.632 0.316 -0.316 -0.447
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relative values of indicators will begin in 2007 (2006 
serves as a basis for calculating the annual relative 
change). Therefore, the training sample for building 
a model for forecasting car sales considering marketing 
factors is reduced to the period from 2007 to 2018 for 
explanatory variables and from 2008 to 2017, for the 
resulting variable. Data on sales in 2019 are left to 
compare the result of the model calculation to the real 
data that were not taken into account in its construction.

From the list of the basic market and macroeconomic 
indicators, two factors are left out - “Inflation” and 
“Population expenditures, consumption”, because they 
are already presented in the original statistics in the 
form of annual relative percentage change (for them 
Z Xi
t

i
t= ).

4 Results

To build a model for forecasting the car sales 
considering marketing factors, it was decided to add 

mind that economic, infrastructural, demographic and 
other characteristics are too different (some indicators 
may differ very much). If to include all these factors 
in absolute form, it will be lost the ability to build 
a regression model, which is most convenient for 
analyzing the degree of influence of individual factors 
on the resulting indicator (to optimize the parameters 
of such a model all its variables should be distributed 
according to normal law). 

Accordingly, when building a model for forecasting 
car sales considering marketing factors, it is necessary 
to translate the basic market and macroeconomic 
indicators to a relative form. For this purpose, these 
variables are converted to relative increments for the 
year as a percentage of the ratio:

%Z
X

X X
100i

t

i
t

i
t

i
t

1

1

$=
-
-

-

, (1)

where ,X Xi
t

i
t 1-  - the value of the i-th basic indicator in 

the t-th and previous years .
As it can be seen from Equation (1), a number of 

Table 2 Pairwise correlation coefficients between indicators that characterize the needs and behavior of consumers in the 
world (continuation of Table 1)
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Loyalty to the brand 
previously owned by the 
consumer

-0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447

Preference is given to 
manufacturers who are 
localized in the region

-0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447

The younger generation  
is the largest consumer -0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447

Consumer advantage in the 
compactness of the car -0.250 -1.000 0.707 0.500 -0.316 0.500 -1.000 -1.000 0.000 -0.707 0.316

Safety -0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447
Design 0.000 0.000 0.333 0.707 0.447 0.707 0.000 0.000 0.333 0.333 0.447
Ecology/electric cars -0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447
Breadth of assortment -0.500 -0.500 0.707 1.000 0.316 1.000 -0.500 -0.500 0.000 0.000 0.632
Brand premium 0.500 -0.250 0.000 0.500 0.632 0.500 -0.250 -0.250 0.707 0.000 0.316
Consumption level 0.250 -0.500 0.000 -0.500 -0.632 -0.500 -0.500 -0.500 0.000 -0.707 -0.316
Costs of ownership 0.707 0.707 -1.000 -0.707 0.447 -0.707 0.707 0.707 0.333 0.333 -0.447
Low price 1.000 0.250 -0.707 -0.500 0.316 -0.500 0.250 0.250 0.707 0.000 -0.316
Personal sale 0.250 1.000 -0.707 -0.500 0.316 -0.500 1.000 1.000 0.000 0.707 -0.316
Internet sales -0.707 -0.707 1.000 0.707 -0.447 0.707 -0.707 -0.707 -0.333 -0.333 0.447
Region coverage -0.500 -0.500 0.707 1.000 0.316 1.000 -0.500 -0.500 0.000 0.000 0.632
Events 0.316 0.316 -0.447 0.316 1.000 0.316 0.316 0.316 0.447 0.447 0.200
Digital advertising -0.500 -0.500 0.707 1.000 0.316 1.000 -0.500 -0.500 0.000 0.000 0.632
Magazines 0.250 1.000 -0.707 -0.500 0.316 -0.500 1.000 1.000 0.000 0.707 -0.316
Radio 0.250 1.000 -0.707 -0.500 0.316 -0.500 1.000 1.000 0.000 0.707 -0.316
Recommendations from 
family and friends 0.707 0.000 -0.333 0.000 0.447 0.000 0.000 0.000 1.000 -0.333 -0.447

Motivation of sellers 0.000 0.707 -0.333 0.000 0.447 0.000 0.707 0.707 -0.333 1.000 0.447
Qualification of sellers -0.316 -0.316 0.447 0.632 0.200 0.632 -0.316 -0.316 -0.447 0.447 1.000
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is a multicollinear relationship between them (direct 
dependence on each other and a correlation of 0.896), 
only one of them was left in the model - “GDP per 
capita”, because it has a greater impact on the resulting 
variable and combines the two factors.

Other indicators have low values of correlation 
with the original variable, as it can be seen from Table 
3. Therefore, the selection of the most significant of 

to analysis the indicator «GDP per capita» [27], which 
combines the two factors - «GDP» and «Population». In 
order to select the most significant explanatory variables 
for the model, their impact on the relative change in car 
sales next year (Table 3) was analyzed.

As it can be seen from Table 3, only two explanatory 
indicators have a significant impact on the dependent 
variable - “GDP” and “GDP per capita”. Since there 

Table 3 Correlation of relative changes in car sales with the corresponding indicator

Indicator Correlation

Car Park, thousands units 0.024

Motorization, Quantity of cars per 1000 of population 0.178

Population, number of people -0.061

Urbanization, % 0.128

Major Roads Length, km 0.128

Real fuel costs (average for gasoline and diesel fuel), USD -0.008

GDP, USD 0.690

Inflation, % -0.133

Unemployment, % -0.308

Population expenditures, consumption, % of change -0.003

Annual Average Sold Car Price, USD -0.015

Average Fuel Consumption of Car Sold, liters per 100 km -0.053

Average Costs of Sold Car Operation, USD 0.018

GDP per capita, USD 0.702

Car sales, units 0.197

Loyalty to the brand previously owned by the consumer 0.134

Preference is given to manufacturers who are localized in the region 0.134

The younger generation is the largest consumer 0.134

Consumer advantage in the compactness of the car 0.161

Safety 0.134

Design 0.075

Ecology/electric cars 0.134

Breadth of assortment 0.030

Brand premium 0.100

Consumption level 0.131

Costs of ownership -0.134

Low price 0.069

Personal sale -0.161

Internet sales 0.134

Region coverage 0.030

Events -0.141

Digital advertising 0.030

Magazines -0.161

Radio -0.161

Recommendations from family and friends 0.062

Motivation of sellers -0.120

Qualification of sellers 0.043
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Y = 3.547∙Z1 - 0.459∙Z2 - 0.308∙Z3, (2)

where 
Y - annual growth in car sales, %; 
Z1 - annual change of GDP per capita, %; 
Z2 - inflation, %; 
Z3 - population expenditures, consumption, %.

Equation (2) proved to be the most effective of all the 
constructed with a coefficient of determination of 0.523 
and an F-criterion of 18.6 at 51 degrees of freedom, that 
is the model is significant.

The forecast of changes in the car sales by parts of 
the world in 2018 relative to 2017 according to Equation 
(2) is shown in Figure 2.

them was made in the modelling process - the set of 
explanatory factors of the model was left, for which it 
would show the greatest accuracy in training and test 
data. Moreover, the coefficients of pairwise correlation 
between all the other relative variables (which are 
not presented in Table 3) were insignificant, so their 
combinations in the model could be anything. As 
a result of numerous experiments, with different 
composition of explanatory variables to the model of 
forecasting car sales considering marketing factors, 
it was decided to add such factors as «Inflation» and 
«Population expenditures, consumption» [27] to the 
indicator «GDP per capita”. Finally, the model took the 
following form: 

Figure 2 Forecasting annual growth in car sales by parts of the world in 2018 according to Equation (2)

Figure 3 Forecasting annual changes (in %) of car sales by parts of the world in the period from 2008 to 2019  
according to Equation (2)
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a study of impact The hypothesis H1 of this study  
is confirmed.

Therefore, the forecast data for the results of actual 
car sales in the world are presented in Figure 5. As it 
can be seen, the model is quite accurate, as it is possible 
to compare the actual data on car sales in the world in 
2019 to the data of this model. The difference is only 
1.01%, because according to our model, the projected 
sales are 65 042 053 cars, while the actual data [26] was 
64 341 693 cars in 2019. So, the hypothesis H2 of our 
study is also confirmed.

Firstly, the importance of «Loyalty to the brand 
previously owned by the consumer» should be analyzed 
to ensure the higher sales of cars. For this purpose, it 
was included in the list of explanatory variables of the 
model, resulting in the following dependence:

Y = 3.522∙Z1 - 0.419∙Z2 - 0.738∙Z3 + 0.021∙Z4, (3)

where Z4 - binary variable “Loyalty to the brand 
previously owned by the consumer”.

It should be noted that Figure 2 shows the forecast on 
the test data of 2018, which were not used in selection of 
factors and optimization of Equation (2) parameters. As it 
can be seen from Figure 2, the model accurately predicts 
annual growth in car sales in almost all the parts of the 
world. Only for the countries of the North American Free 
Trade Area (NAFTA) a mistake was made in forecasting 
the dynamics of sales changes (in 2016 there was a decline 
[26], while the model predicted growth). 

The forecast of changes in cars sales, according 
to Equation (2), for all parts of the world in the full 
studied time interval from 2008 to 2019 on the data of 
explanatory variables from 2007 to 2018, respectively, is 
shown in Figure 3.

When translating the relative changes in car sales 
projected by Equation (2). to the absolute values of 
sales in the period from 2008 to 2019, the graphical 
illustration in Figure 4 is obtained to compare the 
forecast to the real data. 

As it can be seen from the obtained results, 
Equation (2) can be used as a basis for conducting 

Figure 4 Forecasting car sales by parts of the world in the period from 2008 to 2019 based on e Equation (2)

Figure 5 Forecast and actual data on car sales in the world, 2007-2019 years
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Y = 3.517∙Z1 - 0.445∙Z2 - 0.454∙Z3 + 0.011∙Z4, (5)

where Z4 - the product policy tool “Consumer advantage 
in the compactness of the car”.

The product policy tool “Design” on average is able 
to reduce car sales by 0.5 %, as it can be seen from the 
regression equation:

Y = 3.562∙Z1 - 0.449∙Z2 - 0.247∙Z3 - 0.005∙Z4, (6)

where Z4 - the tool of product policy “Design”.
Most likely, the negative impact of consumer 

commitment to the design appearance of cars on their 
sales is associated with a corresponding increase in their 
price, which reduces the possibility of buying them.

Breadth of assortment, region coverage and digital 
advertising, on average, have the same positive impact 
on car sales at 0.8 %, as can be seen from the model:

Y = 3.541∙Z1 - 0.473∙Z2 - 0.448∙Z3 + 0.008∙Z4, (7)

where Z4 - tools of product policy “Breadth of assortment”, 
place policy “Region coverage” or promotion policy 
“Digital advertising”.

Brand premium has a very significant negative 
impact on the level of car sales, which averages 2.6 %, 
as can be seen from the equation of the forecast model:

Y = 3.666∙Z1 - 0.392∙Z2 - 0.175∙Z3 - 0.026∙Z4, (8)

where Z4 - the product policy tool “Brand premium”.
From Equation (8) it can be concluded that the 

desire to buy premium cars significantly reduces their 
sales in the region as a whole, because such cars are 
usually more expensive and, accordingly, are bought 
less often and in smaller quantities. Thus, to increase 
car sales, it is possible to pursue a product policy aimed 
at reducing public perception of the benefits of brand 
premiums. Such research result satisfies the findings of 
Davvetas and Halkias [28], relationships of consumers 
with brands perceived as worldwide available are based 
on passionate feelings generated by brand competence.

Consumers’ perception of the efficiency of cars has 
a positive effect on their sales. Thus, implementation of 
the product policy to accustom customers to economic 
cars can increase their sales by an average of 1.6 %, 
which can be concluded from the value of the regression 
parameter at Z4:

Y = 3.501∙Z1 - 0.526∙Z2 - 0.539∙Z3 + 0.016∙Z4, (9)

where Z4 - the product policy tool “Consumption level”.
Regions with high sensitivity to the tool of price 

policy “Low price” are characterized by the low solvency 
of the population, due to which this factor shows 
a significant negative impact on car sales (at 3.6 % of 
total sales decrease), as evidenced by the function:

It should be noted that the indicators Y, Z1, Z2 and 
Z3 in Equation (3) are the same as in Equation (2). This 
provides an opportunity to study the individual impact 
of the additionally added factor Z4. 

The coefficient of determination of Equation (3) 
remained almost unchanged at 0.529 and the F-criterion 
decreased slightly to 14.0, due to the decrease in the 
number of degrees of freedom to 50. However, the model 
remains significant. The addition of a new factor Z4 did 
not change the effectiveness of the model on the training 
data, although the test prediction was a little more 
accurate, which can be concluded by comparing Figure 
2 to Figure 5. 

As it can be seen from the modelling results, the 
indicator “Loyalty to the brand previously owned by the 
consumer” was insignificant, which can be concluded, 
including the value of the coefficient 0.021 for the 
variable Z4 in regression in Equation (3), as well as 
large, relative to this, the coefficient of the value of 
its standard error, which is equal to 0.026. However, 
the parameter 0.021 of Equation (3) of the factor Z4 
indicates that, on average, the manifestation of brand 
loyalty, which was previously owned by the consumer, 
increases the growth of car sales by 2.1 %, which is quite 
a significant impact. 

Therefore, in order to increase sales volume of 
its products to automotive concerns and their 
representative offices, it is advisable to implement 
a policy of maintaining loyalty to the brand, which was 
previously owned by the consumer.

Absolutely similar conclusions can be made about 
the characteristics “Preference is given to manufacturers 
who are localized in the region”, “The younger generation 
is the largest consumer in the share of all consumers”, 
“Safety”, “Ecology/electric cars” and “Internet sales”, 
after all, they repeat the value of the indicator “Loyalty 
to the brand previously owned by the consumer” (the 
coefficient of pair correlation with it is equal to +1, which 
can be seen from Table 3). That is, the intensification 
of marketing policy in the promotion of cars in each of 
these areas will increase sales by an average of 2.1 %.

Instead, the price policy tool “Costs of ownership”, 
associated with brand loyalty with a negative correlation 
of -1, while important for residents of the region reduces 
the demand for cars by an average of 1.9%, as it can be 
seen from the regression equation:

Y = 3.539∙Z1 - 0.279∙Z2 - 0.336∙Z3 - 0.019∙Z4, (4)

where Z4 - binary variable of the price policy tool “Costs 
of ownership”.

Accordingly, in order to increase car sales, it is 
necessary to seek or reduce the costs of ownership, or 
work towards levelling the perception of this factor in 
the region.

Consumer advantage in the compactness of the car 
increases their sales by 1.1 %, which can be seen from 
the function:
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5 Discussions

The research limitations are in the studied period, 
which covers the 2007-2019 years period before the 
COVID-19 crisis and doesn’t include the analysis of its 
impact on the global car market development. It is not 
recommended to include 2020 data on car sales into the 
constructed model of forecasting car sales, considering 
the marketing factors, because the situation in the car 
sales sector was considerably changed in 2020 because 
of the COVID-19 and the 2020 data will differ very 
much in comparison to the previous years. For example, 
in 2020 in comparison to 2019, the world car sales 
decreased -16.9 % [26]. That is why the authors consider 
the possibility to expand this research in future taking 
into account some additional marketing factors arisen at 
the beginning of the pandemic period and construct the 
appropriate model that will include marketing factors 
typical for this period.

The Coronavirus crisis has dramatically changed 
the life priorities of consumers and accelerated shift 
from offline to online consumption [13]. Changes are 
also admitted by Donthu and Gustafsson study [29]: in 
the approach to work, business organization, business 
models and consumption. Some scientists [30] even 
consider the change of consumer behavior paradigm 
from consumer materialism to consumer spiritualism. 

According to the McKinsey [31], the COVID-
19 crisis has compelled about 95 % of all German 
automotive-related companies to make their employees 
being temporarily laid off and receiving a substantial 
payment amount through the government. Globally, 
many auto-retail stores have remained closed for more 
than a month. 

The leaders of the global automotive industry 
had profits decline by approximately $ 100 billion in 
2020, which is equal to a roughly six-percentage-point 
decrease in comparison to 2018. It may take some years 
to recover. Based on this McKinsey research [31], the 
authors believe that such marketing factors as positive 
consumer preferences to digital sales interactions and 
on-demand mobility should be considered in the further 
studies of the marketing instruments impact on sales at 
the global car market.

Internet sales are one of the key marketing tools 
used by the car producers in their marketing policy 
to attract more consumers in pre-pandemic period, 
for which the car sales forecasting model, considering 
marketing factors, was created in this article. So, the 
authors should admit that in the post-pandemic period 
the impact of such marketing factor as Internet sales 
will increase as there is a great increase of online 
consumption under the influence of Coronavirus. 

The other possible marketing factor for studying its 
impact on the global car market are the CSR (Corporate 
Social Responsibility) activities as the researchers got 
scientific findings [32] that the negative influence of 

Y = 3.715∙Z1 - 0.167∙Z2 - 0.091∙Z3 - 0.036∙Z4, (10)

where Z4 - the price policy tool “Low price”.
That is, in those regions where the price is important, 

there are insignificant sales in quantity.
Introduction of such a place tool as “Personal 

sale”, or the perception of media by population through 
“Radio” or “Magazines” can increase car sales by 1.2 %, 
which can be concluded from the functional ratio:

Y = 3.571∙Z1 - 0.565∙Z2 - 0.377∙Z3 + 0.012∙Z4, (11)

where Z4 - binary variable of place tools “Personal sale”, 
promotion tools “Radio” or “Magazines”.

The importance of events highlighted by statistical 
data and expert assessments only for the countries of 
the former CIS cluster showed a negative impact of this 
promotion tool on car sales (- 3.1 %), which is due to 
the predominant decline in sales in the region during 
the study period, i.e. investment in the events are 
ineffective. The forecast model taking into account the 
binary variable of the promotion tool “Events” takes the 
following form:

Y = 3.532∙Z1 - 0.345∙Z2 - 0.379∙Z3 - 0.031∙Z4, (12)

where Z4 - the promotion tool “Events”.
The importance of family and friends’ 

recommendations reduces car sales by an average of 
2 %, as it can be seen from the equation:

Y = 3.631∙Z1 - 0.374∙Z2 - 0.145∙Z3 - 0.020∙Z4, (13)

where Z4 - the promotion tool “Recommendations from 
family and friends”.

That is, the tastes of different consumers are 
different and recommendations from family and friends, 
in the authors’ opinion, increase the time to make 
decisions about buying a car and reduce sales in 
a particular period of time, as the consumer hesitates 
and delays the purchase decision.

Increasing motivation of sellers contributes to the 
growth of car sales by an average of 0.8 %, as it can be 
seen from the parameters of the model:

Y = 3.559∙Z1 - 0.515∙Z2 - 0.330∙Z3 + 0.008∙Z4, (14)

where Z4 - the human resources tool “Motivation of 
sellers”.

Improving the qualification of sellers contributes to 
intensification of car sales by 1.6 %, as can be seen from 
the equation:

Y = 3.527∙Z1 - 0.549∙Z2 - 0.563∙Z3 + 0.016∙Z4, (15)

where Z4 - the human resources tool “Qualification of 
sellers”.
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by the authors. The performed calculations provide 
a basis for analysts and management of companies 
- manufacturers and sellers of cars to make rational 
decisions in the direction of forming a policy that can 
maximize car sales in different world markets. In 
particular, this applies to the proven hypothesis H2, 
according to which the projected sales of cars in the 
world during 2007-2019 coincide with the actual figures  
(Figure 5). 

In particular, using Equations (3) - (15) it is 
possible to determine the feasibility of introducing 
certain measures when entering new markets in order 
to increase car sales, which confirms the hypothesis H3. 
For each instrument of product, price, place, promotion 
and human resources policy, it is possible to determine 
the effect specific to this region. Thus, different parts of 
the world are characterized by their own specific behavior 
of consumers and their reaction to the introduction of 
certain tools to promote the car brand. For each tool to 
which potential buyers are sensitive, the effect of its use 
is determined. Furthermore, taking into account this 
effect, it is possible to form budgets for carrying out the 
corresponding actions.

Thus, these models, according to the authors’ 
opinion, allow determining the key factors influencing 
the volume of car sales in the forecast period, which, 
in turn, allows car producers to reasonably use the 
marketing budgets.

The impact of the COVID-19 crisis on the car sales 
at the global car market is recommended to be studied in 

recessions on the brand value can be limited by engaging 
in the CSR activities. That’s why such marketing 
factors as the CSR activities is also recommended 
for including into further studies as one of the key 
modelling parameters.

6 Conclusions

The car sales forecasting model, created by the 
authors and estimation of the quantitative impact of 
marketing tools on potential sales can be used in the 
real marketing activities of car producers, as the model 
statistical error according to actual sales data in 2019 
is only 1.01 %. Therefore, the car producers, entering 
specific markets, can choose certain marketing tools 
in order to effectively use investments and marketing 
budgets according to Table 4. That is, the most effective 
actions can be: formation of consumer loyalty, focusing 
on the younger generation, production of eco- and 
electric cars, use of internet sales, production of safe 
cars, personnel qualifications and efficiency of the car, 
its low cost of operation. However, it should be borne in 
mind that these indicators may have different effects in 
different clusters of the world.

As it can be seen from the results, the basic model 
of forecasting car sales considering marketing factors 
in Equation (2) provides an effective instrument for 
studying the impact on sales of various marketing policy 
tools, which also confirms the hypothesis H1 proposed 

Table 4 The impact level of marketing tools on car sales

Tools The impact level, %

Loyalty to the brand previously owned by the consumer 2.1

The younger generation is the largest consumer 2.1

Ecology/electric cars 2.1

Internet sales 2.1

Safety 2.1

Qualification of sellers 1.6

Consumption level 1.6

Personal sale 1.2

Radio 1.2

Magazines 1.2

Consumer advantage in the compactness of the car 1.1

Motivation of sellers 0.8

Breadth of assortment 0.8

Digital advertising 0.8

Region coverage 0.8

Design -0.5

Costs of ownership -1.9

Recommendations from family and friends -2.0

Brand premium -2.6

Low price -3.6
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the further reasearch, paying attention to the additional 
marketing factors such as online consumption, online 

mobility and the CSR activities. Their impact has 
considerably increased during the pandemic period.
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Resume
The paper presents the methodology behind the statistical selection of input 
parameters using the example of spraying two cold-sprayed coatings. The Ti 
and Cr3C2-25(Ni20Cr)-Gr coatings were tested. Despite the large difference 
in the structure of these coatings, nanoindentation studies were carried 
out focusing on the nano hardness H and elastic modulus E. Based on the 
four input parameters and two output parameters, a 2-level factorial 2(k-p) 
experimental design was performed. The conducted analysis showed the 
significant influence of the spray distance on the H and E values in the case 
of the Ti coating. The input parameters of the spray distance and the type 
of carrier gas used turned out to be statistically significant in the case of 
the cermet coating. Taking into account the statistical analysis, the coatings 
were sprayed with modified values of the input parameters.
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resistant to corrosion. It is biologically compatible with 
human tissues and is neutral and harmless to them, 
which gives it further application possibilities. The 
other tested coating is made of the Cr3C2-25(Ni20Cr)-Gr 
composite powder [7]. This cermet is a good material for 
use in the production of machine parts or the aviation 
industry, improving wear parameters and reducing the 
impact of corrosion. The cold spray technology avoids the 
gradation of Cr3C2 carbides into soft Cr23C6 compounds 
and eliminates the influence of oxygen in the coating 
process [8]. The research focused on the hardness H and 
elastic modulus E. The parameter values, controlled 
by the researcher, should be indicated and their values 
determined so that the coating obtains its planned 
properties: hardness H, elastic modulus E.  Values of 
the parameters controlled by the researcher should 
be indicated and their values determined so that the 
coating will reach its planned properties.

Nanoindentation research is an excellent tool for 
testing mechanical properties. This is due to the essence 
of the measurement technique’s highly localized testing 
points. These tests are generally not destructive and, 
at the same time, enable the measurement of a diverse 
set of properties, including hardness and elastic 
modulus [9-11]. Modern testing devices enable quick 
measurement, which makes it possible to build maps 
containing from several to several dozen or even several 
hundred measurement points within several dozen 
minutes. Interpreting the results of nanoindentation 
requires taking various factors into account, such 

1  Introduction

The basic functions of thermal spray coatings 
include different applications, e.g. wear-resistant and 
regenerating coatings [1-4]. Coatings with a thickness 
of a few to several mm make it possible to produce 
individual products, thus being classified as additive 
technologies [5]. Cold spraying is the latest generation 
of this technology and is now widely used in production 
engineering, as well as in implantology [6]. The 
basic properties connecting these coatings are the 
requirements related to the hardness H and elastic 
modulus E. In the article, 2(k-p) optimization methods 
were tested for the selection of controlled parameters 
of the experiment to obtain high values of H and E of 
coatings applied with the SC technology. The problem 
of 2(k-p) optimization is not often found in the literature 
on the CS superimposition technique. Two coatings with 
different microstructure were selected for the study. 
Nanoindentation tests were performed on these two 
coatings. The coatings were deposited by a cold spray 
process. For the tested compounds, this method ensures 
the absence of phase transitions during the coating 
application process. The material does not melt, thus 
minimising the influence of the process on properties of 
the resulting coating.

The titanium coating, applied by the cold spraying, 
takes over the properties of titanium. The coating is 
durable and resistant to various chemical and physical 
factors. Titanium has a low density but is stiff and 



N A N O I N D E N T A T I O N  A S  A  M E T H O D  F O R  D E T E R M I N I N G  T H E  M E C H A N I C A L  P R O P E R T I E S . . .  B251

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

2.  How should the obtained research results be 
analysed?
In cold gas spraying processes, it is assumed that 

the coating property (output parameter) is related to the 
input factors of the spraying process by a mathematical 
relationship:

y f xn= ^ h , (1)

where xn refers to the input factors. It is important 
to plan the experiment with a minimum number of input 
factors so that the process of selecting the best output 
value is not complicated. It seems that the following 
linear function meets our expectations [14].

y a a x a xn n0 1 1 g= + + + , (2)

where an is the linear regression coefficient and n is the 
number of input parameters.

In the first-order two-level programs, the input 
factors are normalized to two levels: upper (1) and 
lower (-1) and the central values are calculated as the 
arithmetic mean of the input factor. The significance of 
the coefficients was assessed with the use of ANOVA, 
F and P tests. The quality of the obtained results is 
presented in Pareto diagrams or profiles of approximated 
values and utility. The resulting coatings were tested 
for their mechanical properties by examining the nano 
hardness H and elastic modulus E. The research used 
a nano tester with a Berkovich diamond indenter (E - 
1140 GPa, vi - 0.07). The following input factors were 
selected for the Ti coating: temperature T [oC], pressure 
p [bar], distance of the spray head from the substrate d 
[mm] and the speed of the gun V [mm/s]. In the case of 
the composite coating, the following parameters were 
selected: graphite share u [%], gas [N2, He], distance 
d [mm] and the head speed V [mm/s]. The new values 
of the input factors were estimated in proportion to 
coefficients of the linear Equation (2), determined for the 
nano hardness H and elastic modulus E. For example, 
the temperature value for the titanium coating is 
calculated as:

T T T T aN kN1 1 1 )= + -- -^ h , (3)

a
a a
a a

kN
i iH iE

kH kE

R
=

+
+

^ h , (4)

where: TN - new value of the input factor (T - temperature), 
akH and akE determined constants in linear equations for 
the nano hardness H and elastic modulus E. 

2.2 Materials and processing

In this study, two coatings were made of Ti and 
Cr3C2-25(Ni20Cr)-Gr powders, which were applied by the 
cold spraying technology, using the Impact Innovations 
5/8 system. The grain-size distribution of the powders 

as indentation spacing, strain rate effects and the 
indentation depth. Due to the load function of the 
indenter, a tester was used to measure the hardness 
and elastic modulus. A comprehensive approach to the 
problems of nanoindentation measurements is described 
in the work of Chromik et al. [12]. Nanoindentation 
research complements classical research [13].

Before qualifying the coating for technical 
applications, a tedious process of selecting technological 
(controlled) parameters was carried out. Controlled 
parameters are determined by the applied technique 
of cold spraying. In the discussed cold spraying, the 
controlled parameters include the temperature T, 
pressure p, distance d and speed of the gun V. The 
choice of these values determines the properties of the 
coating. In the present investigation, four input factors 
were considered as variables at two levels (low and high) 
to establish a 2-level factorial 2(k-p) experimental design.

The aim of this work was to analyse the influence of 
input values on the output values and to modify them to 
obtain the best values of H and E.

2 Experimental and research

2.1 Design of experiment

Many conditions lead to different types of 
experimental design. It is advisable to create an 
experiment plan in which the main effects are not 
correlated with each other and, in some cases, are not 
correlated with interactions of the input quantities. 
In many cases, it can be assumed that the factors 
influencing the final result take only two values. Does 
a change in the factor value affect the final result and 
what is its share in the final result? The solution to this 
problem would be to change the input quantities values 
according to a complete plan, that is, to try all possible 
combinations of the values of the input quantities 
that make up the design of the experiment plan. 
Unfortunately, the number of necessary measurements 
(layouts) grows exponentially 2n, where n is the number 
of input quantities. In order to test the influence of 4 
input quantities, the necessary number of measurements 
is 24 = 16. This is already a significant number of 
measurements. Use of the fractional designs makes it 
possible to reduce the number of measurements. When 
planning an experiment based on a 2(k-p) fractional 
design, the number of input quantities to be tested, the 
number of plan designs and whether there is a division 
into blocks, should be taken into account. In addition to 
these basic considerations, it should also be considered 
whether the number of layouts would provide the 
required plan resolution and degree of entanglement for 
critical-order interactions at a given resolution.

Experiment planning allows two basic questions to 
be answered:
1.  How should an optimal experience be planned?
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technology. It is a single-component coating.

Cr3C2-25(Ni20Cr)-Gr
The distribution of the size of the studied grains 

and their distribution density asymmetry can be seen. 
The distribution density curve reaches its maximum for 
21.58 µm and the d50 of the normal read is 19.7 µm.

Figure 4 shows a micrograph of the Cr3C2-
25(Ni2OCr)-Gr coating micro structure. The 
photomicrograph clearly shows the brighter areas 
corresponding to Ni20Cr, while the darker areas reflect 
the places containing Cr3C2. These grains differ in 
hardness. The heterogeneity of the coating is significantly 
reflected in the values of the tested quantities H and E.

3 Experiments’ design, results and discussion

In the tested titanium coating, the controlled 
parameters include the process temperature, gas 
pressure, distance from which the coating will be 
applied and the speed of the robot arm. The values of 
the control parameters influence the properties of the 
sprayed material. For the titanium coating, four values 

was measured by a Malvern Mastersizer 3000 laser 
analyser. Substrate samples were made from a 7075 
Al alloy with dimensions of 400 x 30 x 5 mm. Prior 
to the cold spraying, the substrate was grit-blasted. 
The cold-sprayed samples were deposited according 
to the parameters presented in Table 1 and Table 2. 
A scanning electron microscope (SEM - E-SEM FEI 
XL 30) was used to characterise the morphology of the 
obtained coatings. For the cross-section observations, 
coatings were embedded in a resin and polished using 
a diamond suspension. Hardness tests were performed 
on polished cross-sections of the sprayed coatings using 
a Nanovea tester with a Berkovich indenter, applying 
a load of 20 mN and a loading rate of 80 mN/min.

Titanium 
The first coating is titanium powder, the second is 

Cr3C2-25(Ni20Cr) cermet. Figure 1 shows the particle 
size distribution of the powders based on which the 
tested coatings were formed. The dominant size of the 
titanium grains are grains of  a diameter of 32.45 mm.

The distribution curve shows the asymmetry of the 
grain size distribution because d50 = 51.41 µm. In Figure 
2 is shown a Ti coating applied using the cold spray 

Figure 1 Grain size distributions of Ti. Titanium grain  
d10 = 32.06 µm, d50 = 51.41 µm, d90 = 75.07 µm

Figure 2 Microstructure of the titanium coating

Figure 3 Grain size distributions of Cr3C2-25(Ni20Cr)-Gr. 
Cermet grains d10 = 4.04 µm, d50 = 19.7 µm, d90 = 41.33 µm

Figure 4 Microstructure of the Cr3C2-25(Ni2OCr)-Gr 
coating
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Graphical presentation of the contribution of 
individual factors to the hardness of the coating is 
presented in Pareto diagram. In the cold gas spraying 
experiment, the distance has the greatest influence 
on hardness, while the temperature is slightly less 
influential.

The presented diagram shows the influence of the 
input quantities on the nano hardness of the coating. 
Statistical analyses showed that values of the input 
quantities had no significant influence on the nano 
painting value of the Ti coating. As can be seen from the 
Pareto diagram (Figure 6), the distance has the greatest 
influence on nano hardness, but it is not a statistically 
significant one (F = 8.75, p = 0.59). A similar analysis 
was performed by examining the elastic modulus and 
Figure 7 presents profiles of approximated values 
and utility. Similarly to the applied hardness, the 
distance has the greatest influence. In this case, the 
distance has a statistically significant effect (F = 14.58,  
p = 0.031).

The diagrams of Figure 7 emphasise the meaning of 
the input quantities values. The diagram of the utility 
of the distance differs the most from the level, thus it 
provides information about the significant influence of 
d on the value of the elastic modulus. The results of the 
above analysis reflect the coefficients in:

were adopted from the following ranges: temperature 
T [oC] 700-800, pressure p [bar] 30-45, distance l [mm] 
30-50 and head speed V [mm/s] 300-500.

The coatings were prepared as planned in Table 
1 and then the hardness and elastic modulus were 
measured for each of them. Measurements were carried 
out on the cross-sections by performing the H and E 
tests. Further studies included mean values of the output 
parameters, which were analysed 2(k-p). The H and E 
values from the measuring points formed hardness maps 
and elastic modulus maps, respectively. An example 
of a hardness map for the Ti coating obtained for the 
second configuration of input parameters from Table 1 is 
shown in Figure 5. In this figure, the dominant colour is 
about 2.6 GPa. Average and error values were calculated 
using the normal hardness distribution.

Table 1 shows the design of the experiment with 
the input parameter values for nano hardness H and E.

The collected results from Table 1 were analysed 
statistically using ANOVA and 2(k-p). The coefficients of 
linear Equation (2) were calculated.

y a a x a Tx px dx Vxi in0 0 1 2 3 41

4
= + = + + + +

=
| , (5)

where: y is output value, a0 average value, ai coefficients 
and xi values of the input quantities. 

For the Ti coating, the estimated nano hardness H 
value is given by the relationship:

Figure 5 Hardness map for the Ti coating obtained  
for the data from the second variant of the plan (Table 1)

Table 1 The DOE matrix for the Ti coatings deposition

trial 
no.

input parameters output parameters
T p d V H (GPa) E (GPa)

1 700 30 30 300 2.5±0.2 102±9
2 800 30 30 500 2.6±0.2 95±7
3 700 45 30 500 2.3±0.3 102±12
4 800 45 30 300 2.9±0.1 151±6
5 700 30 50 500 3.0±0.1 163±7
6 800 30 50 300 2.9±0.2 163±8
7 700 45 50 300 3.0±0.1 176±7
8 800 45 50 500 3.1±0.1 151±10
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For the Cr3C2-25(Ni20Cr)-Gr coatings, the influence 
of individual input factors on the nano hardness H 
output factor is different. The type of gas used in the 
spraying process (F = 12.22, p = 0.030) and the distance 
(F = 28.17, p = 0.013) have a statistically significant 
influence on the nano hardness of the coating. 

The equation estimating the value of nano hardness 
H takes the form:

. . .

. . .

H u gas

d V

6 912 0 062 0 337

0 512 0 137

nano ) )

) )

= - - -

- -
 (8)

A Pareto diagram (Figure 8) graphically shows 
influence of individual input factors on the nano 
hardness H of the Cr3C2-25(Ni20Cr)-Gr coating.

Figure 9 shows a polar map with distribution of the 
elastic modulus values for the cermet coating. The map 
was created based on 72 measurement points obtained 
in the first sample of the plan (Table 2).

. . .

. . .

E T p

d V

137 875 2 125 7 125

20 375 10 125

) )

) )

= + + +

+ -
 (7)

Another input factor, influencing the output factor 
(E), is the speed of the spray head V. However, this effect 
is not statistically significant (F = 2.32, p = 0.22).

Optimisation tests for of the values cermet were 
carried out in a similar way, except that the input 
parameters were graphite by weight, gas, distance and 
speed of the robot arm. 

The granulometry of the cermet grains is shown 
in Figure 3. The grains can be assigned a size of f - 
21.58 µm. A cermet micrograph is shown in Figure 4. 
Optimisation tests of the cermet coating were carried 
out according to the plan presented in Table 2. The last 
two columns of the table contain of the values mean 
values of nano hardness and elastic modulus calculated 
for 72 measurement impressions.

Figure 6 The Pareto diagram for the Ti coating, nano hardness H

Figure 7 Profiles of approximate values for the Ti coating including elastic modulus

Table 2 The DOE matrix for deposition of the Cr3C2-25(Ni20Cr)-Gr coatings

trial 
no.

input parameters output parameters

U gas d V H (GPa) E (GPa)

1 5 N 20 200 5.1±0.4 190±15

2 15 N 20 400 5.4±0.3 188±25

3 5 He 20 400 5.2±0.5 181±19

4 15 He 20 200 5.1±0.3 130±28

5 5 N 40 400 4.6±0.6 142±15

6 15 N 40 200 5.0±0.4 116±12

7 5 He 40 200 4.1±0.5 123±19

8 15 He 40 400 3.6±0.6 143±21
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in the Ti coating process is:
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Calculations of the input factors for the cermet 
coating were performed in the same way. The calculation 
results are presented in Table 3.

The coatings formed from the new input factors 
have been tested for H and E. The results of these tests 
are contained in Table 3. The values of H and E for the 
resulting coatings are slightly greater than the values 
before the optimisation of input parameter values.

4 Conclusions

A factorial experimental design (DOE) was 
established for the principal cold spray process 
parameters, such as temperature, pressure, distance 
and speed when applying a titanium coating. In the 

The profiles of approximated values and utility of 
the elastic modulus E are shown in Figure 10. As in the 
case of nano hardness, the value of the elastic modulus 
is influenced the most by the distance d. In this case, the 
impact is significant (F = 5.6, p = 0.094).

Profiles of approximate values and utility emphasize 
the importance of the input values. The utility diagram 
d deviates the most from the level, thus it provides 
information about the significant influence of distance 
on the elastic modulus’ value. The result of the above 
analysis is reflected in the coefficients in the equation, 
where the distance factor is equal to 25.75.

. . .

. . .

E u gas

d V

943 5 12 5 12 5

25 75 6 75

) )

) )

= - - -

- +
 (9)

An important element of the DOE is preparation of 
the optimal input parameters and verification of output 
parameters. Based on linear Equations (6) and (7), new 
values of the input factors for the titanium coating (T, p, 
d, V) were estimated. Equations (3) and (4) were used in 
the calculations. For example, the modified temperature 

Figure 8 Graphical presentation of influence of individual 
input factors on the nano hardness H of the cermet coating

Figure 9 Map of the elastic modulus E for the first coating 
of the Cr3C2-25(Ni20Cr)-Gr composite compound

Figure 10 Profiles of approximate values for the cermet coating including elastic modulus

Table 3 New input factors and corresponding output factors

sample new input factors output

Ti T p d V H E

703 33 40 350 3.5±0.10 195±11

Cr3C2 - 25 
(Ni20Cr)-Gr u gas d V H E

7 78 % N 29 224 5.4±0.2 235±11
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9 % and an increase in the E value by 23 % compared 
to the highest values in Table 2 were obtained. 
It follows from the above that the cold gas spraying 

process is a complex process. For the Ti coating, the key 
input parameter is the distance of the spray head from 
the substrate (d) and for the cermet coating it is also d, 
as well as the used gas.
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case of a cermet coating, the type of gas used, distance, 
velocities and percentage of graphite, were used. In 
the present investigation, the four input factors were 
considered as variables at two levels (low and high) to 
establish a 2-level factorial 2(k-p) experimental design.
1. Based on the nanoindentation tests of the Ti coating 

and the correction of the input parameters, an 
increase in the value of H by 13 % and an increase 
in the value of E by 11 % in relation to the highest 
values of Table 1 were obtained.

2. Based on the nanoindentation tests of the Cr3C2-
25(Ni20Cr)-Gr coating and corrections of the input 
parameters, an increase in the hardness value by 
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Resume
The article presents the concept of building and controlling a Bricklaying 
Robotic System (BRS). The research presents the design process and how 
to control a four-cylinder electro-hydraulic servo drive system. The article 
presents a mathematical model and optimizes the process of aligning the 
mobile support platform of the masonry robot. The lifting mechanism was 
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masonry robot lifting platform, includes position errors for a single drive 
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were made to develop mobile construction works, the 
most advanced of which were the projects [1-2]. These 
studies date back to the early 90s of the 20th century, 
when the motivation for designers was to improve 
the efficiency and savings of building construction, 
mainly through the use of ability of machines to carry 
larger loads. These works, although very advanced, did 
not find full practical application because they were 
not flexible enough to adapt and respond to various 
situations occurring on the construction site. Thanks 
to introduction of digital technologies in architecture, 
research centers such as Harvard GSD, Carnegie 
Mellon and the University of Stuttgart have created 
research laboratories [3]. These centers have developed 
various technologies and prototype elements aimed at 
increasing the role of robots in construction works, in 
particular bricklaying. In addition, some commercial 
masonry works were developed, such as Hadrian and 
Semi Automated bricklaying robot SAM, which perform 
masonry processes. The common feature of these projects 
is that they have all tried to replace building materials 
with new materials that may be more suitable for the 
use of robots [4].

Contemporary works, intended for construction 
works, can be divided into several categories: remote 
controlled robots, which are controlled by a human 
using a remote control, where decisions are made 
by the operator based on the collected information, 
programmable construction machines in which the 
operator can choose from a function menu or teach a robot 

1 Introduction

The construction services market is a dynamically 
changing market in Europe, with a high indicator of 
sensitivity to economic fluctuations.The main limitations 
and problems associated with the traditional way of 
performing masonry work are: the low availability 
of qualified masonry brigades, timeliness and loyalty 
of executive resources towards the service recipient, 
maintaining constant accuracy and repeatability of 
masonry works and thus satisfactory, work pace related 
to efficiency, human work not supported by robotic 
tools. These factors cause difficulties with maintaining 
the schedule of works performed in accordance with 
the planned standard, which in the case of many 
investments, results in imposing financial penalties on 
the general contractor. The concept of a robotic masonry 
system for the construction services market brings 
a fundamental change in the specifics of the masonry 
services market through unique and innovative features 
of the system’s functionality: fast masonry works in 
24-hour operation - increasing the capacity of building 
recipients of technology, automating masonry - reducing 
the need for cheap employees, reducing the risk of losing 
contractors, reducing the cost of services, improving 
safety - fewer injuries and accidents, improving the 
accuracy of construction works and their repeatability.

Masonry works are one of the very early human 
craftsmanship. However, this discipline has not achieved 
a high degree of automation. A number of attempts 



B258  W O S  e t  a l .

C O M M U N I C A T I O N S    4 / 2 0 2 1  V O L U M E  2 3

for working movements of the basic robot. Concept of 
control system for levelling, as well as the system of 
indicators for measuring and controlling BRS work 
parameters, were developed. The BRS will have a feeder 
with a reservoir (5) for various building materials used 
during bricklaying, and a mortar feeder. Figure 2 shows 
the process of bricklaying simulation of the designed 
BRS prototype.

The designed BRS creates a wall 3.1 m high and 
5.08 m long from one parking position.

2 Dynamic model of the MHM

Figure 3 shows the model of the Mobile Hydraulic 
Module (MHM). The Mobile Hydraulic Module is 
a support platform for further development of devices 
used in cooperating construction works, such as: 
construction manipulator, material warehouse or lifting 
platform. It is composed of a mobile platform, which 
ensures the movement of MHM and the two supporting 
modules (SM). Each of the supporting modules has 
extendable legs with a cross structure, which are 
lowered by means of two electro-hydraulic servo drives 
[6]. The main task of the platform is to move the BRS 
to the designated working area and then precisely raise 
the BRS to the desired height along with its levelling. 
Both of these tasks are significantly influenced by the 
dynamic behaviour of the mobile module itself and the 
mechanisms mounted on it. 

Calculation diagram of the single supporting module 
(SM) consisting of the double-acting cylinder with one-
sided piston rod and proportional directional control 
valve is presented in the Figure 4 [7]. The mass of the 
load M was placed centrally on a plane 2a wide and 2b 
long for simplicity.

For the module (MHM) (Figure 3) the following 

to perform a new function, intelligent systems in which 
unmanned, fully automated construction machines 
perform tasks without direct human intervention. This 
category may also include the semi-automatic machines 
that are not completely unmanned and some level of 
human control is present.

Since the bricklaying is a repetitive process, it can 
easily be automated. To carry out the masonry process, 
the robot must detect and then take a brick from the 
warehouse. Then, the brick should be placed in the right 
position on a properly prepared base - mortar. During 
the capturing and laying bricks, the robot should avoid 
collisions with obstacles. For such a dynamic area as 
a construction site, obstacles detection requires the 
active motion planning techniques based on the real-
time sensory data. In addition, the bricklaying machine 
must be “aware” of the progress of wall evolution. To 
introduce this technology during the masonry work, the 
following basic technical problems must be solved: robot 
movement along the erected wall, accurate reference 
of the robot working area axis relative to the entire 
wall (building), creating and programming complex 
interactions within the working area for the process 
collecting and laying of individual bricks, creating and 
programming interactions for the process of filling joints 
with mortar [5].

As a part of the research and development works, 
a design of the Bricklaying Robotic System (BRS) 
prototype was made (Figure 1), meeting the expectations 
of construction companies in the field of robotization 
of time-consuming and arduous manual construction 
works.

The Bricklaying Robotic System (BRS) consists of 
a basic robot (BR) (1) equipped with a gripper (4). Basic 
robot (BR) is placed on a Mobile Hydraulic Module 
(MHM) (2). The BRS is equipped with a lifting and 
positioning control system, as well as a control system 

Figure1 Model view Bricklaying Robotic System (BRS) 1 
- basic robot (BR)with 6 DoF, 2 - mobile hydraulic module 

(MHM) 3 - support modules (SM), 4 - gripper, 5 - bricks 
feeder

Figure 2 Simulation tests of the bricklaying process: 1 - 
basic robot (BR) with 6 DoF,  

2 - mobile hydraulic module (MHM) 3 - support modules 
(SM), 4 -.masonry wall,  

5 - brick warehouse item



B R I C K L A Y I N G  R O B O T  L I F T I N G  A N D  L E V E L L I N G  S Y S T E M  B259

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

Equations containing the mechanical and hydraulic 
variables for the single support module (SM) are 
described by (Figure 4):
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where: Q1i - volumetric flow rate, C1i, C2i - 
f luid capacitances in the cylinder chambers, 
Glei - coefficients of leakages in the cylinder, A1i, A2i- 
effective areas of cylinder’s piston, p1i, p2i - pressure in 
individual cylinder’s chambers.

The hydraulic forces developed by the actuators are 
given by:
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equations of motion along the direction of gravity and 
rotation around the axis X (r- roll) and Y (p- pitch) can 
be obtained:
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where: zM- the coordinate determining the vertical 
position of the geometrical center of the platform, M - 
total mass of the load, g - gravitional constant, Fi, Fri, 
Fpi - reaction forces for -mechanical supports (legs) for 
i = 1,2,...4, n = 4, ari, bpi - arms‘ lengths for moments 
of forces, Jr, Jp - moments of inertia, ,r pi i - angles of 
rotation. If one assumes that ,r pi i are small, then 
sin 0r .i^ h  and sin 0p .i^ h . 

Figure 3 Mobile Hydraulic Module (MHM)

Figure 4 Scheme of the support modules (SM) and the hydraulic cylinders: Q1i - volumetric flow rate, C1i, C2i - fluid 
capacitances in the cylinder chambers, Glei - coefficients of leakages in the cylinder, A1i, A2i - effective areas of cylinder’s 
piston, p1i, p2i - pressure in individual cylinder’s chambers, Fci - reaction forces for electrohydraulic servo drives, mi - the 
mass of the pistons, r1, r2 - mounting dimensions of the hydraulic cylinder and the support (legs), p0 - supply pressure,  

pT - pressure in the tank
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3 Lifting process MHM

The process of extending the support module (SM) 
takes place in two stages: the extension of the module 
legs to the maximum elongation, followed by the MHM 
lifting process. The lifting process can be divided into 
three stages. The first stage occurs when the cross-
drive cylinders quickly extend to the ground without 
load. After placing the legs on the ground, the second 
stage occurs, when the support cylinders synchronously 
extend to a certain height. This is followed by a levelling 
step when the MHM actuators move according to the 
horizontal slope relationship to complete the levelling. 
After thelevelling, the MHM platform is locked 
mechanically.

3.1 Synchronous movement

The problem of synchronization of many linear 
hydraulic cylinders arises in heavy, hydraulically 
controlled applications such as lifting devices, 
construction and agricultural machinery [8-9]. This 
problem is the most often solved by introducing an 
additional hydraulic resistance to each parallel actuator 
branch, adjusted manually or automatically. In the case 
of manually adjustable hydraulic resistance, this boils 
down to the use of a throttle valve and in the case of 
automatically adjustable hydraulic resistance, the use 
of a flow regulator. In both cases, the idea of solving 
the problem of motion synchronization boils down to 
creating additional pressure drops in the power supply 
branches of individual drives so that the pressure in the 
pump discharge line, determined from the equilibrium 
pressure equations arranged for the power branches of 
individual drives, is the same [10-12]. 

During the synchronization, the differential position 
errors between the hydraulic actuators converge to zero. 
The position error of i-th hydraulic actuator is defined 
as follows: 

e z z t z ti i
d

i= -^ ^ ^h h h , (7)

where z ti
d ^ h  is the desired generated length and z ti ^ h

is the actual measured length of i-th hydraulic actuator.
The position error vector of four actuators is: 

, , ,e t e t e t e te t T
2 3 41=^ ^ ^ ^ ^h h h h h6 @ . (8)

If the ratio of the actual position of each hydraulic 
actuator at each sampling time is equal to that of all the 
other actuators, then the MHM moves in a synchronous 
manner. The synchronization goal is understood to be 
as follows:

where: ui- control inputs, K1, K0.1 - constants factors, 
p0 - supply pressure, pT - pressure in the tank, which 
corresponds to the main and leakage valve flow paths.

The equation of motion of each hydraulic cylinder 
piston is:

m z P P A b z Fi i i i i ci1 2 2= - - -p o^ h  (4)

and the equations of motion of the support module (SM) 
are:

,
F F Mg Mz

F F a J
M1 2

1 2 i
+ - =

+ =

p
p^ h(  (5)

where: / ,x z z F F
r r
r

2M i ci1 2
1 2

1= + =
+

^ ^h h  and 
/z z a21 2i= -^ h .

Due to the symmetrical shape of the MHM, it can 
be assumed that the center of gravity of the platform 
is in the middle. The system can be described by the 
formulas:

, , , , ,

M z L G mg

G K z z z zB i n n

mz F G

1 2 4
L g m

i i ii

L

0 0 g

= -

= - + - = =

= -

p

o o

p

^ ^h h
Z

[

\

]]]]
]]]]

 (6)

where:
, , ,G G G Gn

T
1 2 g= 6 @ , is a vector of loading forces,
, , ,z z z zq n

T
1 2 g= 6 @ , is the platform displacement vector,
, , ,z z z zh h h hn

T
1 2 g= 6 @ , is the hydraulic cylinder 

displacement vector,
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b b b

1 1 1

m r r r

n

n

p p p

1

1 2

2

g

g

g

=

R

T

SSSSSSS

V

X

WWWWWWW
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moment relative to the axis r (roll) and p (pitch),
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, is a mass load matrix,
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, is the matrix  

of forces generated by hydraulic cylinders, 
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r r
r

1 2

1=
+^ h  is a mechanical advantage.

M diag M J J LL r p rp
1= -^ h6 @ , is the load inertia matrix, 

where: L

a

a

a

b

b

b

1

1

1
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r

r

rn

p

p

pn

1

2

1

2

h h h
=

R
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V

X
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, 

K diag k k ki n1 2 g= ^ h6 @ , is the contact stiffness 
matrix, diagB b b bi n1 2 g= ^ h6 @ , is the contact 
viscous damping coefficient matrix.
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3.2 Levelling

To obtain the relationship between the slope and 
displacement angles of hydraulic cylinders, it was 
assumed that the angle pi  (pitch) is measured from 
the X-axis and the angle ri  (roll) from the Y-axis in the 
direction of the Z axis. The purpose of levelling is to set 
the surface of the robot platform so that these angles 
are zero. The determined coordinate system is shown in 
Figure 6.

For this coordinate system, one can write the 
rotation matrices as:

,
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 (12)

In fact, during the leveling process, the deviation 
in the platform level is small. With this assumption, 
one can determine the following relationships: 
cos cos 1r pi i= =  and ,sin sinr r p pi i i i= = .

The equation for the coordinate transformation of 
a levelling plane is obtained as follows:
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e t e t e t e t1 2 3 4= = =^ ^ ^ ^h h h h . (9)

Thus, the synchronization error is defined as:
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. (10)

The position control system is designed by combining 
the position error and synchronization error. Herein, in 
conceiving the cross-coupled controller (CCC), the cross-
coupling error ci includes the position error ei and the 
synchronization error if :

c t e t di i i i

t

0

b f ~ ~= +^ ^ ^h h h# , (11)

where ib  is the positive coupling parameter which, 
determines the weight of the synchronization error, 
wherein as ib  increases, the synchronization error if  
decreases, ~  is a parameter at a variable time, from  
t = 0 to t. 

The position synchronization error looks for the 
difference between the position errors of many axes and 
is based on the synchronization function (12). 

The block example diagram of the synchronization 
function designed in Matlab/Simulink is shown in 
Figure 5 [13].

Figure 5 Scheme of a subsystem of the synchronization controller in Matlab/Simulink

Figure 6 Coordinate system for MHM
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Figure 7 shows the control system diagram for the 
MHM with synchronization and levelling.

For the simulation purposes constant values of 
parameters were accepted and implemented (Table 1).

Figure 8 shows the diagrams of synchronization 
error if  for references rectangular input signals.

Figure 9 shows the diagrams of synchronization 
error if  for references sinusoidal input signals.

Graphs of angles ri  (roll) and pi (pitch) are 
shown in Figure 10.

Each zero value of offsets z1, z2, z3 and z4 means 
the highest position in relation to the other legs of the 
supports.
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 (14)

Figure 7 The controller block diagram of the MHM with synchronization

      
Figure 8 Synchronization error if  for references rectangular input signals

Table 1 Simulation parameters

simulation parameters
pS

(MPa)
M

(kg)
A1i

(m2)
A2i

(m2)
2a

(mm)
2b

(mm)

values 16 1000 1.256 x10-3 1.134 x10-3 1568 2358
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the accepted scheme of the bricklaying robot. The 
presented MHM control system uses feedback from 
platform bracket position errors, synchronization 
errors and tilt angles.
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4  Summary

A technical solution was presented to the lifting 
and leveling system of the mobile hydraulic module 
(MHM) unit, where the electro-hydraulic control 
and drive systems were used. This assembly is used 
to displace, position and transport the Bricklaying 
Robotic System (BRS). A model of platform MHM 
dynamics was presented along with a model of 
hydraulic drives. A control system diagram was 
developed. Simulation tests were carried out to test 

      
Figure 9 Synchronization error if  for references sinusoidal input signals ziref = 0.08 Hz

      
Figure 10 Levelling angle signals: ri -roll and pi - pitch
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Resume
Road transport have significant impact on regional economic and social 
development, but one can also point out a number of its disadvantages, 
which include environmental pollution. The paper presents measurements 
of fumes exhaust emissions of a passenger car with a significant operational 
mileage. The tests were carried out in a laboratory on a chassis roller 
dynamometer using various driving cycles. To determine the exhaust 
emissions, data on the mass of air flowing through the intake manifold was 
used, among others. The work also describes an example of own driving cycle 
developed based on urban driving in Lublin, Poland.
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problem raises another. Recently, petrol engines are also 
equipped with GPF particulate filters. Unfortunately, 
by reducing the fuel consumption and CO2 emissions, 
solutions have been introduced that have increased the 
amount of particulate matter emitted by petrol engines. 
Nowadays, there are more types of propulsions and fuels 
in road transport [6].

The average CO2 emission of new cars sold in the 
European Union in 2018 was at the level of 120.5 g/km. 
From the beginning of 2020, 95 % of cars sold in the 
European Union must meet the average maximum 
CO2 emission limit of 95 g/km [7-8]. To reduce the 
fuel consumption and, consequently CO2 emissions, 
manufacturers use the so-called downsizing or electric 
motors next to internal combustion ones. Downsizing 
is associated with use of a smaller-sized internal 
combustion engine, however, with similar performance 
parameters. That is possible mainly thanks to 
turbochargers or compressors [9-10]. In order to reduce 
emissions and effort to consume fewer non-renewable 
resources and use primarily raw materials of biological 
origin, the solution that has been used for many years 
is the use of alternative fuels [11-13], i.e. the use of 
an internal combustion engine as a dual-fuel engine 
[14-16]. Another solution is hybrid propulsion systems, 
consisting of a combustion unit and usually a supporting 

1 Introduction 

In addition to many positive aspects of the 
development in the automotive industry, one can also 
point out to a number of its disadvantages, which include 
environmental pollution. Scientists and legislators are 
working together to eliminate, or at least reduce, the 
environmental impact of vehicles. To reduce the problem 
of pollution from transport, the EU is introducing 
increasingly stringent emission standards, which should 
correspond to sustainable conditions of the environment 
during the operation of motor vehicles [1]. They are 
mainly concerned with the reduction of emissions of 
such components as: carbon monoxide, hydrocarbons, 
nitrogen oxides and solid particles. In Europe, Euro 
standards are used, which have been developed in 
a series of European Directives [2]. The first standard 
was the Euro 1 standard issued in 1993, while the latest 
one is Euro 6, which was introduced in 2014. The next 
stages of the Euro 6 standards - Euro 6B, 6C, 6D-TEMP 
and 6D - are increasingly raising the requirements for 
new engines [3]. Modern cars must emit significantly 
less harmful substances than vehicles from the 90s. 
To do that, manufacturers use, among others, AdBlue 
preparation, oxidation catalysts or particulate filters 
[4-5]. However, it turns out that the fight against one 
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fuel consumption was assessed. The exhaust emissions 
tests were to assess the vehicle’s technical condition in 
relation to emission standards for the given model.

3 Research methodology

Exhaust emission tests were carried out in the 
laboratory of the Department of Power Engineering 
and Transport Means of the University of Life Sciences 
in Lublin. A car equipped with a turbocharged diesel 
engine was tested. The vehicle participated in 4 driving 
cycles (3 were official cycles commonly used in vehicle 
testing and one was a cycle developed by the authors 
of the work, mapping the road conditions on a selected 
route in the center of Lublin). The cycles were carried out 
on MAHA MSR 500 single roller chassis dynamometer. 
The exhaust emissions tests were carried out using 
a simplified measurement procedure based on e use 
of the diagnostic tools MAHA MGT 5 gas analyzer 
and MAHA MPM 4 particulate emission meter. In 
addition, the VIAKEN diagnostic engine parameter 
reader/recorder and a smartphone with a GPS receiver 
equipped with an application for registering the distance 
travelled were used for the preparation of the tests. 

3.1 Tested object

The object of the study was Volkswagen Golf A4 
(Type 1J) manufactured in 2002 with a mileage of 
312000 km (Figure 1). The vehicle was fitted with 
a 1.9 dm3 direct-injection turbodiesel ASV engine of 
maximum torque 235 Nm at 1900 min-1 and maximum 
power output of 81 kW at 4150 min-1, equipped with 
an exhaust gas recirculation system, variable turbine 
geometry (VTG) and oxidation reactor. The vehicle was 
adapted to comply with Euro 3 standard (Table 1). It 
also had a DLC connector enabling communication 
with OBD system and recording several data, such as 
engine’s RPM and MAF (manifold air flow). 

The technical condition of the vehicle and the engine 
in particular, was assumed as fair. At mileage of about 
256000 km, the turbocharger was damaged. It became 
unsealed and the engine oil leaked into the exhaust 
system. Then the turbocharger was reconditioned and 
reinstalled. Taking into account the above mentioned 
situation it could be assumed that the technical 
condition of the catalyst was strained. The OBD system 
did not indicate any malfunctions and the owner of 
the vehicle declared that throughout the period of 
operation, maintenance activities had been performed 
on an ongoing basis and the replacement of engine oil, 
filters and timing components had been carried out in 
accordance with the recommended service schedule. At 
about 290000 km the exhaust braid became unsealed 
and then replaced. Before the driving cycle tests, dosing 
of the fuel injectors was checked and no deviations 

electrical unit. The introduction of an electric unit allows 
for a temporary increase in the power of the vehicle’s 
propulsion system while reducing fuel consumption (as 
well as carbon dioxide emissions).

The electric motor can support the internal 
combustion engine, or it can be the main one and the 
internal combustion engine works as a generator then. 
The 1997 Toyota Prius was the first car being produced 
on a large scale hybrid car. Other commonly available 
hybrid vehicles are: Honda CR-Z, Toyota Yaris, Chevrolet 
Volt and Opel Ampera. It is observed that the sale of 
electric cars is growing dynamically and the number of 
electric vehicles sold is doubling from year to year [17-
18]. Despite the undoubted advantages concerning zero 
exhaust emissions at the place of use of a vehicle, or its 
movement dynamics, electric cars still have competition 
in terms of the carbon footprint. Vehicles with self-
ignition engines powered by diesel fuel are again proving 
to be the cheapest in relation to electric vehicles, which 
are being charged from stations available in cities and 
on motorways [19]. Vehicle manufacturers, such as 
Mazda, are also joining the discussion, pointing out that 
the long distance driving can be associated with higher 
CO2 emissions than using a diesel vehicle [20].

The Polish market is growing slower than in 
European neighboring countries [21]. There are still 
many proponents of combustion engine powered vehicles 
and it can be assumed that the electric engines will not 
so easily press the combustion ones out of the market. 
On the other hand, the increase in popularity of electric 
vehicles will reduce the demand for liquid fuels. This 
will affect their lower sales and lower revenues to the 
state budgets due to excise duty and that will certainly 
result in an increase in electricity charges.

Therefore, remaining with vehicles powered by 
internal combustion engines, it should be noted that 
many vehicles with a significant mileage, which is 
measured in hundreds of thousands of kilometers, are 
driven in Poland. The average age of a car on Polish 
roads in 2018 was about 14 years - according to data from 
the European Automobile Manufacturers Association 
(ACEA). The average vehicle age for European countries 
is 11 years. The oldest cars in the European Union run 
on the roads of Romania - the average age of passenger 
cars reaches 16 years [22]. For many vehicles with 
such a degree of operation, this is the time when the 
deficiencies of functioning fuel apparatus and exhaust 
after-treatment system occur [23-25].

2 Research objective

The purpose of the work was to determine the 
combustion ones exhaust emissions from a vehicle with 
a high mileage in relation to selected driving cycles, as 
well as based on the authors’ own urban driving cycle, 
being a sample of traffic conditions in Lublin, Poland. 
The impact of the cycles on exhaust emissions and 
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Table 1 presents the type approval emission limits 
complied by the vehicle and the main important technical 
data of a vehicle are given in Table 2. 

beyond the tolerance range were found and the load tests 
on a chassis dynamometer showed performance results 
close to the values declared by the vehicle manufacturer. 

Figure 1 Tested vehicle at the test stand, source: authors

Table 1 Type approval emission limits for the tested vehicle, [2]

curb mass engine type emission limit values, g×km-1 valid from

less than 2620 kg compression 
ignition

CO HC NOx PM
01.01.2000

0.64 0.06 0.50 0.05

Table 2 Chosen technical data of the research object

no. fuel consumption directive 80/1268-1999/100 UE

1. urban 6.5 dm3/100 km

2. suburban 4.0 dm3/100 km

3. average - combined 4.9 dm3/100 km

4. CO2 emission 132 g/km

5. emission standard euro 3

6. fuel diesel fuel

7. curb mass 1275 kg

8. test mass 1360 kg

9. engine model ASV

10. displacement 1896 cm3

11. cylinders 4 in line

12. fuel injection direct

13. valves 8 v, SOHC

14. maximum power 81 kW at 4150 rpm

15. maximum torque 235 Nm at 1900 rpm

16. gearbox 5 gears, manual

17. drive front wheel drive

18. top speed 192 km/h

19. acceleration time 0-100 km/h 11.3 s
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The fuel consumption can be found in two ways. The 
mass of the supplied fuel is 1/(λ*AFR) of the air mass. 
The composition of the exhaust gases can be used to 
determine the excess air ratio (λ) needed to calculate the 
fuel consumption. For the diesel fuel (C1H1.86O0.005) and 
the combustion reaction for the stoichiometric mixture 
(λ = 1) the calculated air-fuel ratio (AFR) equals 14.46. 
In a compression-ignition engine, combustion is not 
stoichiometric (λ > 1), but it is comprehensive and total. 
Since, the diesel engine operates with a higher excess of 
air, the right value of λ can become known based on the 
fumes composition and Brettschneider’s formula [32]. 
In this case the fuel consumption can be calculated as:

FC
AFR
MAF
$m

= , (1)

where:
FC - fuel consumption (g/s), 
MAF - measured manifold air flow (g/s),
λ - air excess coefficient calculated by Brettschneider’s 
formula (-),
AFR - air/fuel ratio for stoichiometric mixture (kg/kg).

Another way to evaluate the fuel consumption 
is based on the OBD data. Use of the OBD data, 
concerning the fuel injection dose and the engine’s 
rotational speed (RPM), allows to estimate the amount 
of fuel being consumed. In the case of four cylinder four 
stroke engine, the calculation formula has the form:

FC
IQ RPM
2 60

4
$

$ $
= , (2)

where:
FC - fuel consumption (g/s), 
IQ - fuel injection dose (g/cycle/injector),
RPM - engine’s rotational speed (min-1).

Equations (1) and (2) lead to results expressed in 
grams per cycle. To compare the results, they should be 
divided by the length of a given cycle in km. Dividing 
by the density of the diesel fuel (0.84 kg/dm3) and 
multiplying by 100 leads to obtaining fuel consumption 
in dm3 per 100 km. 

3.2.3 Chassis dynamometer 

Vehicle tests were carried out with MAHA’s chassis 
dynamometer type MSR 500 (Figure 1). It was dedicated 
for vehicles with a wheel maximum power up to 250 kW. 
This was a single-roller stand with a drum diameter 
of 500 mm. The device could perform a continuous 
measurement of the driving force and rotational speed 
of the rollers driven by the vehicle wheels. At the 
same time, electronically controlled eddy-current brakes 
introduced additional load to the rollers to represent 
movement resistances, which are present in the road 
conditions [33]. 

Before starting the driving cycles, the load, that 
was to be applied by the test stand, had to be adjusted 

3.2 Equipment and its preparation

3.2.1 Emission measurements

For the purpose of exhaust gas study, the 
5-component diagnostic gas analyser was used. 
Typically, such an analyser allows measurements of 
volumetric shares of four gaseous components such as: 
carbon monoxide CO, carbon dioxide CO2, hydrocarbons 
HC and oxygen O2. The used MAHA MGT5 is a “0” class 
by OIML (Organization Internationale de Metrologie 
Legale) analyser and it was additionally equipped with 
an electrochemical NOx concentration sensor. It was 
prepared to measure the rotational speed and engine oil 
temperature and also enabled communication with the 
vehicle’s E-OBD module [26].

The MPM4 particulate emission meter is a device 
for measuring the mass concentration of particulates 
in a unit of exhaust gas volume. The measuring range 
extends from 0 to 700 mg/m3 and the laser measuring 
system used in it allows detecting particles sizing from 
0.1 µm to 10 µm [27]. The MPM4 was aligned with the 
exhaust gas analyser MGT5 and a PC. 

The manufacturer of the chassis dynamometer, the 
analyser and particle meter also provided a possibility 
of their cooperation. The aforementioned instruments, 
including a PC and dedicated MAHA software, made up 
the exhaust gas composition measuring-and-recording 
system [28-29].

In order to determine the mass emission, 
information on the mass of exhaust gases or the mass of 
air supplying the engine was needed. For this purpose, 
the VIAKEN K+L diagnostic interface dedicated for VAG 
was used. The device allowed diagnostics of selected 
vehicle systems and registering chosen parameters of 
the vehicle’s engine in driving conditions (e.g. rpm, MAF, 
MAP, injection dose, injection timing, etc.) [30-31].

3.2.2 Emission and fuel consumption calculations

As it was mentioned, the exhaust gas analyzer 
performs measurements of the volumetric shares of 
given fumes components. The shares, combined with 
information about the exhaust gas flow, can give 
information about the amount of a component emitted. 
Based on the combustion equation, described in [30], 
the coefficients for combustion products and their 
volumetric shares for each set of data recorded second by 
second were determined. Thanks to that, the volumetric 
shares of fumes components, other than measured, were 
determined and then transformed into the mass shares. 
On the other hand, the mass of fumes is the sum of the 
mass of the air and the fuel delivered to the combustion 
chamber and it can be determined by the intake manifold 
air flow (MAF) and the fuel injected dose. However, due 
to the equipment and methods used in the research, some 
assumptions and simplifications were required [28].



E M I S S I O N  O F  S E L E C T E D  E X H A U S T  G A S  C O M P O N E N T S  A N D  F U E L  C O N S U M P T I O N  I N  D I F F E R E N T . . .  B269

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

way of loading in subsequent tests as to obtain times 
in accordance with previously determined in the road 
conditions.

3.2.4 Driving cycles

Frequently used driving cycles were selected for 
the studies. These were IM240, NEDC and WLTC 
Class 3b and one own RDL test (Real Drive Lublin) 
developed based on urban driving in the city of Lublin. 
The tests lasted from 240 to 1800 seconds and, due to 
the unification of the procedures, were carried out on 
a warm engine.

The first one - IM240 test is a schedule recommended 
by the US EPA for emission testing of in-use light duty 
vehicles in inspection & maintenance (I&M) programs. 
The test was formulated based on selected segments of 
the FTP-75 test cycle. The IM240 is a short, 240 second 
test representing a 3.1 km route with a maximum speed 
of 91.2 km/h and an average speed of 47.3 km/h [2].

The next cycle was NEDC. It used to be a reference 
cycle for homologating vehicles until the introduction of 
Euro 6 standard in Europe. It is made of an urban part 
called ECE, which is repeated four times and an extra-
urban part, the EUDC [2]. That was the cycle used in the 
tested vehicle type approval procedure.

The WLTC cycles (including WLTC class 3b) are 

to the selected vehicle. For this purpose, the field 
measurements of accelerating were carried out on a flat, 
levelled road of a good quality asphalt surface. The 
tested vehicle was accelerated to a speed of approx. 115 
km/h. Then the powertrain system was disconnected 
and the vehicle run decelerating freely. During the 
coast down the speed of the vehicle was being recorded. 
However, relating to the vehicle, test track, test speed, 
atmospheric conditions and measuring equipment, 
several requirements were to be met for carrying out the 
coast down tests. The tests were performed several times 
following the procedures described in other publications 
[34-36]. Based on that, it was possible to assess the 
mechanical condition of the vehicle, chassis settings, 
influence of used tires and aerodynamic properties of the 
vehicle’s body [34].

The determined run-off times between successive 
speeds decreasing from 110 km/h, every 10 km/h were 
entered into the vehicle’s data sheet in the software 
controlling the dynamometer. Thanks to that, the 
application could make the necessary calculations to 
determine the braking forces applied by the rollers to 
simulate the road movement resistances. After starting 
the procedure, the rollers propelled the vehicle wheels 
up to 110 km/h and the coast down test was performed 
applying the calculated resistance forces. The coasting 
times were measured simultaneously. During the 
adjustment process, the dynamometer mapped the 

Figure 2 Graphical comparison of utilised cycles

Table 3 Chosen parameters of utilized cycles

cycle type duration (s) distance (m) max speed (km/h) aver. speed (km/h)

IM240 240 3100 91.2 47.3

NEDC 1180 11023 120 33.3

WLTC1 1800 23266 131.1 46.5

RDL2 762 3315 50.0 15.7
1WLTC - class 3b, 2Real Drive Lublin, [2]
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• engine rotational speed - RPM, (min-1), 
• engine oil temperature - T, (°C),
• manifold air flow - MAF (g/s),
• fuel dose (injection quantity/injector) - IQ (g/cycle)

The measurement results were recorded at frequency 
of 1 Hz. Next, the mass emission of the distinguished 
exhaust gas components was computed accordingly to 
the described earlier methodology.

4 Research results and analysis

As a result of measurements, the required parameters 
were recorded. Figure 4 presents an exemplary diagram 
(print screen) of the recorded values of volume shares of 
selected exhaust components, including solid particles, 
as a function of time for the last 250 seconds of the 
NEDC cycle.

4.1 Fuel consumption comparison for different 
cycles

The diagram (Figure 5) summarizes the fuel 
consumption in 4 different driving cycles with the 
manufacturer’s data of the tested vehicle. Fuel 
consumption for each cycle was determined based on the 
emissions and simultaneously based on OBD (injection 
quantity) data. In three cases (NEDC, WLTC, RDL), 
when calculating the fuel consumption by the OBD data 
method, higher values were obtained than in the case 
of the first method. Only in the IM240 cycle the fuel 
consumption determined based on emissions turned out 
to be higher.

The measurement results for the NEDC cycle are 
similar to the manufacturer’s data for the mixed driving 

part of the Worldwide harmonized Light vehicles Test 
Procedures (WLTP), published as UNECE Global 
technical regulation No 15. The WLTP replaces the 
European NEDC based procedure for type approval 
testing of light-duty vehicles [2, 37].

The fourth cycle was developed by the authors of the 
manuscript as a part of other research and was used as 
it represented an example of a real driving speed pattern 
obtained in the center of Lublin. The length of RDL was 
3312 meters. The drive duration was 762 seconds and 
the average speed was 15.7 km/h. The route was driven 
twice with use of the same vehicle (VW Golf A4). The 
speed was recorded by a smartphone GPS receiver and 
VAG (Volkswagen Audi Group) interface connected by 
the vehicle’s OBD (OnBoard Diagnosis) link connector. 
Then, the data was worked over and introduced into the 
dynamometer software.

The speed patterns of the used cycles are presented 
in Figure 2 and their basic data parameters are collected 
in Table 3. All the cycles differ according to duration, 
distance, maximum and average speed or stops and they 
also present different ways of driving. 

The conduction of the tests consisted in controlling 
the vehicle positioned at the dynamometer in such a way 
that it realized the speed displayed on the screen of the 
stand computer. Figure 3 presents an exemplary test 
screen, according to which the car was to drive.

The study covered measurements and recording of 
the following parameters:
• volumetric shares of chosen gas components - CO 

carbon oxide, CO2 carbon dioxide, O2 oxygen, (%) and 
HC unburned hydrocarbons, NOX nitrogen oxides, 
(ppm),

• λ air excess coefficient computed by the analyser,
• emission of particulate matter - PM (Particle 

Matter), (mg∙m-3),

Figure 3 Example of the speed pattern of a driving cycle
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4.2 Carbon dioxide emission

The tested vehicle was to emit 132 g/km of CO2 
during the type-approval test. This value was compared 
to emissions measured in four driving cycles. The results 
are presented in Figure 6. Of all the tests, CO2 emissions 
closest to the values from the type-approval tests were 
found for the NEDC cycle measurement (Figure 6). For 
the WLTC cycle emissions were almost 22 % higher than 
manufacturer’s data (161 g/km in WLTC and 132 g/km by 
manufacturer). This result is confirmed by various tests 
and observations of independent centres [38, 41-42]. As 
might be expected, the CO2 test results showed trends 
consistent with those obtained for the fuel consumption 
(Figure 5). In the case of the authors’ RDL driving test, 
the emission was almost 40 g/km higher than according 
to the manufacturer’s data.

That can find confirmation in numerous publications, 
the authors of which indicate the influence of the driving 
cycle speed profile for the energy demand of a vehicle 
and the resulting fuel consumption and CO2 emissions 
[43-44]. Parameters, such as the average and maximum 

patterns, while the results obtained for the WLTC (5.76 
dm3 and 5.79 dm3) exceed the manufacturer’s data. The 
average consumption for the WLTC cycle, which replaced 
the European NEDC test, is approx. 16 % higher than it 
would appear from the vehicle manufacturer’s data and 
approx. 18 % and 9 % higher than the values obtained 
in the NEDC tests for fuel consumption determined 
according to emissions and OBD, respectively. The 
higher fuel consumption in the WLTC cycle can be 
confirmed by various comparisons and the differences 
depending on the vehicle can reach values of up to 1.0 or 
2.0 dm3 per 100 km [38].

The authors’ RDL driving test indicates even higher 
fuel consumption, but it is a cycle based solely on urban 
driving and therefore can be referred to the values 
indicated by the vehicle manufacturer for driving in 
such conditions (6.6 dm3). Even in this comparison, 
the measurement result were 8 % and 32 % higher for 
emissions and OBD calculations, respectively. Similarly, 
the high consumption was observed for the IM240 cycle. 
Similar tendencies are observed in the real driving tests 
performed by other investigators [39-40].

Figure 4 Recorded emissions shares tested accordingly to NEDC

Figure 5 Fuel consumption comparison for chosen cycles (*EU 99/100)
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times higher than the normative data. Jaworski et 
al. in example of other vehicle presents problems in 
repeatability of the exhaust pollutant emission results 
[48]. However, the differences are not so significant as 
observed in presented in this case. Such situation may 
be caused rather by operational wear of the oxidation 
reactor, but may also be a result of malfunctions of 
fuel injectors or air inlet problems [49-50]. Analysing 
trends related to the CO emissions in individual tests, 
it can be concluded that the measured values show 
similarities to the results of the CO2 emissions and fuel 
consumption measured based on the emissions.

4.4 Nitrogen oxides emission

According to the Euro 3 standard, the tested 
vehicle type could emit nitrogen oxides up to the level 

speeds, the share and values of acceleration and 
deceleration in the speed profile, determine the energy 
demand of a vehicle necessary to drive the driving cycle. 
Thus, the cycle itself may cause changes in the energy 
and fuel consumption of the tested vehicle [45-47].

4.3 Carbon monoxide emission

According to the Euro 3 standard, a vehicle of this 
type can emit up to 0.64 g/km of carbon monoxide. 
However, for tests carried out on a given vehicle with 
a mileage of approximately 312000 km, the results were 
much higher (Figure 7).

The lowest value was obtained for the NEDC 
cycle (1.23 g/km), while the highest was the emission 
determined for the urban RDL cycle (2.65 g/km). 
This means that the measured values are 2 to 4 

Figure 6 Carbon dioxide emission comparison for chosen cycles

Figure 7 Carbon monoxide emission comparison for chosen cycles
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4.5 Hydrocarbon emissions

Hydrocarbons are formed mainly as a result of 
incomplete combustion of fuel. They react quickly with 
oxygen and nitrogen compounds, which creates, among 
others peroxides and aldehydes.

According to the Euro 3 standard for diesel vehicles, 
the hydrocarbon emission should not exceed 0.06 g/
km. In the case of the performed tests, such emission 
ranged from 0.045 g/km (RDL) to 0.085 g/km (WLTC 
and RDL) (Figure 9). Emissions from the NEDC test 
were 23 % higher than emissions from the standard 
(0.06 g/km Euro 3 and 0.076 g/km NEDC), which may 
also suggest malfunctions of injectors or combustion 
problems combined with exhaust gas recirculation 
system [50]. Comparing the European NEDC test with 

of 0.5 g/km. All the results from the applied driving 
cycles were definitely higher than the permissible 
values. The emission of these components during 
the European NEDC test was 54 % higher than the 
permissible limit according to Euro 3 (0.50 g/km - Euro 
3 and 0.77 g/km - measurement according to NEDC). 
It can be assumed that these differences, like in the 
case of CO emissions, were caused by the wear of the 
catalytic converter or blocked EGR valve. Research 
of Huang at al. and other researchers confirms these 
assumptions [50-52]. Comparing emissions in the 
NEDC and WLTC cycles, a small difference (0.01 g/km 
more for WLTC) can be seen between them. Emission 
values of nitrogen oxides are shown in Figure 8, 
however, they are not as high in relation to the Euro 3 
standard as the CO emissions.

Figure 8 Nitrogen oxides emission comparison for chosen cycles

Figure 9 Hydrocarbons emission comparison for chosen cycles
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The fuel consumption determined based on the 
exhaust gas emitted was, in three out of four cycles, 
at a lower level than calculated based on the injection 
injected quantity shown by the engine control unit. The 
highest values were found for the urban driving (RDL) at 
low speed and the lowest for the NEDC cycle.

The measurement results of exhaust emissions and 
fuel consumption for the WLTC harmonized driving test 
were significantly higher than for the NEDC test. This 
was probably due to greater speed variability in the 
WLTC cycle, which brings this cycle closer to the real 
driving conditions.

The results of emission of selected exhaust 
components in the analysed driving cycles in each case 
exceeded the values allowed by the Euro 3 standard 
(based on the NEDC cycle). In addition, it should be 
emphasized that the tests were carried out based on 
a vehicle that had been in operation for over 18 years, 
with a mileage exceeding 300000 km, which could be 
associated with the deficiencies of the exhaust after-
treatment system.

Summing up, it should be emphasized that the 
exhaust emissions and fuel consumption, on the example 
of the tested vehicle, definitely exceed the norms. Only 
in the case of the NEDC cycle and two parameters, i.e. 
fuel consumption and carbon dioxide emissions, the 
values obtained were similar to those of the Euro 3 
standard. However, it should be noted that the NEDC 
cycle was the basis for the approval tests of this vehicle. 
The emission of other components definitely exceeds the 
values specified in that standard. The reason for this 
may be age and thus the wear and tear of the vehicles’ 
components. 

It should be emphasized that these results apply 
only to this particular vehicle in a given technical 
condition and cannot be declared as general conclusions. 
However, the average car age in Poland is over fourteen 
years. That means that there is a serious probability of 
finding other vehicles in a similar technical condition 
that exceed the emission limits.

the new world WLTC test, it can be seen that emissions 
from the latter test were about 16 % higher. On the other 
hand, relatively low emission for the RDL cycle (0.045 g/
km) was unexpected.

4.6 Particle matter emission 

The PM (particle matter) are all the substances that 
leave the exhaust system in solid or liquid state. The high 
particulate emissions occur when the engine is started 
and its temperature is low. Increased PM emissions also 
occur with local oxygen deficiency, which can take place 
during a sharp increase of engine load and increase of 
fuel dose. Increased PM emissions may result from many 
irregularities. That can be caused by a malfunction of 
the oxidation catalytic converter, leaking injectors or 
problems with the intake and exhaust gas recirculation 
systems [49-50, 53].

Figure 10 shows the particulate emissions measured 
during the cycles. The particulate emission limit for the 
Euro 3 standard is 0.05 g/km. The results of all the tests 
exceeded the Euro 3 limit. However, there were two 
cycles that generated much higher values. These were 
IM240 and WLTC. In those cases, emissions exceeded 
the permissible limit of Euro 3 almost four times. The 
limit value was exceeded by 326 % and by 252 % for 
IM240 and WLTC, respectively. In the case of the NEDC 
test, emissions were “only” 64 % higher. In contrast, 
urban RDL generated the lowest amount of particles 
with a value of 0.052 g/km. 

5 Conclusions

Based on the conducted research and evaluation of 
obtained results, the following conclusions can be drawn:

Fuel consumption and exhaust emissions show 
strong differentiation in relation to the driving cycles 
used in the tests.

Figure 10 Particle matter emission comparison for chosen cycles
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Resume
The work is aimed at the construction of an algorithm for studying the 
equilibrium states of a reinforced plate near critical points, using the first 
(cubic terms) nonlinear terms of the potential energy expansion. Using 
geometrically nonlinear analysis of displacement, deformation and stress 
fields, the Eigenforms of buckling were calculated and bifurcation solutions 
and solutions for equilibrium curves with limit points were constructed 
depending on the initial imperfections.
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of this work [9-11], who, using the FEM, numerically, 
studied the effect of initial imperfections on the bearing 
capacity of a reinforced plate in the case of multiple 
and multiple critical loads. In these works, it was found 
that, indeed, with simultaneous buckling in the total 
deflection and wave formation in platinum, in the case 
of coincidence of the critical loads, a double bifurcation 
is realized as a homeoclinic point of a hyperbolic umbilic. 
If buckling simultaneously occurs along the general 
deflection and wave formation in the ribs, then the 
double semi-symmetric point is an anticlinic bifurcation 
corresponding to the catastrophe of the elliptical umbilic 
[11]. Important results, using equations of the first and 
second geometrically nonlinear approximations (taking 
into account cubic and quartic terms in the expansion of 
potential energy), were obtained in the 80s by Manevich 
[7-8]. He was able to establish that, limiting himself to 
the first approximation (only cubic terms are taken into 
account), it is possible to obtain acceptable estimates of 
the bearing capacity of a compressed reinforced plate if 
the critical loads of the wave formation in its elements 
are close to or exceed the critical buckling load according 
to the general deflection scheme. If the waveform loads 
are significantly less than the critical load of the total 
deflection, then taking into account additional terms of 
the fourth order in decomposition of the potential energy 
makes it possible to increase the maximum load loss of 
the bearing capacity of the reinforced plate (on average) 
by 30-40%. However, taking into account quartic terms 

1 Introduction

Interest in the work of compressed reinforced plates 
appeared long ago, however, only starting with the work 
of Koiter and Kuiken [1], Koiter and Pignataro [2], van 
der Neut [3], Tvergaard [4], Hunt [5] and at a later time 
Manevich [6-8], systems of equilibrium equations were 
obtained taking into account geometric nonlinearity, 
which make it possible to analyze the bearing capacity 
of the mentioned plate either taking into account the 
total deflection, or taking into account the interaction of 
this deflection with local waveforms in the ribs or in the 
plate. Geometrically nonlinear equations for describing 
the loss of stability of the considered plates, taking into 
account the interaction of forms, were first presented 
by Koiter and Pignataro [2], Tvergaard focused his 
attention on study of plates with double critical loads 
for the total deflection and for wave formation in the 
plate [4].

In his work, important and general results were 
obtained for the calculation of reinforced plates of 
sufficiently large width and regular arrangement of 
ribs. For this, he isolated a regular T-shaped fragment, 
which was investigated in more detail; some of the 
results obtained by Tvergaard were used by Hunt [5] 
to construct the bifurcation surface of the homeoclinic 
bifurcation point corresponding to the catastrophe of the 
hyperbolic umbilic.

Tvergaard’s studies were continued by authors 
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potential energy, taking into account the interaction of 
these forms, will be written as follows:
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Accordingly, one obtains a simplified version of the 
equilibrium equations:

,

a a a a

a a

11
1

1 111 1
2

122 2
2

1111 1
3

1122 1 2
2

1
1 1

m
m p p p p

p p
m
m p

- + + + +

+ =

c m
 (7)

.

a a a

a a

1 22
2

2 122 1 2 122
2

2222 2
2
2 2

3

1 2m
m p p p p p

p
m
m p

- + + +

+ =

c m
. (8)

For the first nonlinear approximation equations, 
only the cubic terms are retained.
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If one divides each equation by coefficients a1 and a2, 
then one gets equations in the form given by Tvergaard 
[4] :c c1 2 1 2m m m m m m= = = =^ ^h h
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To determine the coefficients aijk and d1, d2 and d3 
it is necessary to calculate some definite integrals over 
the rectangular areas of the mentioned T-element of 
the reinforced plate. Expressions for these integrals: 

, ,a L U a L U1 1
0
2

1
2 2

0
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2m v m v=- =-^ ^^ ^h hhh" #, -  
a L U2

3
111

1
2

1v= ^ ^ hh" ,  and a L U11
1
2

2
2 v= +^ ^ hh" ,   

,L U U2
11

1 2v+ ^ ^ ^ hh h" , are given in the work of Tvergaard 
[4] and in a slightly modified form in the work of 
Manevich [8]. Equations (9) and (10) include the values 
of the critical parameters 1m  and 2m , which correspond 
to the general shape of bending and local wave formation 
in the plate or ribs. These quantities are found by 
solving a linear eigenvalue problem. Tvergaard solved 
a homogeneous boundary value problem for a system 
of biharmonic equations and eight boundary conditions 
for conjugation along the line of contact of the rib with 
the plate:

significantly increases the computational complexity due 
to the need to determine the corrections of the second 
approximation to eigenforms. In this article, the authors 
limited themselves to taking into account only the cubic 
terms in the expansion of the fields of displacements, 
deformations and stresses, since in design practice 
such ratios of the geometric parameters of a reinforced 
plate are used, at which the critical loads of the wave 
formation in a plate or in the ribs are significantly 
higher than the critical load of the total deflection.

2 Semi-analitical solution

Here is considered consider a plate hinged at its 
ends, supported on one side by a regular set of thin 
rectangular ribs. The longitudinal edges are free. The 
plate is compressed by centrally applied forces. The plate 
material is infinitely elastic. This allows to investigate 
the stability of the reinforced plate by analyzing the 
equilibrium of one regular T-shaped fragment (by 
analogy with Tvergaard and Manevich) equidistant with 
the rest of the T-shaped fragments. Strains and Hooke’s 
law are expressed as follows:

,L U L U2
1

1 2f= +^ ^h h  (1)

,Hv f= ^ h  (2)

where: L1, H - is a linear operator,
L2 -is a quadratic operator,
L2 (U + V) = L2 (U) + 2 L11 (U, V) + L2 (V), in this 
expression L11 - bilinear operator.

The total potential energy of the reinforced plate 
with the retention of terms no higher than the fourth 
order has the form:
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where: p  - are normalized Eigenforms (the amplitude 
of the deviation of the Eigenmode relative to the plate 
thickness,
sp  - imperfections in the s-th form of buckling (s = 1, 

2, … ..n).
Equilibrium equations are:
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If s = 2 (the total deflection (i = 1)) and the local form 
of wave formation (i = 2) are taken into account, then the 
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and 1p  is .
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coefficients d1, d2, and d3 are negative, which is possible 
only with a homeoclinic bifurcation point (a variant of 
the catastrophe of a hyperbolic umbilic). This situation 
arises during wave formation in a plate. In the case of 
simple eigenvalues 1 2!m m^ h  the bifurcation solutions of 
the system of nonlinear equations with zero right-hand 
sides 01 2p p= =  turn out to be more complicated:
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Singular points (bifurcation points or limit points) 
appear on the equilibrium curves of the reinforced 
plate when the Hessian matrix degenerates in critical 
equilibrium , ,detH 01 2p p m =^ ^ h h . For Equations (11), 
(12) this matrix has the form:
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If a problem is considered in which the initial 
imperfection in the total deflection is specified 01 !p_ i  
and there is no initial wave formation 02p =_ i , then 
in this case the solution depends only on the coordinate 

01 2p p =^ h  and the condition of equality to zero of the 
determinant , ,detH 01 2p p m =^ ^ h h  is reduced to the 
fulfillment of one of two relations:

h d1 2 011
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The most important condition is Equation (21).
, ,h d 022 3 1m p =^ ^ h h . In this case, the equilibrium 
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2

3 1 2m
m p p- + =cc m m  is fulfilled in 

two versions:

a) 02p = , but d1 0
2

3 1 !m
m p- +cc m m . 

Hence , , , , ,deth d H0 022 3 1 1 2! !m p p p m^ ^ ^h h h h , 
which corresponds to regular points on the equilibrium 

curve , , .1 1 1 1
1

n p p n
m
m=_ ci m

b) 02p =  and d1 0
2

3 1m
m p- + =cc m m .

, ,D w N wc c X xx
0TT m=  (13)

Eh
F1 0CTT = . (14)

These conditions express the relationship between 
the forces and displacements at the edges of the left-
hand and right-hand parts of the plate in relation to 
the rib [8]. In this case, it is assumed that the total 
deflection develops along a curve close to a sinusoid 
corresponding to the buckling of the Eulerian rod. Eight 
unknown arbitrary constants are found from a system 
of homogeneous equations, the matrix of coefficients of 
which is given in the appendix to the work of Tvergaard 
[4].  Manevich solved the same problem variationally, 
using the Rayleigh ratio. By setting a different number 
of half-waves, he found the smallest value of the critical 
loads of wave formation in the plate or in the ribs.

In Equations (11) and (12), on the right-hand sides, 
there are values of the initial imperfections 1p  and 
2p . They correspond to buckling shapes in terms of 

the total deflection and in terms of the shape of local 
wave formation. If both of these imperfections are 
nonzero, then the critical point is the limiting point. For 
a homogeneous bifurcation problem 01 2p p= =_ i , 
the simplest solutions correspond to the case of 
multiple loads c1 2m m m= =^ h . Bifurcation solutions 
for simple loads 1 2!m m^ h  turn out to be somewhat 
more complicated.  If the right-hand side of Equation 
(12) is zero and the right-hand side of Equation (11) 
has an imperfection 01 !p_ i proportional to the load 
parameter, then the bifurcation problem is implemented 
as a search for the critical value of the load at which 
a plate with a developing initial general deflection loses 
stability in the form of wave formation in the plate or 
in the ribs.

Let the solutions of the simplest problem for 
a double semi-symmetric bifurcation point be considered, 
corresponding to solutions of homogeneous equations of 
Tvergaard’s type. For the general deflection and for the 
solution describing wave formation in the plate, the 
mentioned solutions can be written as follows:

d
1 1

c
1

3
p

m
m=- -c m , (15)

d d
d d

d
d d

1
c

2
2 3
2

3 1
1

2

3 1" "p
m
m p=

-
- =

-c cm m . (16)

From the last relations it can be seen that the total 
deflection of the relative amplitude 1p  is an unconnected 
deformation. It depends on one coordinate only, while 
the wave formation with an amplitude 2p  is linearly 
related to the amplitude of the total deflection. If this 
amplitude 1p  is equal to zero, then the amplitude 2p  
is also equal to zero. For the values of the coefficients 
of the equations calculated by Tvergaard d1 = -0.0193, 
d2 = 0.6731 and d3 = 0.1138. The ratio between  2p  
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the bifurcation problem in the presence of an initial 
imperfection in the form of a general deflection 01 !p_ i . 
Its solution gives a critical waveform load in the 
relatively weak ribs of the reinforced plate (Figure 
1). In the graphical form, results for this problem, with 
various initial imperfections, are presented in the work 
of Manevich ([8], ch. III, Figure 3.3). The investigated 
plate had the following dimensionless parameters: 

, , , , .
h
b

t
b

bh
t b

b
L k25 20 5

1 5 1 4852
1

1 1 1

2

1

m
m

= = = = = = .

For the plate in Figure 1, the values of the coefficients 
of the Equations, (11) and (12): . , .d d0 009 1 0241 2=- =  
and .d 0 9753 = , taken from [8].

Note that this rib plate contains relatively weak 
elongated cantilever plates. Loss of stability by wave 
formation should be expected precisely in compressed ribs, 
and not in the plate. This is indicated by the signs of the 
coefficients d 0<1   (this is always), d 0>2  and d 0>3 . 
If all the coefficients d 0<i , then the wave formation 
should be expected in the plate. It is assumed that 
the relative amplitude of the initial total deflection 
is .0 51p =- . Substituting all the given data into 
Equation (23) one gets:

. .1 9927 0 67033 02n n- + = . (25)

The smallest root .0 428cr
1n =  determines the load 

of the bifurcation of wave formation in the compressed 
ribs of the plate with an additional total deflection:

.
d
k1

0 37281
3

1
p

n
=-

-
=- . (26)

This bifurcation is symmetrical and unstable, 
since in the presence of the initial additional wave 
formation in the edges 02 !p_ i  loss of stability occurs 
at the limiting points. Note that in this case the 
equilibrium curve is spatial, since the load 1n  depends 
on two coordinates 1p  and 2p .

The calculated value of the wave-forming load 
.0 428bif

1n =  coincides with the critical point in table 
3.5 in [8]. Having performed the similar calculations 
for other initial deflections, a curve is obtained of 

Hence , , , , ,deth d H0 022 3 1 1 2m p p p m= =^ ^h h h  and 
the corresponding point of the curve ,1 1 1n p p_ i  is 
a point of singular equilibrium. Whether this point is 
a limit point or a bifurcation point depends on whether 
the value cr

1 1n p^ h  is a local extremum or not. If the 
value cr

1 1n p^ h  is not a local extremum, then the 
singular point is a bifurcation point (in this problem, 
symmetric and unstable).

c) , d0 1 02
2

3 1!p
m
m p- + =cc m m  moreover 

, ,h d 022 3 1m p =^ h .
However, , ,detH d d2 01 2 2 3 2

2 !p p m p=-^ h  and 
the corresponding equilibrium is regular. The greatest 
compression load is achieved here, since the post-
bifurcation equilibrium turns out to be unstable. 
The values of the bifurcation load cr

1 1
1

n n
m
m=c m  

are determined from the quadratic equation, compiled 
taking into account the relations:

, , , ,

,

h d
d
k

d
k

k

0
1 1

22 3 1 1
3

1

3

1

1

2

m p p
n n

m
m

= =-
-

=
-

=

^ h
 (22)

.

k d d k d d k kd d

d d

2

0

1
2 2

1 3 1 3 3 1 3
2
1

1 3

n n p- + + - - +

+ - =

^ _h i
. (23)

In the problem solved by Tvergaard [4], the critical 
load is twofold (at the same time there is a general 
buckling and wave formation in the plate). By specifying 
a nonzero initial imperfection in the total deflection 

01 !p h , it will be possible to plot the sensitivity curve 
of critical loads at the limiting points depending on the 
value of the initial deflection 1p . Calculations according 
to Equation (23) for k 1- give:

. , . ,

.

.

.

, . ,

, .

0 0 0

0

0 2

5

1 0

0 2 0 8476

5 7703

1 0 692

*

*

*

1

1

1

1

1 1p
p
p

n
n
n

=

=

=

=

=

=

^
^
^

h
h
h

 (24)

These results coincide with the values of ultimate 
loads with imperfections of the total deflection on 
the curves constructed by Tvergaard [4]. Consider 

Figure 1 Cross-section of a T-shaped fragment; here b - is the distance between the ribs in the axes,  
h - is the plate thickness, b1 - is the rib height, t1 - is the rib thickness, L - is the length of the reinforced plate,  

boundary conditions: hinged support along the short sides, along the longitudinal edges,  
fastening of the movable termination type
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The condition that the determinant of the Hessian 
matrix is equal to zero Is added to this equation:

, ,

.

detH

d

d

k d d

1

1

2

2 0

1 1 2 1

1 1

1 1

3 2 3 2
2

#

#

n p p n p

n p p

= - +

- + - =^
^ ^

h
h h

6
6
@

@
. (32)

After excluding the coordinates 2p from the 
corresponding expression, we will have:

, ,

.

detH d k

d
k

k

d

d d

1 2 1

1
0

1 1 1 1 1 1

3 1
1

1

3 1
2

1 3
2
2
2

n p m n p n

p
n p

n p

= - + - +

+ -
- +

=

^

^
^
^ ^h
h
h

h

h
 (33)

As a result, one gets the two equations for variables 
1n  and 1p . However, their joint solution is quite 

difficult. Tvergaard was looking for limit points by 
directly constructing the equilibrium curve, while 
Manevich used algorithms for finding the extrema of 
a function of two variables.

The method of the step-by-step increase in the load, is 
used in this work, followed by solution of the equilibrium 
equation to approximately obtain the coordinates of 
the limiting point and the corresponding maximum 
load. As an example, the coordinates of the limiting 
point and the corresponding load are determined for the 
above stability problem of a reinforced plate with wave 
formation in the ribs. Substitution of numerical values 
into Equations (31), after some simplifications, leads to 
the following equation of the fourth order:

.

. . .

. .f 0 94993

0 405 0 0495 0

0 008773 0 673761 1 1
3 2

1

1
4p p p p

p

=- + + +

+ + =

^ h
 (34)

With a fixed value of the force parameter .0 281n =
, one finds the minimal modulo negative root of this 
equation. For that is used a method of the non-singular 
extensions, proposed by Manuilov in 1971 [12].

f

f

f f

m m

m m m

m

1
1

1
2

1 1 1

1
!p p

p p p

p
=

-

+

l m_
_
_ _^

^

^ ^i
i
i ih

h

h h7 A . (35)

dependence of the critical load for the wave formation 
bifurcation in the ribs (Figure 2) on value of the initial 
imperfection in a form of a general deflection.

From the graph in Figure 2 can be seen that the 
value of the critical load of wave formation in the 
ribs strongly decreases with an increase in the initial 
imperfection 1p ; when 11p = , then the wave formation 
load is approximately twice smaller than the eigenvalue 
from the solution of the linear homogeneous problem 
for , . , . .k0 0 6733 0 6733

1 1 48521 2 1p m m= = = =b l .
If in Equations (11) and (12) the right-hand sides are 

not equal to zero, then the problem arises of determining 
the coordinates of the limit point ,* *

1 2p p_ i  and the value 
of the maximum load *

1n .

d d1 1 1 1 1
2

2 2
2

1 1n p p p n p- + + =^ h , (27)

d1 2 2 3 1 2 2 2n p p p n p- + =^ h . (28)

From Equation (27) 0!p  is expressed as:

k d

k

1
2

1 3 1

1 2
p

n p
n p

=
- +

. (29)

Substituting the resulting expression into Equation 
(28) gives:

.

d

k d

k d

1

1

1 1 1 1
2

1 3 1
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1 2
2
2

1 1
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n p
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- + +

+
- +

=
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_
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 (30)

As a result, freed from the denominator, to 
determine the coordinates of the equilibrium point 1p , 
(at a fixed value of the load 1n ) one obtains an equation 
of the fourth order with respect to 1p . After some 
transformations, it can be written as:

.

d d d d k

d k d k
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d k
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Figure 2 Bifurcation curve
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and the coefficients of the above equations di (i=1, 2, 3).

; ; ,V d d V d d V d6
1

3
2 1 122 2111 1 3 1 3 11 322 2=- =- =-  (37)

; ;V d V dV d k1 2 22 4 11 222 2 1 3 1 2 2n n=- = =n p p . (38)

In order for a double semi-symmetric bifurcation not 
to be monoclinic, the condition for the positiveness of the 
root expression T was established in [13]:

,T V
V

V
V2

0>
22

11

122

111= -
n

n  or (39)

T
d
d

d d
d d

d
d

d
d

0>
2

3

2 3

1 3

2

3

2

1=
-
-

- = - . (40)

The fulfillment of this condition shows that not 
one, but three new branches of equilibria in the form 
of straight lines pass through the double bifurcation 
point. The wave formation in the plate should be 

expected in the case of identical signs of the ratios 
d
d
2

1

and 
d
d
2

3 . It will occur at the homeoclinic bifurcation 

point (hyperbolic umbilic). If the signs of the ratios 

d
d
2

1  and
d
d
2

3 are different, then the wave formation will 
occur as a result of a local loss of stability of the ribs 
(anticlinic bifurcation point of the elliptical umbilic). 
For this reason, it was indicated above that if all the di 
are negative, then the local buckling corresponds to the 
wave formation in the plate. If d 0<1  (this is always) 
and d d 0>2 3 , then the wave formation would occur in 
the edges of the reinforced plate. According to research 
of Manevich [8], this feature is also valid for multiple 
critical loads.

Note that signs of coefficients of Equations (11) 
and (12) significantly affect the interaction of the 
general deflection with the local wave formation. If 
this deflection was positive (all the d 0<i ), then its 
development provokes the wave formation in the plate, 
since it would receive additional compression.

On the contrary, the ribs in this case will be 
somewhat relieved by tensile stresses. If the total 
deflection is negative , ,d d d0 0 0< > >1 2 3^ h  then, 
on the contrary, the plate will be unloaded and the 
ribs will be loaded with additional compression. This 
would cause the rippling in the ribs. The described 
interaction of the general deflection and the effects of 

The iterative process of one-sided approximation 
to the nearest root of a power-law equation is based on 
local approximation of this equation by a hyperbola or 
an ellipse, depending on the sign of the curvature at 
the tangency point. A sufficient condition for one-sided 
convergence is that all the roots of the polynomial are 
real. The convergence of iterations to the nearest simple 
root of the power equation is asymptotically cubic.

If one moves along the equilibrium curve in 
sufficiently small steps along the load, then jumping 
over the limit point generates a “hanging” extremum 
(Figure 3). This will be indicated by the negative sign of 
the root expression in the denominator in Equation (35).

The solution of t equation (34) of the fourth order gives 
the desired negative root (closest to zero at .0 281n = ) 
equal to .0 218961p =- . The second coordinate of 
the equilibrium point is .0 109862p = , according to 
Equation (29). However, the obtained equilibrium point 
is not the limiting one. Next,  the value of 1n  is 
increased to 0.3. A similar solution, using Equation 
(35), gives the equilibrium coordinates .0 24221p =- , 

.0 13992p = . With the next value, equal to .0 3251n =
, one obtains a negative root expression in the 
denominator in Equation (35), equal to -1.129∙10-5. For 
the slightly smaller values 1n  of 1n , a two-sided 
estimate: . .0 32 0 325< <*1n  is obtained.

The corresponding approximate coordinates of the 
limit point: . , .0 3135 0 1998* *

1 2- -p p- - .
For practical purposes, this is quite sufficient, 

although this result can be refined by subsequent 
calculations. The calculated coordinates of the limiting 
point are close to those shown in Figure 3.3 in the work 
of Manevich [8].

The relationship between the coefficients of 
Equations (11), (12) and the types of the wave formation 
(in the plate or in the ribs) is considered next. Hunt [5], 
investigating the problem of Tvergaard with a double 
critical load of the total deflection and wave formation 
in the plate, established the relationship between the 
derivatives of potential energy:
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Figure 3 “Hanging” extremum
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with the local waveform of the ribs. This deformation 
is possible only if the deflection of a negative sign 
develops. The study of this behavior of the structure is 
reduced to solving the bifurcation problem of stability of 
a compressed T-shaped fragment. To take into account 
the local shape in modeling, the shell-type elements 
were used, which made it possible to consider this 
model as a set of plate-strips and take into account not 
only the membrane deformations of the plate, but the 
transverse deformations of the rib as well. When solving 
the linear stability problem, the calculation of critical 
loads for the first ten eigenforms was obtained. It is 
important to note that the first eight forms correspond 
to local forms of the wave formation, and only the ninth 
- to the form of the plate buckling, like an Eulerian 
rod E . Mpa, .196133 002 0 3n= =^ h . The first form 
has seven half-waves, which coincides with the result 
obtained in [11]. Figure 4 shows the first Eigenform from 
the linear solution.

Calculating the Euler’s critical load, one gets the 
value P N2245803cr = . The result, calculated by the 
formula, gives an overestimated value of the critical load, 
since the scheme for calculating the plate as an Euler 
rack does not take into account the deformation of the 
plate elements of the bar. Research in a geometrically 
nonlinear setting without taking into account the initial 
imperfections 01p =_ i  made it possible to obtain 
a point of unstable bifurcation on the equilibrium curve, 
corresponding to the shape of the wave formation of the 
edge. The deformed equilibrium and equilibrium curve 
are shown in Figures 5 and 6, respectively. The critical 
load value was: P N.1288934 01cr = .

Figure 5 shows that additional compressive stresses 
act in the zones adjacent to the free edge of the rib and 
cause the wave formation bifurcation at loads lower 
than those obtained from the linear calculation. This 
deformed state corresponds to equilibrium at the point 
of unstable bifurcation. The new branch, after passing 
the singular point, is falling and unstable.

In cases of the non-zero values of the initial 
imperfections in the total deflection, to construct the 
bifurcation curve (Figure 7), one sets the amplitudes 
of the initial deflections and calculates the critical 

loads. The results obtained 1
1

n
m
m=c m  are in fairly 

good agreement with the results of the semi-analytical 
solution (Figure 2).

local wave formation is the main feature in behavior of 
a compressed reinforced plate.

When designing reinforced plates, the appropriate 
geometric parameters should be chosen so as to exclude 
the nonlinear interactions between the buckling 
shapes. For this, it is necessary that the critical loads 
of the wave formation are significantly higher than 
the critical loads of the general buckling. This problem 
requires a separate thorough investigation.

3 Numerical analysis of a T-shaped fragment  
of a reinforced plate

Algorithms for calculating the critical loads 
for a reinforced plate, obtaining singular points on 
equilibrium curves were considered earlier and the 
relationship between the signs of the coefficients of 
nonlinear equations and the type of possible wave 
formation was indicated. By limiting the consideration to 
one regular T-shaped fragment, one can draw conclusions 
about the nonlinear behavior of the entire structure 
containing their totality. A deep understanding of the 
stability problem, in which there is a question of the 
interaction of forms, is fully disclosed using the finite 
element modeling and numerical solutions, taking into 
account geometric nonlinearity.

In this part of the work, an analysis of the numerical 
solution using the MSC Software Patran - Nastran 
software package is presented. Finite elements of a shell 
type (3131 elements) are selected. The material was 
considered as absolutely elastic (ʹ=196133.002MPa, µ = 
0.3). Boundary conditions: hinged support along the short 
sides, along the long sides - floating terminations. The 
load is applied centrally. Geometric parameters were 
obtained from the relations of Manevich [8, Ch. III] for 
solving this class of problems h = 0.01 m, b = 0.25 m, t1 
= 0.005 m, b1 = 0.1 m, L = 1.25 m. The results obtained 
are compared to the previously obtained results of the 
semi-analytical solution. The interaction of forms can be 
presented in two ways. The first option is the interaction 
of the general and local forms of plate buckling. It 
manifests itself when the deflection has a positive 
value. This option does not imply the possibility of the 
wave formation in the ribs, but only in the plate. The 
second option is the interaction of the general deflection 

Figure 4 First custom form Figure 5 Deformed equilibrium (at 01p = )
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The amplitudes of the rib deflections from the 
vertical plane are much larger in comparison to the 
similar deviations obtained in the problem without 
initial imperfection.

The load Pcr is maximum in the case when the initial 
imperfection is set in the total deflection . .0 51p =-_ i

To get the limiting point on the equilibrium curve, it is 
necessary to specify imperfections in the local and general 
buckling shape. Setting the amplitudes .0 0051p = m 

By setting the amplitude of the initial deflection 
.0 0051p = m, one finds the critical load of wave formation 

P N.710026 8cr = , and the value .0 4171
1

n
m
m= = , 

which is slightly less than .0 428bif
1n = , obtained from 

the semi-analytical solution. The amount of deflection 
was .0 004271p =- m, while using Equation (26) one 
got .0 0037281p =- m. The equilibrium curve and the 
initial deformed post-bifurcation equilibrium are shown 
in Figures 8 and 9, respectively.

Figure 6 Equilibrium curve (at 01p = )

Figure 7 Bifurcation curve

Figure 8 Deformed equilibrium (at .0 0051p =- m)

Figure 9 Equilibrium curve (at .0 0051p =- m)
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problem of the reinforced plate stability in the case 
of multiple and non-multiple critical loads. The most 
dangerous interaction of shapes is the mutual influence 
of local buckling of rectangular ribs with the shape of the 
general deflection. A detailed solution to this problem 
for the reinforced plates is given in [7]. The reduction 
in bearing capacity reached 60 %. The results of the 
semi-analytical and numerical solution of stability of the 
T-shaped fragment of the plate turned out to be quite 
close. The above equations are suitable for determining 
the coordinates of singular points on the curves of 
equilibrium and critical loads.

and .0 0011p = m, one finds the value of the critical load 
P N.567021 126cr = N, then .0 33*

1n = , which quite well 
coincides with the upper estimate obtained from the 
semi-analytical solution . .0 32 0 325< <*1n_ i . The total 
deflection left: .0 006731p =- m. The deformed balance 
is shown in Figure 10. The equilibrium curve is shown 
in Figure 11.

4 Conclusions

The article considers the solution of the nonlinear 

Figure 10 Deformed equilibrium at the limit point (at .0 0051p = m, .0 0011p = m)

Figure 11 Equilibrium curve (at .0 0051p = m, .0 0011p = m)
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of exhaust gases: when ultrasonic waves appear in 
a quarter-wave resonator, but without generating waves 
[4-6]. The article proves the advantage of cleaning 
exhaust gases using the design proposed in the patent 
[6].

In this research, the ultrasonic waves were generated 
by a generator. In addition, the process of cleaning the 
exhaust gases of a car differs in that the experimental 
muffler uses emitters of ultrasonic waves directed both 
in the transverse and longitudinal directions with 
respect to the exhaust gas flow.

2 Hypothesis and purpose of the research 

The hypothesis is the assumed possibility of 
increasing the hydrodynamic coagulation of exhaust 
gases in the vehicle muffler under the action of ultrasonic 
waves. Coagulation refers to the adhesion and deposition 
of soot particles inside the muffler housing, which makes 
it possible to increase the efficiency of cleaning the 
exhaust gases from motor vehicles.

The aim of the research is to test the hypothesis 
of coagulation of soot particles under the action of 
ultrasonic exposure. To test the hypothesis, experimental 
modeling of the coagulation process was carried out on 
a specially designed stand and the physical essence of 
the process is described.

1 Introduction

One of the causes of air pollution is operation of 
a car engine. One of the main reasons for the excessive 
pollution by exhaust gases of our cities is the extremely 
low quality of automobile fuel. The exhaust gas consists 
of more than 170 harmful components, of which about 
160 are hydrocarbon derivatives, which are the main 
causes of incomplete combustion of a fuel in an engine. 
The presence of harmful substances in the exhaust gases 
is ultimately determined by the type and condition of 
the fuel [1].

An increase in the concentration of exhaust gases 
leads to an increase in diseases of the cardiovascular 
system and lungs. Reducing the harmful emissions of 
exhaust gases from cars is an important task in solving 
the problem of environmental pollution [2].

The muffler is a part of the vehicle’s exhaust system 
and is designed to reduce the noise level of a working 
internal combustion engine, reduce the temperature of 
exhaust gases and reduce the harmful emissions into 
the atmosphere. Reducing the harmful emissions in 
modern mufflers is carried out by installing systems for 
neutralizing and cleaning exhaust gases, operating on 
the methods of liquid, thermal, catalytic neutralization 
and particulate filters. Authors propose an ultrasonic 
method for cleaning the exhaust gases [3].

Currently, there are patents for ultrasonic cleaning 
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coagulate [8].
This process takes place at low vibration frequencies. 

With an increase in the vibration frequency, there is an 
optimal frequency segment at which the particles of 
different sizes have different amplitudes, collide with 
each other and coagulate. This kind of coagulation 
is called orthokinetic. As the frequency increases, 
coagulation becomes hydrodynamic and is carried out 
by friction. This process is described by the Bjerknes 
equations [9].

However, the frequency value is limited by the 
degree of participation of gas particles in oscillations 
and in cases with a standing wave they are related to the 
particle radius r and dynamic viscosity η.

The determining factor for the degree of participation 
of a particle in an oscillation is the quantity [9]:

Z
r f2

h
t

= , (1)

where:
Z  -  the particle magnification factor,
t -  particle density [g/m³], 
r  -  particle radius [m], 
f  -  frequency of gas oscillations under the action of 

ultrasound [kHz],
h  - dynamic viscosity [Pa∙s].

Denoting in Equation (1) the moment of inertia of 
the particle as I r2t= , we get:

Z
If
h= . (2) 

Namely, the participation of a particle in vibrations 
is the greater, the greater its moment of inertia and 
the frequency of ultrasonic vibrations and less with 
increasing viscosity. Equation (2) is further considered 
as a necessary condition for coagulation.

3 The process of the gas particles coagulation 
under the action of ultrasound

Coagulation is accelerated when exposed to 
ultrasound, which has a dispersing effect on emulsions 
and liquid sols and has a coagulating effect on aerosols 
(smoke, fog, dust). This is due to the fact that only 
longitudinal waves causing compression are possible 
in gases. Shear waves cause deformation shears. In 
a longitudinal wave, the particles of the medium oscillate 
about their mean position in the direction parallel to the 
wave propagation [7].

The efficiency of the coagulation process increases 
when a standing wave occurs. Standing waves are 
a special case of interference. In that case, the two 
identical waves propagate in opposite directions. Figure 1 
shows a diagram of the emergence of standing waves [7].

The resulting oscillation (Figure 1) has the same 
wavelength but does not move in space (standing wave) 
through each half of the wave (λ/2), there are no 
oscillations (nodes); the antinode points are located in 
the middle.

The pressure P in a standing wave is proportional 
to the displacement and contains nodes and antinodes. 
In this case, the position of the pressure nodes coincides 
with the position of the antinode nodes and vice versa 
(Figure 2). The pressure amplitude is twice this value 
for a single wave.

For the gas particles of different sizes, a certain 
vibration frequency occurs. At first, the particles follow 
the movement of the gas between the antinodes and 
the nodes, while sticking together and increasing in 
size. After that, the particles increase due to chaotic 
oscillations. The exhaust gas is composed of particles 
of different sizes. Depending on their size and vibration 
frequency, particles can follow sound vibrations and 

Figure 1 Formation of standing waves

Figure 2 Velocity distribution da/dt and pressures P in a standing sound wave
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the coagulation coefficient was calculated.
The diagram of the experimental ultrasonic muffler 

is shown in Figure 4.
The experimental ultrasonic muffler (Figures 4 and 

5) consists of a polypropylene pipe with a diameter of 
110 mm and a length of 3 m. The ultrasonic equipment 
is installed in the muffler housing, consisting of an 
ultrasonic generator - 9, two ultrasonic emitters - 4 and 
a reflector of ultrasonic waves - 15; digital USB microscope 
Mikmed 2.0 - 3 with a magnification ratio of 20 to 200x 
with the possibility of photo and video recording at 
a resolution of 1920 × 1080 pixels; temperature sensor 
- 5 and hygrometer - 6, transmitting information to the 
thermometer-hygrometer - 13; electronic pressure gauge 
- 7; reflector - 15.

4  Experiment

The purpose of the experiment is to obtain 
dependencies that determine the parameters of 
coagulation: the mass of soot, the coagulation coefficient 
and its rate to achieve the set goals, a full-scale 
experiment was carried out on a developed laboratory 
full-size stand (Figures 3, 4 and 5). The exhaust 
gas contains toxins: CO (carbon monoxide) and CH 
(hydrocarbon). During the experiment, at the first 
stage, the degree of purification of the exhaust gas 
from hydrocarbon (CH) and carbon monoxide (CO) was 
determined. At the second stage, the graphs of the 
dependence of the mass of deposited soot on the length 
of the muffler L were established. During the processing, 

Figure 3 Experimental ultrasonic muffler

1- inlet pipe; 2 - the housing of the ultrasonic muffler; 3 - electron microscope MIKMED 2.0; 4 - ultrasonic emitter;  
5 - temperature sensor; 6 - moisture meter; 7 - electronic pressure gauge;  

8 - the area of influence of longitudinal ultrasonic waves; 9 - ultrasonic generator; 10 - pipe coupling;  
11 - outlet branch pipe; 12 - the place of the soot collection; 13 - thermometer-hygrometer; 

14 - the area of influence of the transverse ultrasonic waves; 15 - reflector

Figure 4 Diagram of a universal ultrasonic muffler
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were applied to the exhaust gas in the transverse and 
longitudinal directions. In the sections, the ultrasonic 
intensification of coagulation processes and cleaning 
of exhaust gases took place due to the sedimentation 
of enlarged particles of exhaust gas at the place where 
the soot -12 was collected. The cleaned exhaust gas was 
discharged through the outlet pipe -11.

During the operation of the ultrasonic muffler, 
the readings of the Meta Autotest 01.03 gas analyzer 
connected to the outlet pipe were taken. In addition 
the readings of the manometer, thermo-hygrometer 
were recorded and photos and video were recorded 
inside the ultrasonic muffler using a Mikmed 2.0 
digital microscope, with the possibility of magnification 
from 20 to 200 x, at a maximum resolution of 1920 × 
1080 pixels (photos are not shown due to the lack of 
clear images during the transfer). The gas analyzer 
data indicated the concentration of harmful substances 
(hydrocarbon (CH) and carbon monoxide (CO) contained 
in the exhaust gas. The data are presented in Tables 1, 
2 and in the diagrams in Figures 6 and 7. After each 
test, the numbered paper with settled soot particles was 
carefully removed and weighed again. The net weight 
of the settled soot was determined by subtracting the 
weight of the paper from the weight of the carbon black 
paper. The position of the paper sheets in the ultrasonic 
muffler was used to calculate the settling distance of 
soot particles (Tables 3 - 6).

To determine the qualitative and quantitative 
composition of the exhaust gas mixture, a Meta Autotest 
01.03 gas analyzer was used. An ultrasonic generator 
manufactured by TOCOOL (China) was used. Input 
voltage AC 220 V, with emitter power - 50 W, ultrasonic 
wave generation frequency - 40 kHz. To investigate the 
internal processes of the ultrasonic muffler, a Mikmed 
2.0 USB microscope was installed in the housing, 
designed for quality control and testing of industrial 
objects.

The experimental research was carried out as 
follows:
• tests were carried out without and with turning on 

the ultrasonic equipment for 5 minutes each;
• the lower part of the device along a semicircle was 

lined with five numbered sheets of paper 10 × 10 cm 
in size, with a total length of 50 cm, the mass of 
which was determined before and after testing with 
high-precision jewelry scales “MH-500”;

• the research was carried out at an idle speed of the 
engine crankshaft (1000 rpm) and at 1250 rpm. 
Applied is Volkswagen Passat B3 1991, with engine 
capacity 1800 cc. see, fuel injection - mono-Motronic, 
engine power 90 kW, fuel grade - AI-92 gasoline.
The spent exhaust gas was supplied to the ultrasonic 

muffler through the inlet pipe 1 at a pressure that 
depends on the crankshaft speed. In the muffler, with 
the ultrasonic equipment turned on, the ultrasonic waves 

1- ultrasonic muffler body, 2 - ultrasonic emitter,
3 - digital USB microscope, 4 - reflector

Figure 5 Internal design of an ultrasonic muffler
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a given confidence level, from a specially compiled 
table of the distribution of the Student’s values;

f  -  limiting relative error of the experiment [11]. 
It was found that the number of repeated 

experiments is 3.
At the first stage of the experiment, the validity 

of the hypothesis about the possibility of cleaning the 
exhaust gases by ultrasound in a car muffler was proved. 
Tables 1 and 2 and diagrams (Figures 6 and 7) show the 
concentration of CH and CO in the muffler.

The longitudinal radiator is more efficient than the 
transverse one since the gas pressure from the collector 
and the pressure of sound waves are directed against 
each other, in this regard, the friction of particles 
increases, depending on the difference in velocities ∆ 
V and dynamic viscosity h .

An increase in the number of revolutions increases 
the mass of deposited soot, which explains the difference 
in the diagrams shown in Figures 6 and 7. The bottom 
line is that with an increase in the mass of soot, 
the mass of the exhaust gas increases proportionally 
and the greater the number of engine revolutions. 
The hypothesis about the possibility of reducing the 

5 Experiment design, results and data 
processing

Previously, 5 repeated experiments were carried 
out. The coefficient of variation W is determined:

W
X
v= , (3)

where: 
v  - the standard deviation, 
X  - the arithmetic mean of the results of five 

measurements (experiments).
The coefficient of variation was 0.07.
The minimum permissible value of repeated 

experiments with a confidence level of 90 % and a limiting 
relative experimental error of 9 % was determined [10].

The number of repeated experiments was determined 
from the expression:

.
. . .n

t W
0 09

2 13 0 07 2 66 3s
2 #

.f= = =b bl l , (4)

where:
ts - Student’s coefficient, selected taking into account 

Table 1 Concentration of CH and CO at 1000 rpm

ultrasonic muffler operation CH (ppm) CO (%)

without ultrasound 50 1.2

with ultrasound (1 transverse emitter) 31 1.2

with ultrasound (2 emitters) 29 1.6

with ultrasound (1 longitudinal emitter) 27 1.2

Figure 6 Diagram of the CH and CO content in the exhaust gas at 1000 rpm of a crankshaft 

Table 2 Concentration of CH and CO at 1250 rpm

ultrasonic muffler operation CH (ppm) CO (%)

without ultrasound 27 0.62

with ultrasound (1 transverse emitter) 14 0.76

with ultrasound (2 emitters) 12 0.9
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Figure 7 Diagram of the CH and CO content in the exhaust gas at 1250 rpm of a crankshaft

Table 3 The mass of the settled soot at 1000 rpm without ultrasound

time thermometer 
reading soot mass determination

total time 
(min) minute t (°C) distance (mm) paper 

weight (g)
paper weight 
with soot (g) net weight of settled soot (g)

5

1 10.5 100 0.75 1.00 0.25

2 11.7 200 0.84 1.00 0.16

3 12.3 300 0.84 0.95 0.11

4 18.5 400 0.87 0.92 0.05

5 20.3 500 0.84 0.94 0.10

Table 4 The mass of the settled soot at 1000 rpm with ultrasound (2 emitters)

time thermometer 
reading soot mass determination

total 
time 
(min)

minute t (°C) distance (mm) paper 
weight (g)

paper weight 
with soot (g) net weight of settled soot (g)

5

1 16.1 100 0.74 1.08 0.34

2 18.8 200 0.77 0.98 0.21

3 23.0 300 0.74 0.88 0.14

4 26.3 400 0.75 1.20 0.45

5 29.2 500 0.72 1.10 0.38

Table 5 The mass of the settled soot at 1000 rpm with ultrasound (1 transverse emitter)

time thermometer 
reading soot mass determination

total 
time 
(min)

minute t (°C) distance (mm) paper 
weight (g)

paper weight 
with soot (g) net weight of settled soot (g)

5

1 15.8 100 0.88 1.21 0.33

2 19.3 200 0.88 1.15 0.27

3 25.4 300 0.87 1.07 0.20

4 27.8 400 0.86 1.02 0.16

5 30.7 500 0.88 1.01 0.13
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At the second stage of the experiment, the 
dependence of the settled soot mass on the sedimentation 
length L was investigated. Tables 3 to 11 give examples 
of the experimental results’ recordings.

Tables 3, 4, 5 and 6 show the masses of settled soot 
without ultrasound, with two emitters, transverse and 

toxicity of exhaust gases in the ultrasonic muffler was 
confirmed. Moreover, the most effective cleaning of the 
exhaust gas of the hydrocarbon is when the emitter is 
operating in the longitudinal direction of gas movement 
since in this case the heaviest gas particles immediately 
begin to settle.

Table 6 The mass of the settled soot at 1000 rpm with ultrasound (1 longitudinal emitter)

time thermometer 
reading soot mass determination

total 
time 
(min)

minute t (°C) distance (mm) paper 
weight (g)

paper weight 
with soot (g) net weight of settled soot (g)

5

1 18.6 100 0.78 1.46 0.37

2 20.6 200 0.76 0.95 0.19

3 23.2 300 0.79 0.91 0.12

4 25.3 400 0.80 1.15 0.35

5 27.2 500 0.78 1.04 0.26

Table 7 Comparison of the mass of settled soot at 1000 rpm.

distance (mm) without ultrasound
with ultrasound 

(2 emitters)
with ultrasound 

(1 transverse emitter)
with ultrasound 

(1 longitudinal emitter)

100 0.25 0.34 0.33 0.37

200 0.16 0.21 0.27 0.19

300 0.11 0.14 0.2 0.12

400 0.05 0.45 0.16 0.35

500 0.1 0.38 0.13 0.26

∑ 0.67 1.52 1.09 1.29

Table 8 Mass of settled soot at 1250 rpm without ultrasound

time thermometer 
reading soot mass determination

total 
time 
(min)

minute t (°C) distance (mm) paper 
weight (g)

paper weight 
with soot (g) net weight of settled soot (g)

5

1 23.9 100 0.8 1.50 0.70

2 26.0 200 0.79 1.18 0.39

3 29.2 300 0.76 0.88 0.12

4 31.7 400 0.73 1.35 0.62

5 33.0 500 0.74 1.05 0.31

Table 9 Mass of settled soot at 1250 rpm with ultrasound (2 emitters)

time thermometer 
reading soot mass determination

total time 
(min) minute t (°C) distance (mm) paper 

weight (g)
paper weight 
with soot (g) net weight of settled soot (g)

5

1  26.4 100 0.85 1.92 1.07

2  28.8 200 0.77 1.86 1.09

3  31.5 300 0.76 1.51 0.75

4  33.3 400 0.78 1.62 0.84

5  35.4 500 0.79 1.49 0.70
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According to the tables, the following were 
determined:
• mass of the soot settled during the operation 

without ultrasound m0, this mass corresponds to 
orthokinetic coagulation;

• the total mass of the soot under the action of 
ultrasound mu;

• then the mass without the action of ultrasound 
m0 was subtracted from the total mass mu and the 
mass of the hydrodynamic coagulation soot mg was 
determined [12]:

m m mu s0- = . (5)

Tables 12 and 13 show the size data for orthokinetic 
and hydrodynamic coagulation. The data obtained made 
it possible to quantitatively determine the weight of 
hydrodynamic coagulation.

The coefficient of hydrodynamic coagulation was set 
in relation to the mass of orthokinetic coagulation, since 
the latter always takes place:

K
m

m
g

g

0
= |
|

. (6)

The calculated values of the hydrodynamic 
coagulation coefficient are shown in Table 14.

According to the results of calculations from Table 
14, it follows that hydrodynamic coagulation is the most 
effective under the influence of a longitudinal emitter, 
the maximum results were shown by the installation 
option with 2 emitters, since the intensity of ultrasound 
exposure was 2 times higher.

During the experiment, photo and video recordings 
were made inside the ultrasonic muffler using a Mikmed 

longitudinal emitters at 1000 rpm. Determination of the 
net mass of the settled soot was made by subtracting the 
mass of the paper from the mass of the paper with soot. 
The results are summarized in Table 7. From that table 
follows that the operation of two emitters is the most 
effective and the longitudinal emitter is more conducive 
to large gas coagulation. Thus, the gas purification of 
the CH is the most effective with a longitudinal emitter, 
this is explained by the long path of the particles 
through the muffler and hence the long time of exposure 
to ultrasound. A change in the carbon monoxide (CO) 
reading indicates an increase in concentration due to 
exposure to ultrasonic waves. In this case, the length 
L, at which the CO molecules were to be deposited, is 
insufficient. The volatility of CO is higher than of the 
CH.

Tables 8, 9 and 10 show the gas coagulation data at 
1250 rpm and Table 11 summarizes. Determination of 
the net mass of the settled soot was made by subtracting 
the mass of the paper from the mass of the paper with 
soot.

The conclusions from Table 11 are the same 
as before. However, it was found that the mass of 
coagulation increases significantly (2-2.5 times) with 
an increase in the engine speed. Figures 8 and 9 show 
experimental graphs of the dependence of the settled 
soot mass on the muffler’s length L.

As follows from the graphs, there is a local maximum 
in the soot deposition at a distance of 400 mm from the 
exhaust pipe. This is quantitatively true for the stand, 
but the qualitative relationship will also be true for the 
polypropylene mufflers. Moreover, the highest deposition 
is provided by the two emitters and the longitudinal 
emitter is more efficient than the transverse one.

Table 10 Mass of settled soot at 1250 rpm with ultrasound (1 transverse emitter)

time thermometer 
reading soot mass determination

total time 
(min) minute t (°C) distance (mm) paper 

weight (g)
paper weight 
with soot (g) net weight of settled soot (g)

5

1 24.7 100 0.92 2.28 0.85

2 27.3 200 0.88 1.79 0.91

3 29.4 300 0.86 1.78 0.92

4 33.1 400 0.89 1.87 0.98

5 38.0 500 0.96 1.63 0.67

Table 11 Comparison of the mass of settled soot at 1250 rpm.

distance (mm) without ultrasound with ultrasound (2 emitters)
with ultrasound 

(1 transverse emitter)

100 0.70 1.07 0.85

200 0.39 1.09 0.91

300 0.12 0.75 0.92

400 0.62 0.84 0.98

500 0.31 0.70 0.67

∑ 2.14 4.45 4.33
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Figure 8 Graph of dependence of the settled soot mass on the settling distance at 1000 rpm of the crankshaft

Figure 9 Graph of dependence of the settled soot mass on the settling distance at 1250 rpm of the crankshaft

Table 12 Mass of soot from hydrodynamic coagulation at 1000/1250 rpm under the influence of 2 ultrasonic emitters

determination of the mass of soot

distance
(mm)

the mass of settled soot 
under the action 

ultrasound, mu (g)

mass of settled soot without 
ultrasound (g) 

(action of orthokinetic coagulation), m0

the mass of settled soot from the action 
of hydrodynamic coagulation, mg (g)

100 0.34/1.07 0.25/0.70 0.9/0.37

200 0.21/1.09 0.16/0.39 0.05/0.7

300 0.14/0.75 0.11/0.12 0.03/0.63

400 0.45/0.84 0.05/0.62 0.4/0.22

500 0.38/0.70 0.10/0.31 0.28/0.39

Table 13 Mass of soot from hydrodynamic coagulation at 1000/1250 rpm. under the influence of one transverse ultrasonic 
emitter

determination of the mass of soot

distance
(mm)

the mass of settled soot 
under the action 

ultrasound, mu (g)

mass of settled soot without 
ultrasound (g) 

(action of orthokinetic coagulation), m0

the mass of settled soot from the action 
of hydrodynamic coagulation, mg (g)

100 0.33/0.85 0.25/0.70 0.08/0.15

200 0.27/0.91 0.16/0.39 0.11/0.52

300 0.20/0.92 0.11/0.12 0.09/0.8

400 0.16/0.98 0.05/0.62 0.11/0.36

500 0.13/0.67 0.10/0.31 0.03/0.36
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than twice - at 1000 rpm of the engine crankshaft from 
50 ppm/min to 27 ppm/min and at 1250 rpm from 27 
ppm/min to 12 ppm/min.

The total mass of the settled soot in the experimental 
device under the action of ultrasound exceeds the 
mass of the settled soot without ultrasound by more 
than 1.5 times. Hydrodynamic coagulation is superior 
to the orthokinetic cleaning in terms of efficiency. 
The longitudinal radiator is more efficient than the 
transverse radiator in the process of cleaning the 
exhaust gas from the hydrocarbon, since the coagulation 
takes place at a greater distance. In this experiment, 
the longitudinal emitter showed the maximum result 
for cleaning of the CH and in the process of the soot 
particles settling, a variant of an installation with two 
emitters. This fact indicates the need to use the two 
emitters in one design, longitudinal and transverse.

The article proves the hypothesis of reducing 
the harmful emissions through use of the ultrasonic 
mufflers, the design of which is proposed in the patent 
[6].

The conducted experimental studies are the basis 
for creating an engineering calculation method during 
the development of experimental samples of ultrasonic 
mufflers [13-14].

2.0 digital microscope with the ability to magnify from 
20 to 200x at a maximum resolution of 1920 × 1080 
pixels without ultrasound and with ultrasound. 

6 Conclusions

In order to reduce the transport emissions and 
purify the exhaust gases from vehicles, at minimum 
costs and maximum efficiency of this system, it is 
necessary to use the ultrasonic cleaning of exhaust 
gases, since the ultrasonic effect on aerosols makes it 
possible to enhance the phenomenon of the exhaust gas 
particles coagulation and contributes to their settling 
inside the muffler body in the form of carbon deposits. 
The proposed method of cleaning the exhaust gases, 
which is a result of the experiment, has shown its 
effectiveness and applicability in the field of transport.

The effectiveness of application of ultrasonic action 
on the exhaust gas of motor vehicles was proved in 
the course of the experiment and has a promising 
development in this direction of cleaning the aerosols 
of the harmful impurities by the proposed method. 
According to the results of the experiment, the 
concentration of the hydrocarbon decreased by more 

Table 14 The coefficient of hydrodynamic coagulation

engine speed 
(rpm)

coagulation coefficient value, s-1

under the influence of ultrasound  
(2 emitters)

under the influence of ultrasound  
(1 transverse emitter)

under the influence of 
ultrasound  

(1 longitudinal emitter)

1000/1250 1.27/1.08 0.62/1.26 0.93
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Resume
The paper presents a study of the vertical vibrations of a bogie of a passenger 
vehicle, based on the acceleration of the axles and the bogie frames, measured 
during the running at a constant velocity. To this purpose, the root mean 
square (RMS) acceleration is calculated for more measurement sequences at 
different velocities. In principle, the RMS acceleration increases along with 
the velocity and influence of the variability of the amplitude in the track 
defects upon the dispersion of the values in the RMS acceleration. Based 
on the spectral analysis of the measured acceleration, wheel defects and 
undulatory wear of the rolling surfaces of wheels and rail are highlighted.
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However, the more complex the model, the closer the 
results would be to reality, but it would make it difficult 
to draw general conclusions about the vehicle vibration 
characteristics. Generally, the models for study of 
the railway vehicle vibrations are obtained through 
a simplified representation of the vehicle-track system, 
in which the most important factors that influence the 
vibration behaviour of ae vehicle are taken into account.

Although the numerical simulations are useful 
tools for evaluating the vibration behaviour of the 
railway vehicle from the design phase and then for 
investigations during the exploitation [24-25], a real 
estimate of vehicle vibration behaviour can be made only 
based on the experimental results obtained to circulation 
on a current track or on a test track. The experimental 
tests are expensive and require a high investment of 
time and effort, but the results reflect a real state even 
of the effects of uncontrollable variables that cannot be 
highlighted in a study based on numerical simulations 
[26].

Recent studies, based on the measured data or 
numerical simulations, have shown that the vehicle 
dynamic response is correlated with the track 
irregularities [10, 13, 27-29], which creates the premises 
of developing certain monitoring methods of track 
quality or the vehicle condition [30]. The correlation 
method has been used to highlight the connection 
between the lateral and vertical axle box acceleration 
and differently processed track geometry parameters, 

1 Introduction

While running, the railway vehicle is subjected to 
a permanent vibration regime, with adverse effects on 
the ride quality, ride comfort, integrity of the goods 
and traffic safety [1]. The vibrations of railway vehicles 
are mainly caused by the geometric deviations of the 
track and by irregularities of the rolling surfaces of the 
wheels and rails [2-8]. Due to its construction, the track 
features as a whole, on the one hand, many deviations 
from the ideal geometrical shape and, on the other 
hand, defects of the rolling surfaces of the rails. These 
two above, along with the constructive discontinuities of 
the rail, make up for the major causes of railway vehicle 
vibrations [9-14]. Wheel defects, such as eccentricity, 
oval, polygonal profile, corrugation, flat wheel, flattening 
or defects of rolling surfaces are also causes of railway 
vehicle vibrations [15-19].

The vibrations’ issues of railway vehicles can be 
addressed either theoretically or experimentally. From 
the perspective of a theoretical study, based on the 
results of numerical simulations, the railway vehicle-
track system must be represented by an equivalent 
mechanical model [20-22]. The railway vehicle 
is a complex oscillating system, which has specific 
vibration characteristics [23]. This makes it difficult 
to represent it through a model with a high degree of 
reliability, which accurately integrates all the factors 
that influence the vibration behaviour of a vehicle. 
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2 Measurements of the vertical acceleration  
of a bogie

The measurements were performed during the 
running on a current track, for which the maximum 
traffic velocity is 160 km/h, on a track section in 
alignment and vertical alignment. The vertical 
acceleration of the axles and bogie frames were 
measured for a passenger railway vehicle equipped 
with Minden-Deutz bogies (Figure 1). The maximum 
velocity of the vehicle is 140 km/h.

The measuring chain, used to measure the vertical 
acceleration of the axles and the bogie frames, is 
shown in Figure 2. It includes the components of the 
measurement, acquisition and processing system for 
the vertical acceleration, respectively, four 4514 Brüel & 
Kjær piezoelectric accelerometers and the set consisting 
of the NI cDAQ-9174 chassis for the data acquisition and 
the NI 9234 module for acquisition and synthesising the 
data from accelerometers. The NL-602U GPS receiver 
for monitoring and recording the vehicle velocity is also 
included in the measurement chain.

based on a measurement run on a straight track [10]. 
In addition, the correlation between the high-frequency 
vibrations of the axle box acceleration and the geometry 
of the rail welds has been used to develop an approach 
for the real-time health detection of rail welds [29]. 
The results of the numerical simulations were used 
for an analysis regarding the correlation between the 
dynamic response of a two-axle bogie and the track 
vertical irregularities, based on the Pearson correlation 
coefficient [13].

This paper presents an analysis of the vertical 
vibrations of a bogie in a rail passenger vehicle, based 
on the experimental results obtained by measurements 
done during the running on a current track, on a double-
track section in alignment and vertical alignment. In 
fact, the RMS (root mean square) acceleration is looked 
at, measured in the axle boxes and on the bogie frame 
above the axles, for more measurement sequences at 
a constant velocity. In addition, the spectral analysis of 
the measured acceleration is done, which helps with e 
identification of a series of defects in the wheels and the 
rolling surfaces of the rail and wheels. 

Figure 1 Minden-Deutz bogie

Figure 2 Schematic representation of the measuring chain
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3 Analysis of experimental results

An analysis of the vibrations’ characteristics of the 
axles and the bogie frame, based on the experimental 
results, is presented in this Section.

In Figures 4 and 5 are presented the accelerations, 
recorded on a time sequence at different velocities at 
axle 1 and at the bogie frame above axle 1, respectively. 
The RMS acceleration is also marked on the diagrams. 
In all the cases presented, it is observed that the RMS 

The accelerometers were mounted on a side of the 
bogie as follows: one accelerometer on each axle box and 
one accelerometer on the bogie frame against each axle 
(Figures 2 and 3) [30-31].

Recordings of acceleration were made at a constant 
velocity on a distance of circa 60 km direction of a traffic. 
The duration of a measurement sequence is 20 seconds, 
and the sampling frequency is 2048 Hz. The maximum 
velocity during the measurements was 137 km/h on 
direction 1 and 117 km/h on direction 2. 

Figure 3 Detail of mounting accelerometers on the bogie frame and the axle boxes

Figure 4 Acceleration recorded on a measurement sequence at axle 1 
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The diagrams in Figure 6 show the spectra of the 
acceleration measured at the two axles and on the bogie 
frame for a measurement sequence at a velocity of 137 
km/h, in the frequency range 1 - 200 Hz. The acceleration 

accelerations, measured at the axle is circa twice 
higher than the one measured on the bogie frame. In 
addition, the results highlight the increase of the RMS 
acceleration with velocity.

Figure 5 Acceleration recorded on a measurement sequence 
at the bogie frame above axle 1
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and of the bogie frame for 20 measurement sequences 
at the constant velocity of 137 km/h.  The influence of 
the defects’ variability along the track on the bogies’ 
vibrations is well visible here by having the RMS 
acceleration divided into two intervals. Corresponding to 
the measurement sequences 1-12, the RMS accelerations 
of the axles vary a little, as they are grouped between 1.27 g 
and 1.58 g. For the sequence 14, the RMS accelerations 
of the axles reach a maximum of 2.43 g - in axle 1 and 
2.48 g - in axle 2.  Further on, for the other measurement 
sequences, the RMS acceleration gradually decrease to 
1.69 g - in axle 1 and to 1.72 g - in axle 2.

The RMS acceleration at the bogie frame has the 
same characteristics as the acceleration of the axles. 
Above the axle 1, the RMS acceleration is divided into 
two intervals, with 0.65 g - 0.75 g as a first interval, 
where the accelerations vary a little and another 
interval where the values decrease from 1.05 g to 0.79 g. 
Above the axle 2, the intervals of the RMS acceleration 
are 0.66 g - 0.84 g and 1.13 g - 0.83 g.

As shown earlier (see Figures 4 and 5) and in the 
diagrams in Figures 7 and 8, the RMS acceleration 
of the axles are noticed to be circa twice higher than 
the ones on the bogie frame. This is quite clear in the 
diagrams in Figure 9. Plus, the acceleration measured 
in the two axles is noticed to be unequal. Similarly, the 
acceleration for the bogie frame above the two axles is 
not equal, as well. The diagrams in Figure 10 show that 
the differences between the RMS acceleration of the two 
axles reach 0.17 g at the velocity of 117 km/h, whereas 
this difference for the bogie frame is 0.06 g at the most. 
At 137 km/h, the differences for the axles come to 0.13 g 

spectra measured at the two axles show several peaks 
between 6.2 and 150 Hz, the frequency peak at 6.2 Hz 
corresponding to the resonant frequency of the bogie 
bounce. In this frequency range, several accentuated local 
peaks are observed, which are in arithmetic progression. 
The first peak corresponds to the frequency of 13.15 
Hz and the other peaks have the following frequencies: 
26.25, 39.45, 52.45, 65.85, 78.65, 91.9, 105.3 and 118.1 Hz. 
The first peak is due to y the eccentricity of the wheel, 
the second due to its ovality and the others due to the 
undulatory wear from the third order to the ninth order 
of the rolling surface of the wheel. Another peak occurs at 
17.15 Hz, which corresponds to a wavelength of 2.2 m of 
irregularities of the rolling surface of the rail, signifying 
long-wave rail undulatory wear.

The spectra of the acceleration, measured on 
the bogie frame above the two axles, have a peak 
at frequency of 6.2 Hz, corresponding to the bounce 
frequency of the bogie. At frequencies higher than 10 Hz, 
the dominant peaks of the acceleration spectra are those 
corresponding to the rolling defects of the wheels or the 
undulatory wear of the rails listed above.

Figure 7 shows the RMS acceleration of the axles and 
the bogie frame for 29 measuring sequences at the constant 
velocity of 117 km/h. For axle 1, the RMS acceleration is 
dispersed between 1.12 g and 1.92 g, whereas for axle 2, the 
interval is 1.13 g - 2.04 g. In the case of the bogie frame, 
the RMS acceleration is 0.66 g - 0.92 g - above the axle 1 
and 0.67 g - 0.97 g - above the axle 2. The dispersion of 
the measured acceleration is due to the variability in the 
amplitude of the defects along the track.

Figure 8 features the RMS acceleration of the axles 

Figure 6 Acceleration spectra measured at velocity of 137 km/h: (a) at axle 1; (b) at axle 2;  
(c) on the bogie frame above the axle 1; (d) on the bogie frame above the axle 2
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acceleration for more measurement sequences at two 
constant velocities. The results showed the fact that 
the RMS acceleration are circa twice higher in the 
axles than in the bogie frame. In addition, the RMS 
acceleration has been proven to increase along with 
the velocity.

The analysis of the RMS acceleration for more 
measurement sequences at the same velocity has 
made visible the influence of the track defects on the 

and for the RMS acceleration measured on the bogie 
frame, the value arrives at 0.17 g.

4 Conclusions

In this paper, the vertical vibrations of the 
axles and the bogie frame of a passenger vehicle 
were analysed. The analysis was based on the RMS 

Figure 7 The RMS acceleration at velocity of 117 km/h for 29 measurement sequences: (a) at axle 1;  
(b) at axle 2; (c) on the bogie frame above the axle 1; (d) on the bogie frame above the axle 2

Figure 8 The RMS acceleration at velocity of 137 km/h for 29 measurement sequences: 
(a) at axle 1; (b) at axle 2; (c) on the bogie frame above the axle 1; (d) on the bogie frame above the axle 2



E X P E R I M E N T A L  A N A L Y S I S  O F  V E R T I C A L  V I B R A T I O N S  O F  A  R A I L W A Y  B O G I E  B305

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

Future research may be aimed at analysis of 
correlation between the railway bogie vibrations and 
axles vibrations, based on the measured acceleration. 
The existence of a correlation between the accelerations 
measured on the axle boxes and the accelerations 
measured on the bogie frame may be the basis for 
development of a method for the condition monitoring of 
the vehicle primary suspension.

bogie vibrations.  Due to the variability in the defects 
amplitude along the track, the RMS acceleration are 
not equal at the same velocity, as they are dispersed on 
interval of circa 0.03 g to 0.9 g.

Based on the spectral analysis of the measured 
accelerations, wheel defects were identified, namely, 
eccentricity and ovality and undulatory wear of the 
rolling surfaces of wheels and rail. 

Figure 9 The RMS acceleration: aRMS,w1,2 - RMS acceleration of the axles; aRMS,bw1,2 - RMS acceleration of the bogie  
frame above the axles 1 and 2

Figure 10 The difference between the RMS acceleration: aRMS,w1,2 - RMS acceleration of the axles;  
aRMS,bw1,2 - RMS acceleration of the bogie frame above axles 1 and 2
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Resume
Road transport is the primary source of atmospheric air pollution, thus 
posing a threat to human health and life. The aim of the study was 
to determine the impact of fuel obtained from plants on the ecological 
properties of a compression ignition engine. The article reports the results of 
investigations into a modern engine with a Common Rail system, powered by 
the RME (rapeseed methyl esters) biodiesel and their blends with diesel. For 
comparison, the engine was also fuelled with conventional diesel oil without 
ester addition. When powering the engine with blends and pure biodiesel, 
brake specific fuel consumption increased. The concentrations of nitrogen 
oxides and carbon dioxide in the engine exhaust gas also slightly increased. 
At the same time, a clear reduction in average concentrations of carbon 
monoxide, hydrocarbons and particulates matter was obtained.
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is met mainly by using fossil fuels, which are non-
renewable energy sources. Combustion creates harmful 
compounds and carbon dioxide, which is the basic 
greenhouse gas that contributes to climate change. 
Renewable fuels, obtained from organic matter, can be 
a source of energy that reduces CO2 and other harmful 
components of flue gas released into the atmosphere 
[4-8]. Fatty acid esters are biofuels that can be used in 
a pure form or as an additive to diesel fuel. They have 
similar properties to diesel fuel. They can be obtained 
from various raw materials [9-11]. Esters produced 
from vegetable oils are well recognized [12-17]. Inedible 
plants are currently being sought for ester production 
[18-19]. Such a raw material for obtaining fuels should 
not affect food prices. Research is also being carried 
out on development of new technologies for obtaining 
biofuels, including esters from algae [20-23]. Another 
important raw material for production of esters [24-27] 
may be organic waste from agriculture, the agri-food 
industry and food processing. Using them to produce 
fuels can also be a way to get rid of waste that is difficult 
to manage. For the production of esters, waste cooking 
oil can also be used [28-31]. Uddin et al. produced esters 
from oil from used coffee [32].

The use of esters to power compression ignition 
engines is the subject of numerous studies assessing 
their impact on emission of harmful exhaust components 
and carbon dioxide. Ozcanli et al. studied B100 methyl 
castor oil esters and their blends with diesel fuel: B5, 

1 Introduction

Transport is a large source of harmful effects on 
the environment. It has a significant impact on people’s 
health and lives. The main, noticeable example of the 
impact transport has on the environment are road 
accidents. Transport also causes the introduction of 
various types of chemical compounds and elements 
harmful to human health into the Earth’s atmosphere. 
Their main contributors are the exhaust gases emitted 
by engines used in most means of transport. The road 
transport sector in 2017 was the largest source of total 
NOX emissions and the second largest source of soot, 
CO emissions and an important source of PM2.5 and 
Pb emissions [1]. According to data from the European 
Environment Agency, the road transport in the 
European Union in 2017 was responsible for emissions 
of: 39 % nitrogen oxides, 28 % carbon black, 19 % carbon 
monoxide, 11 % PM2.5 particles, 11 % PM10 particles 
and 8 % non-methane volatile organic compounds. In 
addition, transport in the European Union accounts for 
around 25 % of all the greenhouse gas emissions [2-3]. 
Estimates presented in [1] indicate that in the European 
Union countries, premature deaths related to exposure 
to PM2.5, NO2 and O3, in 2016 amounted to 374000, 
68000 and 14000 respectively. The PM2.5 particles are 
the pollutants with the greatest impact on people’s lives.

Transport is an energy-consuming sector of the 
economy. At present, the demand for energy in transport 
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engine is typically used to power passenger cars. It is 
a construction designed in accordance with the direction 
of development of piston internal combustion engines 
called “downsizing”. The purpose of this study was to 
determine the effect of use of the RME biodiesel and its 
blends with diesel fuel: B20, B40, B60 and B80 on the 
ecological indicators of the tested engine.

2 The tested fuels

The tests were conducted with the engine being 
fed either with rapeseed methyl esters (RME) and with 
commercial diesel oil containing no plant oil esters. The 
rapeseed methyl esters (RME) constitute a renewable 
fuel of plant origin. The RMEs are obtained in the 
process of transesterification of rape oil triglycerides 
with methanol. The requirements imposed on esters 
intended for feeding self-ignition engines are specified 
in standard PN-EN 14214. The second fuel was the 
diesel fuel. It is a mixture of hydrocarbons obtained via 
various petroleum processing routes. The requirements 
for diesel fuel intended for feeding compressed ignition 
engines are specified in standard PN-EN 590. In the 
diesel oil purchased for performing the tests, there were 
no FAME esters. As compared to diesel oil, the RMEs 
are distinguished by higher density and viscosity, higher 
water and solid impurity contents, higher turbidity and 
cold filter blocking temperature, as well as a higher 
oxygen content in the elementary fuel composition, 
among other characteristics. Selected properties of the 
diesel fuel and the RME are presented in Table 1.

3 Experimental setup

Experimental tests were carried out on an engine 
test bed stand built in the Heat Engine Laboratory 
at the Kielce University of Technology. The test stand 

B10, B25 and B50 [33]. The measurements were carried 
out for a three-cylinder, naturally aspirated compression 
ignition engine with direct fuel injection. For pure esters 
and blends of esters and diesel oil, a reduction in CO and 
CO2 concentrations was obtained compared to diesel fuel. 
At the same time, NOx concentrations for B100, B5, B10, 
B25 and B50 were higher than for diesel. Raheman and 
Ghadge carried out tests using mahua oil (B100) methyl 
esters and its blends with diesel fuel B20, B40, B60 
and B80 to supply the CI engine [34]. A single-cylinder 
diesel engine, operating at constant speed under varying 
loads, was used for the tests. The authors showed that 
the increase in the content of esters in the blend with 
diesel fuel resulted in a decrease in CO emissions and 
smoke opacity. The growing share of biodiesel in the 
tested fuels slightly increased the NOx concentrations in 
comparison to the pure diesel oil. Ozener et al. studied 
biodiesel from soybean oil and its blends with diesel 
fuel: B10, B20, B50. The measurements were carried out 
for a single-cylinder, naturally aspirated compression 
ignition engine, operating at different rotational speeds 
of the crankshaft, at maximum load [35]. By supplying 
the engine with biodiesel and its blends, compared to 
diesel, reduced CO, HC and smoke opacity and increased 
CO2 and NOx concentrations. Raman et al. conducted 
tests of rapeseed oil methyl esters and their blends 
with diesel fuel: B25, B50 and B75 and for comparison 
pure diesel oil [12]. The tests were carried out for 
a stationary, single-cylinder diesel engine operating 
at a constant crankshaft rotational speed and variable 
load. They achieved a reduction in HC, CO emissions 
and an increase in NOx and smoke opacity for fuels: B25, 
B50, B75 and B100 compared to DF.

In contrast to the above-presented analyses, the 
studies of RME rapeseed methyl esters and their 
blends with diesel fuel, presented in this work, were 
carried out using a modern compression ignition engine, 
with the Common Rail power supply system and 
electronically controlled electromagnetic injectors. This 

Table 1 Basic physicochemical properties of commercial diesel fuel DF and rapeseed methyl esters RME [36-37]

parameter unit
diesel 
fuel

biodiesel
RME

fatty acid methyl ester (FAME) contents - <0.05 % (V/V) 97.9 % (m/m)

density at a temperature of 15 °C kg/m3 833.4 883.1

kinematics viscosity at a temperature of 40 °C mm2/s 2.596 4.55

cetane number - 51.0 51.3

cloud point °C -10 -6

cold filter plugging point °C -29 -22

ignition point °C 63.5 above 111

sulphur (S) content mg/kg 8.3 6.4

water content mg/kg 84 180

particulate contents mg/kg 7.3 18

10% distillation residue coking residue % (m/m) 0.01 0.21

testing for corrosive action on copper (3 hours at 50 °C) assessment class 1 class 1
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with a Bosch KTS 540. The block diagram of the engine 
test stand on which the tests were performed is shown in 
Figure 1. Basic metrological parameters of the research 
stand are summarised in Table 2. 

The test stand included also a MEXA-1600 DEGR 
combustion gas analyzer and a MEXA-1230PM particulate 
matter analyzer. The MEXA-1600DEGR analyzer is 
designed for the continuous real-time measuring of 
the concentrations of five internal combustion engine 
exhaust gas components, namely: carbon monoxide (CO), 
carbon dioxide (CO2), hydrocarbons (THC), nitrogen 
oxides (NOx) and oxygen (O2). Moreover, this analyzer 
enables the assessment of the exhaust gas recirculation 
rate by the measurement of EGR-CO2. All the 
subassemblies, needed for carrying out measurements, 
such as analyzer modules, a gas sampling and sample 
preparation system, an incorporated industrial-type 
computer and gas and electric connections, are all housed 

consisted of: a Fiat 1.3 MultiJet compression ignition 
engine, an eddy-current brake type EMX - 100/10 000, 
a control cubicle with a control system by AUTOMEX, 
a PC with software to control the test stand during 
the testing and to archive the test results. The fuel 
consumption measurement on the testing stand was 
done by the gravimetric method with an AVL 730 
Dynamic Fuel Consumption fuel dosimeter. The air 
consumption during the testing was measured using 
an FMT500-IG (SENSYFOL iG) air flowmeter. The 
test stand control cubicle consists of: an AMX 202 
brake power panel, an AMX 211 engine-brake assembly 
control module, an AMX212 PMO measuring module to 
measure the most important parameters describing the 
engine operation conditions (the crankshaft rotational 
speed and the torque) and a temperature and pressure 
measurement panel. Furthermore, the test stand was 
equipped with a FSA 740 diagnostic system complete 

Figure 1 A block diagram of the dynamometer test stand

Table 2 Basic metrological parameters of the test stand

measured parameter measuring ranges accuracy measurement resolution

rotational speed 0 - 10000 rpm ≤ 1 rpm 1 rpm

torque 0 - 240 Nm 1 % of full scale 0.001 Nm

fuel consumption 0 - 150 kg/h 0.12 % of measured value 0.001 g/s

air consumption 0 - 2000 kg/h 0.2 % of measured value 0.001 kg/h

Table 3 Metrological parameters of exhaust gas analyzers

measured component
measuring ranges

min/max
repeatability measurement resolution

CO 0-100/3000 ppm ± 1 % of full scale 0.1 ppm

CO2 0-1/16 % ± 1 % of full scale 0.01 %

THC 0-100/20000 ppm ± 1 % of full scale 0.1 ppm

NOx 0-100/5000 ppm ± 1 % of full scale 0.1 ppm

O2 0-10/25 % ± 1 % of full scale 0.01 %

PM 0-300 mg/m3 ± 1 % of full scale 0.01 mg/m3
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was furnished with an exhaust gas recirculation system 
with an exhaust gas cooling capability. The engine under 
investigation is equipped with the Common Rail MJD 
6JF fuel feed system with electromagnetic injectors. The 
fuel injection process is electronically controlled. The feed 
system of the Fiat 1.3 Multijet engine allowed the fuel 
dose injected to the cylinder during one cycle to be divided 
into a maximum of three parts.

4 Research methodology

Engine tests were carried out to determine the 
exhaust gas composition and fuel consumption of the 
FIAT 1.3 Multijet engine, powered successively by 
blends of diesel oil and RME esters with an increasing 
volume of RME in the blends. The tests were conducted 
on the following RME and DF blends: B20, B40, B60 
and B80. In addition, the engine was also powered 
by pure RME esters and, for comparison, diesel fuel 
that contains no esters. The tests were carried out at 
a constant crankshaft rotational speed of 3000 rpm. The 
engine load was changed from the smallest to the largest 
set value. Measurements were taken for the following 
torque values: 10, 20, 40, 60, 80,100, 120, 140, 160 and 
180 Nm. At each measuring point, the results were 
recorded after establishing the speed-load and thermal 
conditions of engine operation. At the same time, the 
hourly fuel consumption, torque, effective power, hourly 
air consumption, excess air coefficient were measured as 
well as concentrations of the basic exhaust components: 
carbon monoxide CO, carbon dioxide CO2, nitrogen 
oxides NOx, total hydrocarbons THC, particulates matter 
PM and oxygen O2. These concentrations were measured 
continuously under established engine operating 
conditions for approximately 60 seconds at a sampling 
rate of ten measurements per second. The quantity of 
the PM particles in exhaust gases was also measured. 
This measurement was also carried out for about 60 

in a single cubicle. The computer software enables 
the control of the analyzer subassemblies, including 
the gas sampling and sample preparation system and 
the calibration gas connection system for performing 
calibrations. Moreover, it performs the collection of 
data and its archiving, editing and transmitting. The 
MEXA-1230PM analyzer is designed for the continuous 
real-time measurements of the particulate matter 
(PM) concentrations in the exhaust gas of compression 
ignition engine. The analyzer enables the separate 
and simultaneous measurement of the two particulate 
matter components: the Soluble Organic Fraction (SOF) 
and the Soot.  It is able to sample exhaust gas either 
directly from the exhaust system or after it has been 
diluted in the measuring tunnel. The measurement of 
the Soot is done by measuring the quantity of electric 
charge transferred by soot particles charged in the 
electric field. The Soluble Organic Fraction (SOF) is 
measured using two FID detectors as the difference of 
their signals for the exhaust gas tested, at temperatures 
of 47 ºC and 191 ºC. Metrological parameters of the 
analysers used in the tests are shown in Table 3. The 
exhaust gases paths of these analysers comply with the 
requirements of ISO-8178.

The Fiat 1.3 MultiJet engine has been designed based 
on an engines development direction, aimed at designing 
engines with smaller geometrical dimensions and smaller 
mass, while maintaining or improving their ecological 
and energy indices. The basic technical specification of 
this engine is given in Table 4. The engine block is cast of 
cast iron and has an aluminium support plate and in-cast 
cast iron main bearing bushes. This provides the required 
rigidity of the engine with limited dimensions. The timing 
gear system uses two distribution shafts. The engine head 
incorporates four valves per cylinder: two inlet valves and 
two exhaust valves. This solution has been adopted to 
increase the cylinder filling ratio. The tested engine was 
equipped with a variable-geometry vane turbocompressor 
and a cooler for air delivered to the cylinders. The engine 

Table 4 Basic technical specification of the FIAT 1.3 Multijet

parameter unit value

cylinder arrangement - in-line

number of cylinders - 4

injection type - direct, multi-stage fuel injection

cylinder operation order - 1 - 3 - 4 - 2

compression ratio, ε - 17.6

cylinder bore, D m 69.6∙10-3

piston stroke, S m 82∙10-3

engine cubic capacity, Vss m3 1.251∙10-3

engine rated power, P kW 66

rotational speed at rated power, nP rpm 4000

maximum engine torque, T Nm 200

maximum torque rotational speed, nT rpm 1750

idling rotational speed rpm 850±20
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The main objective of this study was to determine 
the impact of the increased participation of RME in 
blends with DF and to assess the effect of using the 
pure RME on concentrations of the basic measured 
components in the engine exhaust. Figure 4 compares 
the concentrations of the carbon monoxide in the engine 
exhaust gases when fuelled by: B20, B40, B60, B80, RME 
and DF. For all the blends tested and for biodiesel B100, 
concentrations of CO in the exhaust gases were reduced, 
as compared to diesel. The average CO reduction for 
B20, B40, B60, B80, RME compared to DF was 13.4, 
13.7, 17.1, 21.2 and 27.4 %, respectively. This is the result 
of the oxygen content of the elementary composition of 
biodiesel, which promotes the firing of fuel and oxidation 
of CO to CO2. Many publications indicate CO reductions 
in exhaust gases when using biodiesels obtained from 
various raw materials [39-42]. 

The results of measurements of carbon dioxide 
concentrations in the exhaust gases of engines powered 
by the B20, B40, B60, B80, RME and DF are shown 
in Figure 5. When supplying the engine with blends 
and pure RME biodiesel, an average increase in CO2 
concentrations in the exhaust gas was obtained by about 
2.0 % - 5.7 %. A slight increase in CO2 concentrations 
in exhaust gases may be the result of increased fuel 
consumption and better CO-burning for CO2. Other 
researchers also show an increase in carbon dioxide 
emission using esters to power engines [35, 43-44]. 

The results of various studies presented in the 
literature indicate an increase in nitrogen oxide 
concentrations using different biodiesels to power 
compression ignition engines [45-48]. This article also 

seconds with a sampling rate of one measurement per 
second. Measurements of gaseous exhaust components 
and particulates were taken simultaneously. The results 
of the exhaust gas composition measurements presented 
in the graphs are the averaged values at individual 
measurement points.

5 Results and discussions

The basic indicator, measured during the tests of 
the work of the FIAT 1.3 Multijet engine fuelled with: 
RME, B20, B40, B60, B80 and DF, was its hourly 
fuel consumption FC. The engine was operated at 
a constant crankshaft speed and variable loads. The 
results of these measurements are shown in Figure 2. 
Fuel consumption increased with the increase of the 
RME share in the blends with DF. The highest fuel 
consumption was obtained for the RME. The average 
increase in fuel consumption for B20, B40, B60, B80 and 
RME fuels in relation to DF was: 6.6, 6.8, 8.6, 12.7 and 
13.2 %, respectively. The increase in fuel consumption is 
a result of the lower calorific value of esters containing 
oxygen in their elemental composition. Brake specific 
fuel consumption BSFC was determined by dividing the 
values of hourly consumption by engine’s power. The 
calculated BSFC values for the tested fuels are shown in 
Figure 3. Similar BSFC changes were obtained for B20, 
B40, B60, B80 and RME fuels in relation to DF, as in the 
case of FC. Other researchers also obtained an increase 
in BSFC when engines were run on esters or their 
blends with diesel oil compared to diesel oil [12, 17, 38].

Figure 2 Engine fuel consumpion as a function of its load, 
when fuelled: DF, B20, B40, B60, B80, RME

Figure 3 Brake specific fuel consumption of the engine as 
a function of its load, when fuelled: DF, B20, B40, B60, 

B80, RME

Figure 4 Variation of the CO concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, 

B20, B40, B60, B80, RME

Figure 5 Variation of the CO2 concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, 

B20, B40, B60, B80, RME
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reduction in PM concentrations for B20, B40, B60, B80 
and RME fuels was from 21.1 % to even 84.3 %. Merkisz 
et al. also showed a large reduction in the concentration 
of solid particles in the exhaust gas of a ZS engine with 
a Common Rail supply system fuelled by RME esters 
and blends of B20 and B50 [49]. Lemaire et al. showed 
that the carbon black arising from the combustion of 
diesel oil with the addition of RME esters oxidizes faster 
[50]. The reduction in both THC and PM concentrations 
in the exhaust gas is a result of the higher oxygen 
content and higher temperatures when burning B20, 
B40, B60, B80 and RME fuels. Figure 9 presents the 
results of measurements of the oxygen concentrations 
in the exhaust gases of an engine powered by tested 
fuels. For B20, B40, B60, B80 and RME fuels, average 
O2 concentrations in flue gas were higher about 5.3 % 
to 10.9 %, compared to DF. This is also reflected in the 
measurements of the excess air coefficient, which are 
shown in Figure 10. They are higher for B20, B40, B60, 
B80 and RME fuels compared to diesel.

presents the results of studies that resulted in an 
increase in NOx concentrations when supplying the CI 
engine with common rail power supply system, with RME 
and DF blends and pure RME. The NOx concentrations 
for test fuels are shown in Figure 6. Powering by B20, 
B40, B60, B80 and RME fuels increases average NOx 
concentrations as compared to diesel reaching 11.9, 
7.5, 11.5, 13.1 and 13.4 %, respectively. The increase 
in NOx emissions using esters is a result of the higher 
temperatures when burning them, compared to the 
combustion of diesel fuel.

Figure 7 shows the results of measuring the THC 
concentrations when supplying the engine with tested 
fuels. The average THC reduction for B20, B40, B60, 
B80, RME compared to DF was 10.6, 9.9, 28.1, 26.7 and 
53.8 %, respectively. There was also a clear reduction 
of the PM concentrations in the exhaust gases of the 
engine fuelled with RME and blends of RME and DF. 
Results of the PM measurements for the engine supplied 
with tested fuels are shown in Figure 8. The average 

Figure 6 Variation of the NOx concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, B20, 

B40, B60, B80, RME

Figure 7 Variation of the THC concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, 

B20, B40, B60, B80, RME

Figure 8 Variation of the PM concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, 

B20, B40, B60, B80, RME

Figure 9 Variation of the O2 concentrations in engine 
exhaust gas as a function of its load, when fuelled: DF, 

B20, B40, B60, B80, RME

Figure 10 Values of the excess air ratio λ as a function  
of engine load, when fuelled: DF, B20, B40, B60, B80, RME
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• By powering the engine with fuels: B20, B40, 
B60, B80 and RME, the concentrations of nitrogen 
oxides in the exhaust gas increased in comparison 
to the diesel fuel. The biggest increase was 
obtained when the engine was powered by the RME  
biofuel. 

• For the engine fuelled with B20, B40, B60, B80 
and RME, the hydrocarbon concentrations in the 
exhaust gas are significantly reduced. By powering 
the engine with pure RME esters, this reduction 
was, for the conducted tests, over 50 % on average. 

• The concentrations of particulate matter were 
significantly lower when feeding the engine with 
esters and their blends with diesel fuel. For B80 
and RME fuels, the average PM concentrations 
reductions for the study were over 80 %. 

• When the engine was fuelled with B20, B40, 
B60, B80 and RME fuels, the fuel-air mixture 
composition showed higher excess air ratios than 
those measured for diesel. 

• Oxygen concentrations in the exhaust gas were 
higher when the engine was fuelled by blends of 
RME and DF and pure RME.

6 Conclusions

Based on the research carried out on the FIAT 1.3 
Multijet SDE 90 HP engine, operating at variable loads 
and a constant speed of the crankshaft, fed with RME 
esters and their blends with diesel oil, the following 
conclusions can be drawn: 
• By powering the engine with B20, B40, B60, B80 and 

RME fuels, an increase in hourly fuel consumption 
and brake specific fuel consumption was obtained. 
The increase in RME’s share in DF resulted in an 
increase in FC and BSFC. 

• Carbon monoxide concentrations in the exhaust gas, 
when the engine was fuelled with B20, B40, B60, 
B80 and RME fuels, were lower compared to diesel 
fuel. Along with the increase in the amount of esters 
in the blend with diesel oil, lower concentrations of 
CO were obtained. The lowest CO values were for 
pure biodiesel. 

• Carbon dioxide concentrations were slightly higher 
when fuelling the engine with B20, B40, B60, B80 
and RME fuels. The highest increase was obtained 
for B40 fuel - 5.7%, the smallest for B20 fuel - 2.0%. 
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Resume
Computer simulation seems to be one of the cheapest and relatively fast 
methods of investigating vehicle motion. Thereby, it may be important in the 
case of calculations for the reconstruction of traffic incidents. In particular, 
that may be important to answer the following question: How wheels' normal 
reaction forces differ during the cornering of a vehicle? 
In this article, the authors presented how the normal reaction forces vary 
in the case of roll motion of a vehicle body. Suitable mathematical equations 
are presented. Furthermore, the measurements of the height of the centre of 
gravity were performed, which was necessary to obtain the normal reaction 
forces while vehicle body rolls. The authors decided to apply dimensionless 
coefficients, which represented the properties of a front and rear suspension. 
Additionally, dimensionless parameters were applied to consider the impact 
of asymmetrical distribution of vehicle load on normal reaction forces of 
wheels on a road surface.
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a rollover road incident. The rollover accident is more 
probable for automobiles with high centre of mass. It 
was very interestingly discussed in work [7], where 
the special pressure was put on steering and braking 
system to prevent the rollover. Application of the normal 
forces prediction for the planar model of a vehicle was 
discussed in [8]. The normal forces have the influence 
both on longitudinal and lateral forces between the tyre 
and a road, according to proposed tyres characteristics. 
Of course, it is possible to measure the normal reaction 
forces during the road tests. To perform it, special force 
sensors mounted on a special tyre rim are applied as 
presented in paper [9].

2 Methodology applied in the research

2.1 Position of the centre of mass relative to the 
vehicle’s axis and relative to the longitudinal 
plane 

In general case, position of the vehicle’s centre of 
mass describes its distance from the front and rear 
axles, distance from longitudinal median plane (x0z) and 
height above the ground - Figure 1. Symbol S.M. means 
the centre of mass.

The dimensionless values L1, L2 and H, describing 
the mass distribution in the vehicle were introduced for 
the analyses. It allowed for comparison of suspension’s 
properties of vehicles with different dimensions:

1 Introduction

Automotive safety depends on many factors related 
to a vehicle, driver and space surrounding them. If one 
discusses problems connected with vehicles, one can 
apply different mathematical apparatus to describe 
vehicle’s motion, for example the Lozia’s model [1]. 
Considering surrounding, one usually has different 
weather conditions or different road surfaces being in 
contact with tyres [2]. Considering a driver, one can see 
the analysis of a driver’s behaviour [3].

Knowledge of estimation of the changeability of 
wheels’ normal reaction forces on the road surface 
cannot be skipped in some circumstances. It takes place, 
if one wants to simulate vehicle’s curvilinear motion 
more precisely. Very often it cannot be skipped even 
for the steady-state conditions. To be able to observe 
this issue, one must know some basic parameters of 
a vehicle, for example mass of a vehicle, location of 
the centre of mass, including the height of the centre 
of gravity above road surface. One of traffic incidents, 
for which the changeability of normal reaction forces is 
necessary, is rollover of automobile.

As for the use of vertical response modelling, this 
can be found for example in [4] and [5]. The double-track 
vehicle model is used there, including the roll motion of 
a vehicle’s body, thus influencing normal reaction forces. 
Those forces also depend on suspension properties such 
as stiffness and damping. Next paper [6] shows similar 
approach, but with considering the risk analysis of 
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where: 
indices: F, R - front and rear axle, R, L - right and left 
wheels, respectively,
m [kg] - mass of a vehicle,
Z [N] - vertical forces between the wheels and pavement,
B [-] -wheels track normalized to the wheelbase:

B
l
b
12

= . (8)

BL, BR (optionally) - position of the vehicle’s centre 
of mass relative to the axle normalized to the wheels’ 
track:

,B
b
b
B

b
b

L
L

R
R= = . (9)

If a vehicle moves on a plane, then the relationship 
between deflections (ζ) of a suspension of individual 
wheels (assuming the same wheels track b) of the front 
and rear axle) is satisfied:

FR FL RR RLg g g g- = - , (10)

where:
,FR FLg g  [m] - deflection of the front axle suspension of 

respectively right and left wheel,
,RR RLg g  [m] - deflection of the rear axle suspension of 

respectively right and left wheel.
Normal reaction forces of individual wheels on the 

surface are associated with suspension deflections and 
torsion of both front and rear anti-roll bar (if a vehicle is 
equipped with them):
• respectively front right, front left normal reaction 

force:

Z k
b
M2

, ,FR FL F FR FL
sF$ "

$
g= , (11)

• respectively rear right, rear left normal reaction 
force:

• L1, L2 [-] - position of the vehicle’s centre of mass 
relative to the axle normalized to the wheelbase:

,L
l
l
L

l
l

1
12

1

12
2

2= = , (1)

where: 
l1, l2 - distances of the centre of mass from the front 
and rear axle of the vehicle, measured in longitudinal 
direction, l12 - wheelbase,
- H [-] - location of the vehicle’s centre of mass above the 
ground, normalized to the wheelbase:

H
l
h
12

= , (2)

where: 
h - height, at which the centre of mass is located.

The condition of the vehicle is described by the 
acceleration values in the longitudinal (ax) and lateral 
(ay) directions. Later in the text, they are replaced by 
dimensionless coefficients:
• -braking intensity:

g
a

x
xc = , (3)

where: 
g
s
m
29 C  - gravitational acceleration,

• steer intensity:

g
a

y
y

c = . (4)

Static equations are presented below:

Z Z Z Z m gFR FL RR RL $+ + + = , (5)

Z Z m g L HFR FL x2$ $ $ c+ = +^ h , (6)

Z Z m g B B
H

FR RR L y$ $ $ c+ = +b l , (7)

Figure 1 Location of the centre of mass ZFR, ZFL [N] - front axle vertical reaction forces, respectively under right, left wheel, 
ZRR, ZRL [N] - rear axle vertical reaction forces, respectively under right, left wheel, Q [N] - weight of a vehicle, S.M. - centre 

of mass of a vehicle, bL [m] - distance between the left wheel and centre of mass in the y axis direction, bR [m] - distance 
between the right wheel and centre of mass in the y axis direction, l12 [m] - wheelbase, l1, l2 [m] - distances of the centre of 

mass respectively from the front and rear axle of a vehicle, measured in the direction of x axis, h [m] - height, at which the 
centre of mass is located (in relation to ground), b [m] - wheels track, wheels track b was assumed as equal for the front 

and rear axle
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of individual wheels on the surface.
In the static state, when the vehicle is positioned 

on a horizontal plane, expressions describing the wheel 
loads are as follows:
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$
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+c m , (21)
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where: 
RF,R [-] - parameters describing the suspension:
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K

B
H

,
,
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F R
$= + , (25)

TF,R [-] - parameters describing a vehicle’s asymmetrical 
load distribution:
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0 5,
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$
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If one assumes that γx = 0 and γy = 0, Equations (21) 
- (24) are simplified to the form presented below:
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or equivalent matrix form:
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The object of research was Hyundai Veloster 
(2010). In the expressions describing the wheels loads, 
parameters describing the suspension (RF, RR) and 
parameters describing the load distribution of the 
vehicle (L1, L2, H, TF, TR) appear. The trial measurements 
were carried out in the Institute of Vehicles of Warsaw 
University of Technology to determine these parameters 
for selected vehicle. The position of the centre of mass 
was determined by well-known method - by measuring 
the wheels’ normal loads of a vehicle standing on a plane 
and then once again measuring them after lifting one of 
the axles - Figure 2.

Z k
b
M2

, ,R L R L
s

R R R R R
R$ "

$
g= , (12)

where:

k m
N

F 9 C  - coefficient of vertical stiffness of the left-hand 
or the right-hand side of front suspension,

k m
N

R 9 C  - coefficient of vertical stiffness of the left-hand 
or the right-hand side of rear suspension,
MsF [Nm] - torsional torque of the front axle antiroll bar,
MsR [Nm] - torsional torque of the rear axle antiroll bar.

It can be assumed that the torques resulting from 
functioning of the anti-roll bars (MsF, MsR), which 
increase the angular stiffness of the suspension, are 
proportional to the roll angle φ of the lateral inclination 
of vehicle body, associated with asymmetrical deflection 
of the suspension:
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-
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where: 
ksF, ksR - proportionality constants.

Considering the above relationships from Equations 
(11) and (12), the suspension deflections can be 
determined as:
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where: 
SF,R - supporting variables:

S
b
k2

,
,
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sF sR
2

$
= . (17)

After substituting Equations (15) and (16) into 
Equation (10), the following equation is obtained:

,Z K Z K Z K Z K 0FR R FL R RR F RL F$ $ $ $- - + =  (18)

where: 
KF,R - supporting variables:
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Together with Equations (5)-(7), the system of 
equations is created:
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, (20)

whose solution are the values of normal reaction forces 
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Next, the height of the centre of mass of the vehicle 
was obtained. It was performed in two different ways, 
firstly lifting the front and rear axle.

2.3 Height of the centre of mass relative to the 
pavement 

The location of the centre of mass above the road 
surface (height of the centre of mass) was determined 
by the well-known method [10] through lifting one of the 
vehicle’s axles to a known height and measuring the axle 
load on the surface - see Figure 2.

When the rear axle of the vehicle is raised, the front 
axle is weighed. The location of the centre of mass is 
described by the following formula (applied based on 
[10]):

h
Q tg

Z l Q L
R

1 12 2

$
$ $

a=
-

+ , (32)

As a result of measurements for the unloaded vehicle 
(Hyundai Veloster (2010)), the following properties were 
obtained:

2.2 Vehicle positioned horizontally

If the normal reaction forces are estimated or 
measured separately for each wheel of a vehicle and if 
one also knows the vehicle’s wheelbase l12 = 2.650 m and 
vehicle’s width B = 1.560 m, from the above equation 
the following parameters can be determined: L1, L2 - 
describing the distance of the vehicle’s centre of mass 
and its axle and TF, TR - describing the distance of 
the centre of mass from the vehicle’s symmetry plane 
(asymmetrical load).

For measured normal reaction forces:
ZFR = 3408 N, ZFL = 3817 N, ZRR = 2570 N, ZRL = 2482 N
it was calculated:
L1 = 0.411, L2 = 0.588, TF = -33.3∙10-3, TR = 7.2∙10-3.

a) 

           
b)                                                                                                   c)

Figure 2 Method of measuring the position of the centre of mass above the pavement plane: a - measurement scheme, b - 
measurement of the front axle loads when raised to a height of about 0.9 m, c - measurement of the rear axle loads when 

raised to a height of about 0.6 m
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lifting of the front axle, below are presented the results 
of calculations of the height of the centre of gravity for 
the rear axle lifted.
• lifted rear axle of the vehicle:
w = 0.47 m, Z1 = 7467 N, h = 0.60 m,
w = 0.53 m, Z1 = 7493 N, h = 0.59 m,
w = 0.57 m, Z1 = 7510 N, h = 0.59 m,
w = 0.60 m, Z1 = 7513 N, h = 0.57 m.

The result of measurements is the average of the 
upper presented values and equals as depicted below:
h = 0.58 m.

2.4 Parameters describing the effect of stabilizers 
on wheels’ loads 
The force Fy (see Figure 4) acting on the vehicle 

in the transverse direction, applied at the height Hy, 
creates a torque that corresponds to the lateral inertial 
(centrifugal) force:

F F
h
H

b y
y

$= , (35)

h [m] - the height at which the vehicle’s centre of mass 
is located.

Subsequent measurements were aimed at 
determining the values of parameters RF and RR. For 
this purpose, the vehicle was loaded with lateral force 
applied at known height and wheels’ normal reaction 
forces were measured - Figure 4.

This force, in turn, corresponds to the lateral 
acceleration of the vehicle:

a m
F

Q
F
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b b $= = , (36)

or dimensionless indicator:

g
a

Q
F

h
H

y
y y y

$c = = , (37)

During the measurements, force was applied near 
the connection of the “B” pillar with the roof of the 
vehicle and equalled:
Fy = 245 N,

at the height of its roof:
Hy = 1.4 m.

where: 
Z1 [N] - the sum of the front axle normal reaction forces 
on left and right wheel,
Q [N] - weight of a vehicle,
α [rad] - angle by which the vehicle was lifted:

sin
l
w
12

a= , (33)

l12 = 2.650 m - vehicle’s wheelbase,
R = 0.3 m - vehicle tyre’s radius during tests.

When lifting the front axle of the vehicle, the 
rear axle is weighed and the centre of mass position 
is described by the formula, which is analogous to 
Equation (32):

tan
h

Q
Z l Q l

R
2 12 1

$
$ $

a=
-

+ , (34)

where:
Z2 [N] - the sum of the rear axle normal reaction forces 
on left and right wheel.

Due to the relatively large front ground clearance 
(approach angle α = 17°) in relation to the rear (departure 
angle β = 24°), the height of the rear part of the vehicle 
was limited by the possibility of collision of the front 
bumper with the road surface - see Figure 3.

The results obtained during the tests:
• lifted front axle of the vehicle:

For the height w = 0.70 m, the rear axle normal 
reaction force was measured: 
Z2 = 5393 N.

Angle between the pavement and a vehicle was:

.
. .arcsin arcsin

l
w

m
m

2 650
0 70 0 267

12
a= = = rad.

From obtained values of Z2 and α height of the 
centre of gravity of a vehicle was calculated below.

.
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N m N m m m12277 0 267
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$
$ $

$
$ $
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+ =

- + =

For other values of height w, the following results 
were obtained:
w = 0.80 m, Z2 = 5468 N, h = 0.58 m,
w = 0.90 m, Z2 = 5507 N, h = 0.57 m.

In analogy to the calculations accompanying the 

Figure 3 Approach angle and departure angle of researched vehicle
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the vehicle’s body, while during the laboratory tests - 
a concentrated force was applied at a selected point of 
the body. Applying a force, comparable to that which 
can occur under the normal driving conditions, could 
damage the vehicle body.

2.5 Influence of the passenger’s weight  
on the vehicle’s centre of mass displacement 

Since during the reconstruction of traffic incident 
it makes no sense to analyse the movement of the 
unloaded vehicle, calculations were made to answer how 
loading a vehicle by a driver or a passenger influences 
the wheels’ load. Figure 5 shows the position of the 
driver inside the passenger’s compartment.

If the centre of mass of the unloaded vehicle with 
the mass mP is in the position described with coordinates 
x0, y0, h0, then after loading it with the mass m1 of the 
passenger with the centre of mass in x1, y1, h1 points, the 
centre of mass of the laden vehicle will be at the point 
described by the coordinates:

x m m
m x m x

p

p

1

0 1 1$ $
= +

+
, (43)

m m
m m

y
y y
p

p

1

0 1 1$ $
= +

+
, (44)

m m
m m

h
h h
p

p

1

0 1 1$ $
= +

+
. (45)

The vehicle’s mass during the test was:
mP = 12285 N / 9.81 m/s2 = 1252 kg.

2.5.1 Only a driver inside the vehicle 

Assuming the coordinates describing the location of 
a driver inside a vehicle, it will be:
xK = 1.42 m, yK = 0.36 m, hK = 0.59 m,
placing a driver with mass:
mK = 85 kg

It corresponds to dimensionless coefficient:

.
. .N

N
m
m

12277
245

0 59
1 4 46 6 10y

3$ $c = = - . (38)

From equations describing the wheels loads on 
the surface, in the absence of longitudinal acceleration  
(γx = 0), the parameters RF and RR, describing the effect 
of the stabilizers (front and rear torsion beam) on 
normal reaction forces, can be determined:
• calculated based on normal reaction forces of the 

right wheels:

R
Q
Z L T1

2F
y

FR F2$c= -
+c m , (39)

R
Q
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R RR 1$c= -
+c m , (40)

• calculated based on the load of the left wheels:

R
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Z L T1
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y

F FL 2$c= - -
-c m , (41)

R
Q
Z L T1

2R
y

RRL 1$c= - -
-c m . (42)

After including the data measured during the tests:
ZFR = 3309 N, ZFL = 3919 N, ZRR = 2472 N, ZRL = 2590 N,
it was given:
- based on right wheels normal reaction forces:
RF = -0.168, RR = -0.184,
- based on left wheels normal reaction forces:
RF = -0.166, RR = -0.194.

The difference between the results obtained from 
calculations based on the right and left wheels of the 
vehicle are due to the measurement errors, but because 
they are small (for RF - 0.6%, for RR - 5.0%), the average 
values were used as the test result:
RF = -0.160, RR = -0.189.

The forces that were applied to the vehicle’s 
body during the measurements were relatively small, 
compared to the forces that can act on the vehicle when 
driving along a curvilinear track. When cornering, the 
transverse mass forces act as a result of the inertia of 

            
a)                                                                                                     b)

Figure 4 Determination of the RF and RR parameters
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2.5.3 Driver and passenger on the front seats,  
  two passengers on the rear seats 
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Concluding obtained results, it is worth noting that 
even in the case of a relatively light passenger car, which 

results in displacement of the centre mass of the vehicle 
to new coordinates:
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where: 
y [m] - position relative to the longitudinal axis of the 
vehicle (positive direction - left),
x [m] - position relative to the front axle of the vehicle 
(positive direction - backwards),
h [m] - location relative to the road surface.

Placing the driver inside the vehicle does not 
significantly change the location of the centre of mass. 

.
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2 650
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2.5.2 Driver and passenger on the front seats 
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Figure 5 Position of the driver inside the passenger’s compartment
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pitch or yaw direction, the authors showed the method of 
a vehicle’s research, which allows for obtaining properties 
related to the stiffness of the front and rear axle. 
Mentioned properties of suspension are dimensionless. 
Thus, it is possible to compare the automobiles, which 
differ in dimensions. Similarly, the dimensionless 
parameters were applied for description of asymmetrical 
load of a vehicle, as well. Of course, presented method 
can be applied by automotive experts even if the normal 
forces between the wheels and road are unknown. In this 
case, they should be estimated after an assumption of 
a mass distributed between the front and rear axles and 
additionally between the left-hand and the right-hand 
sides of a car. Another assumption may refer to location 
of passengers inside the passengers’ compartment, which 
was also exemplarily presented in this paper. 

Conducted experiments were performed only for one 
vehicle and to confirm the results, it should be repeated 
for many automobiles.

was tested, with the weight of the driver and passengers 
loaded, in all the cases considered, the centre of mass of 
the loaded vehicle did not move significantly:
• in the longitudinal direction - 0.02 to 0.04 m,
• in the transverse direction - no more than 0.04 m,
• vertically - up to about 0.02 m.

3 Conclusion

Information about distribution of normal reaction 
forces between the left and right wheels may be important 
in the case of vehicle’s motion modelling - development of 
active safety systems, accidents’ reconstruction. Between 
the road surface and a tyre normal reaction forces arise. 
However, the tangential transverse and longitudinal 
forces arise as well, which are transmitted between 
the tyre and pavement, are dependent on these normal 
forces. So, to properly describe a vehicle’s motion in roll, 
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Resume
System requirements in the automotive industry are constantly evolving 
and being improved. Currently, the entire supply chain, related to the 
automotive industry, is subject to the fourth amendment to the technical 
automotive standard - IATF 16949: 2016 Quality management systems - 
Detailed requirements for the use of ISO 9001: 2015 in serial production 
and production of spare parts in the automotive industry. In IATF standard, 
there are advices called reference manuals that provide important guidance 
on the quality system in this industry - one of them is the FMEA manual. 
The new guidelines in this regard, developed jointly by AIAG and VDA, 
entered into force in June 2019. Presentation of the most important changes 
introduced, as well as presentation of a practical example of the conducted 
analysis is the purpose of the article.
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the US automotive industry - Chrysler Corporation, 
Ford Motor Company and General Motors Corporation. 
The emergence of this standard was a response to 
the lack of a standard adapted to requirements of 
the automotive industry. The above-mentioned car 
manufacturers jointly recognized that certified quality 
systems in accordance with requirements of the 
ISO 9000 series of standards allowed too much freedom 
for organizations applying them and there was a need 
to implement a uniform standard that would place 
higher requirements on suppliers and co-operators of 
the automotive industry. (Critics of ISO 9001 claim 
that the standard is too general and therefore useless 
for specific industries. Moreover, its usage may lead to 
abandoning creative thinking, inhibiting this way quality 
development [3-5]. They pointed out, among others, the 
lack of requirements regarding continuous improvement, 
application of problem-solving methods, approval of 
individual stages of project work or strategic quality 
planning. Votes of criticism in the abovementioned areas 
have been appearing consistently for years, regardless 
of any subsequent amendment to the standard.) Such 
behaviour of the automotive market leaders, ultimately 
responsible for product quality, was focused on providing 
supply facilities of the expected quality and was aimed 
at minimizing the nuisance of multiple assessments 
of current and potential suppliers and consequently 
meeting the expectations of the final customer [6-9].

The QS 9000 standard developed into ISO TS 16949 

1  Introduction

System quality management according to used 
standards has been used in organizations for over 30 
years. During that time, those standards, primarily 
ISO 9000 series standards, have gained tremendous 
popularity and have also standardized business 
language around the world. In Poland, interest in 
certification of management systems appeared in the 
1990s and is constantly popular. The popularity of 
certification for compliance with requirements of the 
ISO 9001 standard has become particularly important 
after Poland’s accession to the European Union [1-2]. 
The first norm related to quality was developed in 1986 
by International Organization for Standardisation (ISO) 
- it was the ISO 8402 norm Quality. Terminology. Over 
the years, standardized requirements in quality areas 
have evolved and in 2015 we saw the fourth revision of 
the ISO 9001 standard.

Quality management plays a special role in 
production management processes in the automotive 
industry. In this innovative industry, quality standards, 
based on the ISO 9000 series standards, are used. 
The best-known quality management standard in the 
automotive industry is QS, which is based on the 
now outdated ISO 9001: 1994 standard, extended by 
additional industry requirements, 9000 (Quality System 
Requirements). This standard was created in 1994 
on the initiative of the so-called The Big Three of 
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in December 2006, the related manuals are constantly 
updated and recalled by many car manufacturers and 
certification body auditors as manuals with guidelines 
for meeting the IATF 16949 requirements.

As a part of the QS 9000 standard and today 
IATF 16949, a manufacturer can use the following 
manuals:
• APQP - Advanced Product Quality Planning and 

Control Plan.
• PPAP - Production Part Approval Process.
• SPC - Statistical Process Control.
• MSA - Measurement System Assessment.
• FMEA - Failure Mode and Effects Analysis.
• QSA - Quality System Assessment.

The present elaboration refers to analysing the 
changes in the area of the requirements included in 
the reference manuals. Two reference manuals have 
been analysed for this purpose - the manuals according 
to AIAG (Automotive Industry Action Group) and 
VDA (from German: Verband der Automobilindustrie) 
requirements, as well as their integration in form of 
a common, first edition of the FMEA manual [12].

The second edition of ISO / TS 16949: 2002 was 
developed in 2002 in cooperation of three organizations:
• ISO - International Organization for Standardization.
• IATF - International Automotive Task Force.
• JAMA - Japan Automobile Manufacturers 

Association.
Technical specifications in the automotive industry, 

just like the ISO 9000 series standards, are constantly 
evolving (Figure 1). Currently, the entire supply chain 
related to the automotive industry (not only suppliers, 
but also sub-suppliers, even when only a small part 
of their production is intended for the automotive 
industry) is obliged to apply the fourth amendment to 
the technical automotive standard IATF 16949 from 
2016 - IATF 16949: 2016 Quality management systems 
- Detailed requirements for the use of ISO 9001: 2015 
in series production and the production of spare parts 
in the automotive industry. Until today, it is the basic, 
though voluntary, standard in the automotive industry.

The reason for its issue was issuing the new 
ISO 9001: 2015 standards, which are the system basis 
for this technical specification. IATF 16949: 2016 is an 
automotive standard that is based on the structure 

standard; the design of the standard was approved in 
1999. This standard contains a set of requirements 
that includes, in addition to the requirements of 
the previously mentioned Big Three (QS 9000), the 
requirements of the quality systems of the Italian, 
French and German automotive industry, as well [4], 
which were born in the process of evolution of quality 
improvement programs. The most popular of them, 
which are the sources of today’s technical specification 
IATF 16949, are the following:
• QS 9000 - quality systems requirements of the Big 

Three of the American car industry (Quality System 
Requirements, Third Edition, March 1998).

• AVSQ’94 ANFIA - quality systems requirements 
of the Italian car industry (Valutazione Sistemi 
Qualita, Edizione 3, Febbraio 1995 + Addendum QS 
9000 all’ AVSQ, Edizione Marzo 1997).

• EAQF 94 - quality systems requirements of 
the French car industry (Evaluation Qualite 
Fournisseur, 1994 Edition plus QS 9000 Appendix 
to EAQF March 1997 Edition).

• VDA 6.1 - quality systems requirements of the 
German car industry (Qualitatsmanagement in 
der Automobilindustrie - QM - Systemaudit 4. 
vollstandig uberarbeitete Auflage 1998).
The above-mentioned standards, i. e. EAQF (France), 

VDA 6.1 (Germany), AVSQ (Italy), are recognized in 
the automotive market, although their universality 
is disproportionate to the QS 9000 (USA) standard 
(VDA 6.1 standard is also a commonly used norm for 
quality management, particularly in Europe, including 
Poland). However, a smaller number of certifications in 
the field of these systems or a smaller number of OEMs 
(Original Equipment Manufacturers) who put these 
systems as the required basis for management systems, 
in no way diminish the role, they played in the process 
of qualifying suppliers or shaping the IATF 16949 global 
standard [10-11].

It may seem that the QS 9000 standard is only 
slightly different from the ISO 9001 standard. However, 
this is not the case, also because in its content, QS 9000 
repeatedly refers to the so-called manuals. Knowledge 
of these manuals is key in this standard and there is 
a need to include this information in the quality system. 
Although the QS 9000 standard ceased to be required 

Figure 1 Evolution of the ISO 9000 series standards and quality systems in the automotive industry, based on [13]
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However, compliance with restrictive requirements 
resulting from the IATF 16949 standard is often not 
sufficient for entrepreneurs in the logistics chain of the 
automotive industry. It is worth noting that organization-
specific sets of requirements (CSR - Customer Specific 
Requirements) have emerged that extend the standard 
requirements. Due to the multitude of individual 
customer requirements, the set of the requirements 
placed on automotive suppliers is not limited (A part 
of the CSR requirements is described in the so- called 
Manuals - briefly mentioned in the introduction to this 
paper). The main requirements of the CSR include the 
FMEA analysis presented later in the article. 

2  FMEA in the automotive industry

FMEA is a commonly applied, obligatory method in 
the automotive industry, therefore a unified approach 
to conducting this analysis seems necessary, but - as 
practice shows - this approach differs in different 
organizations and is usually carried out according with 
the CSR requirements. 

Historically, the FMEA (Failure Mode, Effects and 
Criticality Analysis) method was born in the 1950s 
for the needs of the arms industry and received the 
greatest publicity when NASA used it in the Apollo 
space program. The next milestone in development 
of this approach was the first application of FMEA 
(Nowadays FMEA is used as an equivalent to FMECA. 
Both, Mode and Effects Analysis (FMEA) and Failure 

and requirements of ISO 9001: 2015, supplemented 
with specific technical issues specific to the automotive 
industry (mainly obligatory system documentation, i. e. 
procedures, instructions and records and requirements 
in the field of statistical process control or risk analyses). 

Summarizing, IATF 16949 can be described as 
a compromise among car manufacturers. Therefore, 
it does not take into account all the requirements of 
each manufacturer, but only emphasizes the fulfilment 
of individual customer requirements. That is why 
a customer and his requirements determine the shape 
of the quality management system implemented in 
the company. This applies, for example, to the need 
or lack of need to use QS 9000 standard manuals. 
A simplified model of requirements for today’s car 
manufacturers is shown in Figure 2.

The IATF 16949 standard has gained international 
significance - primarily due to its dynamically growing 
coverage, involving suppliers around the world. Currently, 
more than twenty years after the technical specification 
was introduced for the first time on the automotive market, 
it is widely recognized and absolutely required in North 
America and is increasingly common in Europe, South 
America, Australia and Asia. It should also be remembered 
that the group of enterprises that have implemented and 
require the IATF 16949 standard from their suppliers 
is growing. It is also significant that a company that 
builds the quality system according to IATF 16949 must 
require its subcontractors to meet the requirements of this 
standard, which, in turn, significantly expands the circle 
of companies interested in it. 

Figure 2 A model of current requirements towards car manufacturers
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Handbuch manual published jointly by AIAG & VDA 
in June 2019. The manual is a result of three years of 
cooperation between the OEMs and first-order suppliers 
belonging to AIAG and VDA and it replaces the AIAG 
FMEA edition 4, as well as VDA volume 4 FMEA 
Product and process manuals [16]. 

Discussing the detailed differences between 
standards is not within the scope of this study and will 
not be cited because of its extensiveness. Later in the 
paper, only the new FMEA procedure and a practical 
application of the approach are presented. The main 
purpose is to present a way of the risk assessment in 
accordance with the new demands and comparing it to 
results of the traditionally conducted FMEA, which were 
based on assessing the RPN.

3 The FMEA procedure according to coherent 
AIAG&VDA requirements 

The new AIAG&VDA FMEA method is described in 
7 steps, which are elaborated in detail and presented on 
examples in Section 4 of the present paper. The steps in 
order are the following:
• Step 1 - Planning and preparation
• Step 2 - Structure analysis
• Step 3 - Functional analysis
• Step 4 - Failure analysis
• Step 5 - Risk analysis
• Step 6 - Optimization
• Step 7 - Documenting results.

Irrespective of the fact whether the FMEA relates 
to the product (DFMEA - design FMEA) or a process 
(PFMEA - process FMEA,) the procedure is realized 
in analogical steps - the first 3 steps relate to system 
analysis, the following 3 steps are connected with failure 
analysis and limiting risk and the step number 7 is 
communicating the risk in an organization [12]. The 
main difference regarding the conducted analyses is the 
difference in the elements analysed during the method 
application - DFMEA analyses the features, functions 
and product requirements and in the case of PFMEA the 
analysis relates to operations included in the process. 

Modes, Effects and Criticality Analysis (FMECA) are 
methodologies designed to identify potential failure 
modes for a product or process, to assess the risk 
associated with those failure modes, to rank the issues 
in terms of importance and to identify and carry out 
corrective actions to address the most serious problems 
in the automotive industry by the Ford Motor Company 
(after the so-called Pinto scandal) and the analysis 
included meeting the requirements in terms of the car 
safety and compliance with legal requirements [14-
16]. The FMEA became an obligatory analysis in the 
automotive industry only in 1994 (reference manual 
QS 9000). In addition, the first automotive standard 
(ISO / TS 16949 from 1999) maintained the obligation 
to conduct the FMEA analyses. Further on, the FMEA 
approach has had two important elaborations - from the 
VDA standard and the AIAG standard (Figure 3). 

Since then, the AIAG has developed its requirements 
dedicated to automotive manufacturers in the United 
States (the last revision was the fourth edition of the 
2008 manual) and VDA issued the VDA 4 standard, 
which showed a risk analysis from the point of view of 
the German car market (latest edition - second amended, 
updated in June 2012). The consequence of this was 
often the need to use a different approach to FMEA 
analysis in one organization, when it implemented 
projects for companies requiring opposite approaches 
(e. g. for Ford and VW - each of these clients expected 
to document the analysis in accordance with their 
requirements; Ford according to AIAG FMEA, whereas 
VW according to VDA 4), which led to chaos. Currently, 
a new standard has been released for conducting the 
FMEA analysis, which was based on a consensus 
regarding different expectations of AIAG and VDA as 
to the shape of FMEA. The changes in the manual can 
be considered revolutionary - for example, in relation to 
the resignation from the RPN (Risk Priority Number) 
indicator, however, looking from a wider perspective 
it can be safely stated that the guidelines of the new 
manual follow good practices in running the FMEA in 
organizations. A detailed description of differences and 
their summary in relation to both the AIAG and VDA 
requirements, can be found in Annex F of the FMEA 

Figure 3 Evolution of the approach to FMEA
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AP, similarly, to RPN, is a combination of assessments 
related to the non-compliance significance, occurrence 
and detectability, however, the detail of the assessment 
proposed in the tables developed in the new manual 
significantly reduces the subjectivity of the expert 
assessment, which considerably affects improvement 
activities in the organization.

In production practice, the input document is the 
DFMEA and only then, on its basis, the PFMEA is 
created (according to Figure 4). Since October 2013, the 
FMEA rank has increased due to an update of Rules 
for achieving and maintaining IATF recognition [17]. 
The amendment introduced a point about connections 
between the Control Plans and FMEA and effective 
implementation of the changes introduced in the above 
documents - changes in FMEA should be reflected in 
Control Plans (Figure 4). Adding requirements in the 

Accordingly, the FMEA sheets for design and process 
will be different. In the first case, the resulting sheet will 
be a combination of all the FMEA sheets for individual 
functions specified for the product, whereas in the 
second case it will include the FMEA sheets for all the 
operations of the analysed process.

Important changes in the new approach to FMEA 
concern step 5, where the commonly known RPN (Risk 
Priority Number) was replaced by AP (Action Priority). 
According to the guidelines, the AP is estimated on 
three levels: AP H - a high priority, AP M - medium 
priority, AP L - low priority of action; however, actions 
must be performed only in the case of AP H. Action 
priority was developed during the preparation of the 
new AIAG manual and presented in form of tables 
from which it is possible to read the action priority 
for risk reduction both for DFMEA and PFMEA. The 

Figure 4 Connections of DFMEA, PFMEA and other documents in an organization

Figure 5 Cooperation in creating FMEA in supply chain in the automotive industry  
(TIER - direct supplier for OEM, TIER 2 - second supplier in the logistics chain, etc.
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compliances associated with product manufacture, 
as well as the consequences of those defects. In the 
production practice, PFMEA is, however, conducted 
at cyclical intervals and constitutes the so-called Live 
document - during the course of the project, in which 
information on internal and external complaints, 
information from customers, information on process 
changes is supplemented. The FMEA sheet presents 
how the project is evaluated and constitutes a company’s 
knowledge base. 

The research was carried out at an automotive 
industry enterprise on the passenger car assembly 
line and concerned the workstation at which a car 
spoiler is mounted. The process of installing the spoiler 
at this workstation includes three basic variants - 
installing the spoiler in the classic, city and sport 
versions. Models that are not equipped with a spoiler 
are also produced. In production practice, individual 
parts, listed in workstation instructions, are provided 
in a coded version, enabling for their unambiguous 
identification (RFID codes). Figure 6 shows a fragment 
of the instruction for the analysed workstation. The 
document specifies a proper conduct of the installer at 
this workstation related to installing the license plate 
base and the spoiler.

All steps of the PFMEA analysis were carried out 
respectively.

1st Step - Planning and preparation.
At this stage, the project was identified, including 

its boundaries. According to the 5T method, the goal 
(Target) and project schedule (Timing) were developed, 
a team was appointed (Team), the tasks were distributed 
(Tasks) and quality management tools were selected to 
be applied in the project (Tools).

PFMEA was conducted for an existing process of 
spoiler mounting on workstation 9.8. In determining 

area of risk management to Rules for achieving and 
maintaining the IATF recognition is consistent with 
one of the basic principles of quality management - 
continuous improvement.

It should also be remembered that FMEA analyses 
are carried out at various levels in the supply chain 
in the automotive industry. First of all, from the OEM 
level, and from the point of view of different suppliers, 
as well. Until recently (before the introduction of the 
new approach to FMEA), multi-level assessment (from 
the point of view of the final, external and internal 
customer at every stage of this chain) were only good 
manufacturing practice. At present, they are already 
included in the new FMEA procedure and require close 
cooperation between organizations in the supply chain 
(Figure 5).

4 PFMEA for the assembly process of a spoiler 
in a passenger car - problem statement and 
a fragment of analysis

The process FMEA is aimed at analysing potential 
(or real) failures in the processes of production, 
assembly, logistics, etc. so as to manufacture products 
in accordance with the design intentions and meeting 
all the requirements of interested parties. The failures 
analysed in PFMEA are different from those analysed 
in DFMEA. By means of the FMEA, processes occurring 
in an enterprise are analysed taking into account 
(potential or actual) non-conformities that may arise due 
to process variability. Thanks to the PFMEA analyses, 
it is possible to prioritize preventive (corrective) actions 
and - if necessary - to improve control activities in an 
enterprise. 

The process FMEA is carried out mainly before 
production starts, to prevent the occurrence of non-

Figure 6 A fragment of the workstation instruction related to operations conducted at workstation 9.8.,  
source: authors on the basis of materials from production practice
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from the DFMEA. Safety characteristics appear in the 
spoiler assembly process, so, in order to ensure that 
these characteristics are achieved through the process, 
they should be monitored. A fitter uses a template 
to measure the size of the gap after installing the 
spoiler. The durability of the connection is also verified 
(assessment of the supply of double-sided tape used in 
the process), as well as the tightening of the bolts fixing 
the spoiler (torque read by the IT system connected to 
the screwdriver).

4th Step - Failure analysis.
The main goal of this stage is to develop a failure 

chain by the team, i. e. the relationship between:
• A failure that occurred in the analysed element - 

determination of the FM (Failure Mode) in the sheet 
FMEA.

• The reason for this failure - FC (Failure Cause) 
designation in the FMEA sheet.

• The result of this failure - FE (Failure Effect) 
designation in the FMEA sheet.

Figure 8 shows a fragment of the team’s work 
during step 4. 

The most important guidelines that the team 
followed when analysing failures were:
• For FM - each fault was analysed separately, 

the possibility of detecting the fault during the 
inspections/tests was analysed.

• For FC - the causes of failures were analysed 
from the two levels perspective: the direct cause 
of the fault and the source fault, the reasons 
were considered in categories 4M + 2 M using the 
Ishikawa diagram.

• For FE - the failures’ results were analysed from the 
perspective of the internal and external customer 
(i. e. the user of the product), including the legal 
consequences. 

5th Step - Risk assessment and analysis.
Step 5 is a basis for the process optimization. In the 

first stage, the team measures which preventive controls 

the scope of the analysis, the team takes into account 
previous PFMEAs that have already been performed. 
It also takes into account the DFMEAs that have been 
received from suppliers. The requirements of all the 
interested parties were considered, with particular 
emphasis on legal requirements. At this point, it is 
worth noting that mounting a spoiler does not affect 
operation safety of the vehicle or pose a threat to the 
driver or passengers of the car, but it is a threat to other 
road users. That is why the assembly at this workstation 
is provided with safety characteristics (SC).

2nd Step - Structure analysis.
In this step, the team developed a process structure 

analysis using a structure tree. The new release of 
PFMEA also allows process diagram analysis in this 
step. Due to the documentation used in the company, 
the team could use ready-made flow diagrams (spoiler 
assembly process, workstation 9.8, activities 9.8.1-
9.8.24); however, this solution is only seemingly easier. 
As production practice shows, the analyses carried 
out on defect trees effectively limit the possibility of 
overlooking a failure in the process [16, 18-19]. By 
using the structure tree analysis, the team organized 
the hierarchy of system components and illustrated 
relationships by means of structural connections. 
Thanks to such activities it was possible to understand 
the relationship between process elements, operations 
and process work elements (Figure 7).

The analysis presented in Figure 7 was carried 
out for all the operations related to this process and 
concerned all the elements of this process, which 
constitute the lowest level in this flow. The categories 
included by the team are not only standard 4M (man, 
machine, material, environment). In addition, when 
analysing work process elements, the team included two 
additional categories (method, measurement). 

3rd Step - Functional analysis.
At this stage, the key is to link the requirements or 

process characteristics with the functions. The team did 
not identify characteristics other than those resulting 

Figure 7 A fragment of a structure tree for the analysed process
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its impact on its own production facility but looked at 
the problem from a wider perspective. Analysing the 
impact of this incompatibility on the final user, S = 10 
and thus reaches the maximum in the analysed method. 
The manual describes failure significance determined 
at level 10 as follows: “the failure affects the safety 
of ae vehicle and/or other vehicles, the health of the 
driver and /or passengers or other road users, including 
pedestrians”. 

The other two criteria were assessed similarly. 
When assessing the occurrence (O), the following were 
taken into account: the type of control in the process 
(behavioural or technical - according to the manual), 
preventive control (preventive control partially effective 
in preventing the failure causes), the level of incidents 
per 1000 vehicles was rated as 1 / 500. Hence, reading 
from the Table 1, O = 6, which is high. In assessing 
detection (D), the team considered two areas: the 
maturity of the detection method (the control method 
has not been confirmed as effective and reliable) and the 
detection capability (human or manual control); hence D 
was estimated at level 8. 

(PC) and detecting controls (DC) are currently used in 
the process. For the presented example, for the needs 
of the article, the team identified: template-dependent 
spoiler position (PC), workstation instruction (PC), 
visual control (DC), control at the end of the analysed 
line section (DC) and random control (DC). 

At a later stage, the team analysed independent 
risk factors for all the failure chains identified in step 
4. As in previous approaches to FMEA, three criteria 
were considered: significance of the failure effect (S), 
occurrence of the failure cause (O) and detectability 
the failure or its cause (D). During the risk assessment, 
ready-made, very precisely prepared lists, indicating 
the level of all the criteria, were used. For example, by 
analysing the failure chain shown in Figure 8, according 
to the AIAG + VDA manual, the criterion significance 
was assessed at a moderate level (S = 8), because the 
manual determines the impact at level 8 when for an 
internal customer “a failure can cause deviations in 
the primary process, deterioration in the speed of the 
production line, a need to hire extra workforce.” The 
team considered this failure not only in the context of 

Figure 8 An exemplary failure chain

Table 1 Risk assessment - AP activities prioritization according to guidelines from the new AIAG and VDA manuals 
(excerpt); AP assessment for the analysed case in bold in the table, based on [12]

AP activities prioritization

significance S occurrence O detection D AP

very high effect 9-10

very high 8-10

very low - low 7-10 H

moderate 5-6 H

high 2-4 H

very high 1 H

high 6-7

very low - low 7-10 H

moderate 5-6 H

high 2-4 H

very high 1 H

moderate 4-5

very low - low 7-10 H

moderate 5-6 H

high 2-4 H

very high 1 M

low 2-3

very low - low 7-10 H

moderate 5-6 M

high 2-4 L

very high 1 L

very low 1 very high - very low 1-10 L
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approaches to the risk assessment in the automotive 
industry (Figure 9).

The initial indications for the FMEA analyses 
clearly informed the organization about the level of 
risk that should be accepted by it (RPN range 1 - 100, 
first column in Figure 9). Above this level, the risk 
associated with the analysed process, design, structure 
was unacceptable and it was absolutely necessary 
to take actions aimed at minimizing this risk. The 
next stage (column 2 in Figure 9) took into account 
the individual risk appetite of the organization. Each 
enterprise established its own, acceptable risk level 
above which it took corrective or preventive actions. 
The last stage of the risk analyses based on the FMEA 
method with the use of RPN (column 3 in Figure 9) took 
into account not only the individual approach to the 
acceptable risk level, but the organizational context, as 
well. In this situation, the risk area appeared, which was 
conditionally acceptable for the organization (depending 
on the favourable or not influences of the environment, 
as well as the analysis of the organization’s own 
capabilities).

In the company presented in the study, the FMEA 
evolved in accordance with the presented diagram. In 
the final phase of the analyses carried out with use of 
the RPN, the following values were established for the 
measures: RPN at the level of 1 - 80 was an acceptable 
risk, up to 300 - conditionally acceptable risk and above 
300 - unacceptable risk.

When assessing the risk associated with the process 
(presented and analysed in Section 4 of this study), 
according to the new and the old approach (in the old 
approach for O and D, the same results were obtained):
• Assessment of occurrence (O) included: type of 

control in the process (behavioural or technical 
- according to the manual), preventive controls 
(preventive controls partially effective in preventing 
the causes of error), the level of incidents was 
assessed as 1 / 500. Therefore - reading from the 
table, O = 6 that is moderate.

• Detection (D) was assessed - the team looked at two 

For the analysed failure chain S = 10, O = 6, D = 8. 
Based on that estimation, the team was able to proceed 
to prioritising AP activities and determined the highest 
priority for review and action (H), according to Table 1.

At this stage, the first part of the PFMEA form is 
also created. The fragment described in the article is 
presented in Table 2.

6th Step - Optimization
The main purpose of this stage was to identify 

the actions necessary to reduce the risk, including 
determining the scope of responsibility, deadlines for 
introducing actions and assessing their effectiveness, 
as well as re-assessing the risk after the actions are 
introduced. In both cases presented in the article, AP 
was estimated at a high level (priority H). In such 
a situation, taking action is obligatory. If the AP is 
estimated at level M or L, the FMEA only recommends 
taking action. 

In this step, the team decided to take corrective 
actions. As the root cause of the problem, an unprotected 
computer program was identified that verified the torque 
at which the screwdriver fastened the bolts securing the 
spoiler to the boot lid. The cause has been eliminated 
and changes were documented. Although in the case 
presented in the paper the implemented actions did not 
affect the AP PFMEA result itself - priority is still at 
level H, the team managed to improve the process.

7th Step - Documenting results.
The last step of the analysis was to prepare an 

FMEA report and to communicate the results within 
the organization.

5 Comparing the analyses’ results carried out 
under the old and new approach

While discussing the changes in the approach 
of risk assessment according to different approaches, 
it is important to analyse briefly the evolution of e 

Table 2 FMEA form - part 1; According to guidelines from the new AIAG and VDA manuals; the case analysed in the 
paper, based on [12]

failure analysis - step 4 risk analysis - step 5

FE S FM FC PC O DC D AP SC

the need 
to conduct 

corrective action, 
assembly line 

standstills

8 screwing the 
spoiler with too 

little torque 

the computer 
system 

incorrectly read 
the torque of the 

screwdriver 

workstation 
instruction, the 
template of the 

spoiler’s position 

6 visual 
control, 
random 

check, end 
of line 
control 

8 H ∆

the product 
influences the 
safety of other 

road users

10 screwing the 
spoiler too 

little torque 

the computer 
system 

incorrectly read 
the torque of the 

screwdriver

workstation 
instruction, the 
template of the 

spoiler’s position

6 visual 
control, 
random 

check, end 
of line 
control

8 H ∆



B334  P L I N T A  e t  a l .

C O M M U N I C A T I O N S    4 / 2 0 2 1  V O L U M E  2 3

approach developed by AIAG & VDA, consider a broader 
perspective of the risk assessment related to the 
organization’s operations.

6 Conclusions 

The emergence of the new FMEA handbook, 
developed thanks to the joint efforts of AIAG and 
VDA, has systematized good practice in risk 
analysis related to both the process and the product.  
Thanks to the precisely developed and described 
procedure for estimating the criteria affecting the risk: 
S, O, D, as well as the approach to AP estimation, the 
new method results in the greater repeatability of the 
assessment performed by various teams of experts. 
As a result, there is hope that companies from the 
automotive industry will stop perceiving the FMEA as 
an uncomfortable requirement of the standard that they 
must meet, but as a method generating value for the 
enterprise. It should be remembered that everything 
that has been or can be identified under the FMEA 
procedure constitutes its value and also significantly 
affects the effectiveness of the decision-making  
process.

Furthermore, properly conducted FMEA forms 
a strong basis for preparing the efficient control plans 
and it is a document, which can charge or release the 
responsibility of one of the parties in the logistics chain 
for the design and / or product. 

The biggest problem in the correct application of the 
achievements, developed by the representatives of AIAG 
and VDA, is the time-consuming nature of the procedure, 
especially at the stage of implementing changes. Another 
disadvantage of the approach is the difficult access to 
knowledge - textbooks and training courses in this field 
are also payable and the participation of a competent 
consultant is expensive.

areas: the maturity of the detection method (the 
control method has not been proven effective and 
reliable) and ability to detect (human or hand-held 
inspection); therefore, D was estimated at 8.

• The severity (S) of the non-compliance was assessed. 
In the new approach, the assessment team 
considered this inconsistency not only in terms of 
its impact on its own production facility, but also 
looked at the problem more broadly.
The impact of non-compliance on the end user is 

S = 10, so it reaches its maximum with the analysed 
method. The manual book in the column Severity of 
error in assessment 10 has the following description: 
The error affects the operational safety of a vehicle 
and / or other vehicles, the health of the driver and / or 
passengers or other road users, including pedestrians 
(critical characteristics). 

On the other hand, according to the old approach, 
in relation to the analysis of the severity of non-
compliance, considerations were made only in the intra-
organizational system, therefore S = 6. An error may 
cause deviations in the basic process, deterioration of 
the speed of the production line, the need to employ 
additional labour.

The following results were obtained:
• RPN estimated according to the old method was 

RPN = 288 (O = 6, D = 8, S = 6, RPN = 288) 
- the level of risk was conditionally acceptable. 
This means that with a favourable organizational 
context, the enterprise was not procedurally obliged 
to take actions to minimize the risk associated with 
the process.

• AP estimated according to the new method received 
the highest priority of actions (O = 6, D = 8, S = 10, 
AP at H level). This means that the organization is 
obliged to take actions with the identified risk.
The presented comparison illustrates the beneficial 

changes in the FMEA analyses, which, with the new 

Figure 9 Evolution of risk analysis in the automotive industry
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Resume
The presented work was directed to develop the dynamic performance of an 
electro-hydraulic proportional system (EHPS). A mathematical model of the 
EHPS is presented using electro- hydraulic proportional valve (EHPV) by 
Matlab-Simulink, which facilitates the simulation of the hydraulic behavior 
inside the main control unit. Experimental work is done and the closed loop 
system is designed using the linear variable displacement transducer sensor 
(LVDT). The controller of the system is an Arduino uno, which is considered 
as a processor of the system. The model is validated by the experimental 
system. The study also presents a real time tracking control method, based 
on pulse width modulation, by controlling the speed of the actuator to 
achieve the position tracking with minimum error and low transient time, by 
applying the constant input signal 50 mm the transient time was 0.9 seconds 
and the error 1.8 %. 
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They studied the dynamic behavior of a conventional 
solenoid by letting the simulation depending on the 
linear magnetic principle, by using the simulation 
package SIMNON. A comparison was done between the 
results from simulation model and experimental work.

Niksefat and Sepehri [4] studied the development 
and experimental evaluation of a hydraulic force 
controller, using the nonlinear Quantitative Feedback 
Theory (QFT) design method.  The designed controller 
was implemented on an industrial hydraulic actuator 
equipped with a low-cost proportional valve.

Elmer and Gamble [5] presented a generic non-
linear dynamic model of a direct-acting electro-hydraulic 
proportional solenoid valve. The model accurately and 
reliably predicted both the dynamic and steady state 
responses of the valve to voltage inputs.  Simulated 
results were presented, which agreed well with 
experimental ones.

Dasgupta and Watton [6] studied dynamics of 
a proportional controlled piloted relief valve through 
the bond-graph simulation technique.  The simulation 
results were also verified by the experimental results.

Chen et al. [7] studied the nonlinear model of 
a variable displacement axial piston pump (VDAPP) 
with a three-way electro-hydraulic proportional valve 
(EHPV), which controlled the swash plate actuators.  
The time response for the swash plate angle was 
analyzed theoretically by the simulation model, as 
well as experimentally and a favorable model-following 

1 Introduction

The proportional valve is a valve, which produces 
a proportional output to an electronic control input, or 
a valve that operates by proportional solenoids instead 
of on-off solenoids. 

 It can be classified to three types; pressure control 
valves, flow control valves and directional control valves.

The pressure control valves are designed mainly to 
control the pressure while the proportional flow control 
valves are designed mainly to control the flow rate and 
the proportional directional valve is used to control both 
the flow direction and the flow rate.

Many studies have dealt with the proportional 
valve investigations. Vaughan and Gamble [1] presented 
a nonlinear dynamic model of a high-speed direct acting 
solenoid valve, the model accurately predicted both 
the dynamic and steady state response of the valve 
to voltage inputs.  Simulated voltage, current and 
displacement results were presented, which agreed well 
with experimental results.

Chen et al. [2] proposed an adaptive self-tuning 
controller to enable a hydraulic proportional valve to 
achieve accurate tracking control.

The performance of the closed-loop system was very 
robust as the system response remained the same under 
various operating conditions.

Rahman et al. [3] began the first step of converting 
a conventional on-off solenoid into the a proportional one. 
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configuration are selected as the same as the 
experimental ones.

3.1  Hydraulic pump

The type of the hydraulic pump used in the electro-
hydraulic system is a fixed displacement gear pump, 
which operates at nominal speed of 600 rpm and 
maximum output flow rate of 6.05 liter/min.

The pump is driven by an AC electric motor that 
operates at 220 Volts, 50 Hz and 1.5 Kw.

3.2  Relief valve

The relief valve is used to control the pressure in 
the hydraulic systems to protect its individual elements, 
pipes and hoses from the over-pressure problems; it is 
adjusted at a pressure of 60 bar.

3.3 Proportional directional valve

The 4/3 electro-hydraulic proportional directional 
valve, Figure 2, is a Hydraulic Ring manufactured 
as type NG6. It has maximum operating pressure 
of 315 bar, its valve spool has zero overlap and its 
motion is controlled by the two electrical proportional  
solenoids.  

3.4 Hydraulic actuator

The hydraulic actuator used in this study is a double 
acting steel, with a cam for operating the limit switch.

It has a diameter of 32/22 mm, area ratio 1.6:1 and 
max pressure of 160 bar.

Figure 3 illustrates the flow through the proportional 
valve, were (P) is the valve pressure port, (T) is the valve 
return to the tank, (A) and (B) are the valve outputs to 

characteristics was achieved.  The proposed neural 
controller, which conducts the nonlinear control in 
VDAPP, enhanced adaptability and robustness and 
improved the performance of the control system.

Liu et al. [8] studied an optimization of a throttle 
poppet valve based on hydraulic feedback principle to 
use it in machines. The study can be used as a guideline 
for design of various sizes of proportional valves.

Amirante et al. [9] designed a new methodology of 
spool surfaces of 4/3 proportional directional valve.

It was based on redesign of both the compensation 
profile and spool lateral surfaces to reduce the flow 
forces acting on it. 

The proposed methodology achieved lower actuation 
forces compared to the commercial configuration.

Acuna-Bravo et al. [10] presented application of 
a model-based control structure called Embedded Model 
Control (EMC).

The position tracking of the spool presented a better 
result by using the EMC compared to those using an 
industrial manufacturer.

2 Model description

The system shown in Figure 1 consists of hydraulic 
pump (1), which feed the electro hydraulic proportional 
valve (EHPV) (3), through the pressure relieve valve (2).

The one-way valve (4) prevents the flow to return, 
while the pump is in no operation mode.

The EHPV controls the output hydraulic feed 
delivered to the hydraulic actuator (5) to allow the 
hydraulic actuator tracking the required input position 
by the PID controller (proportional integral derivative 
controller) (6).

3 Mathematical model

The proposed system modelling is mathematically 
done by Matlab-Simulink and the system components 

Figure 1 The EHPS hydraulic circuit



B338  I B R A H I M  e t  a l .

C O M M U N I C A T I O N S    4 / 2 0 2 1  V O L U M E  2 3

mass of spool = 19.58 Kg [measured],
mass of spring = 1.972 Kg [measured],
fs = 50: 100 N.s/m,
k = 24500 N/m [measured experimentally].

Flow rate equations through the proportional valve 
are:

Q C A x
P P2

a d a
B s

t=
-^ ^h h

,   (6)

Q C A x
P P2

db b
s B

t=
-^ ^h h

, (7)

Q C A x
P P2

dc c
s A

t=
-^ ^h h

,  (8)

Q C A x
P P2

dd d
A t

t=
-^ ^h h

. (9)

Continuity equations through the hydraulic actuator 
are:

Q a
dt
dy

Q Q B
V ay

dt
dp

0AR i e
R R

- - - -
+

=
^ h

, (10)

A
dt
dy

Q Q B
V Ay

dt
dp

0i psB
ps R

+ - -
-

=
^ h

. (11)

Actuator’s equation of motion is:

a p A p m
dt
d y

f
dt
dy

FR ps c c2

2

$ $- = + + . (12)

These equations are modelled in Matlab-Simulink 

the actuator; while a, b, c and d are the areas where the 
flow is subjected through the valve.

3.5 Model equations

The Q-P mathematical relation of the pump has 
been found as following:

Q Q P7 10thp p
13#= - -^ h , (1)

where: 
Qth: maximum theoretical flow rate of the gear pump = 
6.05 liter/min,
PP: pump output pressure.

The equation of poppet motion of the relief valve is:

m
dt
d z f

dt
dz k z z p A Fp r r p seat2

2

0 $+ + + = +^ h , (2)

F K zseat 0$= . (3)

The flow rate equation is:

Q C A
P P2

rv d
t

t=
-^ h

. (4)

Equation of motion of the valve spool is:

F m
dt
d x f

dt
dx kxs s s2

2

= + + , (5)

where: ms = mass of spool + 0.5 (mass of the return 
spring) = 0.021 Kg,

Figure 2 Typical electrohydraulic proportional valve

Figure 3 Proportional directional valve Internal orifices
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equation of the PID controller is:

u t K e t K e t dt K
dt
de t

p i d

t

0

= + +^ ^ ^ ^h h h h# ,  (14)

where: 
u(t) is the controller output, 
e(t) is the system error, 
Kp, Ki and Kd are the controller constants were:  
Kp = 0.428, Ki = 5.58 and Kd = 0

4 Experimental work

The experimental work was done by using the 
same components configuration as mentioned in section 
(3), which is the same as the mathematical model 
configurations.

Figure 5 shows the test rig used in this study.

to facilitate the study of the fluid behavior through the 
hydraulic circuit and a controller is designed by the aim 
of Simulink tool, as well.

Figure 4 shows the simulation code of the system on 
Matlab-Simulink.

The system equations are represented in the code 
with different input signals.

The system is also represented by a transfer 
function, by using the system identification tool of the 
program and it gives the following transfer function:

. .
. .

S S
S

8 522 11 11
8 468 11 05
2+ +

+ . (13)

The controller of the model can be selected, by the 
transfer function which is the PID controller that is used 
to adjust and resolve the error of the system.

 It controls the system by evaluating the feedback 
and compensating the system error. The mathematical 

Figure 4 The EHPS mathematical model code

Figure 5 Electrohydraulic test rig
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There are a two 10 Ω resistors, used in series, to 
reduce the limitation of the signal voltage to 5V DC.

A new method of controlling the system is proposed 
in this study by experimentally testing the system by 
means of oscilloscope connecting to the two terminals of 
the proportional valve.

It has been found that the actuator response depends 
on changing the pulse width modulation (PWM).

Figure 7 shows the PWM input signal, which is 
detected by the oscilloscope with pulse width of 180, as 
an example of the input PWM signal.

Figure 8 shows the four PWM inputs to the system 
and its response on the actuator position with time.

As the pulse width increases, the speed of the 
actuator increases, as well.

Figure 6 shows the electrical circuit used in 
controlling and monitoring the position tracking of the 
actuator.

 The input signal is transferred from the Matlab-
Simulink to the control card (Arduino mega 2560) and 
then delivered to the two coils of the (EHPV) through an 
electric circuit.

 The two coils receive the signal from the Arduino 
(limit voltage 5 V DC) and boost this signal to (24 V DC) 
by the aim of MOSFET transistor (IRLZ44).

 The feedback position is delivered to the Arduino by 
displacement sensor (LVDT).

 The output from the sensor is up to (10 V DC), 
while, as mentioned, the Arduino limit voltage is 5 
V DC.

Figure 6 Electric circuit for controlling the system

Figure 7 Pulse width modulation input signal 180
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5 Results and discussion

The mathematical model is validated by the 
experimental work by varying the input signal with the 
following:
• Constant input 50 mm, step input 70 mm.
• Square signal 70 mm.
• Sinusoidal signal with amplitude 30 mm, bias 30 mm 

and frequency 0.5 rad/sec .08 Hz.
These results are shown in Figures 10 to 13, as they 

show that the model has a good agreement with the 
experimental results in the constant, step and square 
signal inputs, respectively

When applying a sinusoidal wave, the experimental 
result shows a relative delay compared to the 
mathematical model.

This delay is due to the controller, which reduces the 
actuator speed to avoid the actuator inertia that led to 
high overshooting; however, the mathematical model result 
is still in a good agreement with the experimental result.

The mathematical model helps in studying the fluid 
behavior inside the hydraulic circuit, which is calculated.

Figure 14 shows the pressure behavior in the 
hydraulic circuit by applying the constant input.

Figure 15 shows the pressure behavior by applying 
the sinusoidal wave, those results are serving for testing 
the system failure, when applying a high load or object 
to any component malfunction.

When the PWM is 160 the speed of the actuator 
reaches 50 mm/s and when the PWM reaches 180 the 
speed of the actuator reaches 74 mm/s.

 The maximum actuator speed is reached when 
the PWM reaches 240 as the speed reaches 105 mm/sec 
and the inertia of the actuator increases, as well, which 
negatively affects the system control.

This experiment helps to produce a new method 
of electro-hydraulic proportional system control, by 
controlling the speed of the actuator to avoid the inertia 
of the actuator.

The following controller depends on adjusting the 
speed; when the actuator position is far from the 
target position the input PWM signal should be high to 
increase the speed of the actuator.

When the actuator approaches its target, the PWM 
signal should be reduced to avoid the actuator inertia.

Figure 9 shows the Matlab-Simulink code of this 
controller, which consists of:
• Arduino pin (2) block that receives the displacement 

of the actuator from Arduino, which receives it from 
the displacement sensor (LVDT).

• Arduino pin (10) and (11) blocks, which send the 
required (PWM) signal to the Arduino that delivered 
this signal to the two coils of the proportional valve.

• The two function blocks control the speed by 
calculating the difference between the input signal 
and the actuator position.

Figure 8 Effect of the pulse width modulation on actuator speed

Figure 9 The EHPS controlling code
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Figure 10 Hydraulic actuator response by applying the constant  
input of 50 mm (experimental vs simulation)

Figure 11 Hydraulic actuator response by applying the step input  
of 70 mm (experimental vs simulation)

Figure 12 Hydraulic actuator response by the applying square input  
of 70 mm (experimental vs simulation)

Figure 13 Hydraulic actuator response by applying the sinusoidal wave input of 30 mm  
amplitude and 30 mm bias with frequency) 0.08 HZ (experimental vs simulation)
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The proposed method of controlling the electro 
hydraulic proportional system is confirmed by good 
results with tracking different input signals.  

The study presented a mathematical model of the 
system and its transfer function, and a controller of the 
model is done by the PID controller.

This study also facilitates studying the pressure 
behavior inside the hydraulic circuit.

6  Conclusions

The study presented a new method for controlling 
the electro hydraulic proportional actuator by controlling 
the speed of the actuator.

This method is applied by controlling the pulse 
width modulation signal that operates the two coils of 
the proportional valve.

Figure 14 Hydraulic circuit pressure behavior by applying the constant input of 50 mm

Figure 15 Hydraulic circuit pressure behavior by applying the sinusoidal wave input  
of 30 mm amplitude and 30 mm bias with frequency) 0.08 HZ
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Annex - Nomenclature
nomenclature meaning

a area of cylinder rod side, m2

A area of cylinder piston side, m2

Aa throttle area a in directional proportional valve, m2

Ab throttle area b in directional proportional valve, m2

Ac throttle area c in directional proportional valve, m2

Ad throttle area d in directional proportional valve, m2

Ap poppet area of the relief valve, m2

B bulk modulus of elasticity of hydraulic oil, N/m2

Cd discharge coefficient

C radial clearance, m

d diameter of cylinder rod, m

D diameter of cylinder piston, m

Fs proportional solenoid force, N

fr damping coefficient of relief valve poppet, N.s/m

fs damping coefficient of directional proportional valve spool, N.s/m

Fs proportional solenoid force, N

Fseat seat reaction of the relief valve, N

k stiffness of return spring in directional proportional valve, N/m

mp mass of poppet in the relief valve, g

ms mass of moving parts in the directional proportional valve, kg

p pressure, bar

PA pressure at port A of the direction proportional valve, bar

PB pressure at port B of the direction proportional valve, bar

PP pressure at port P of the direction proportional valve, bar

Pt tank pressure, bar

Q flow rate, liter/min

Qa flow rate through opening area a at directional proportional valve block, liter/min

QAR flow rate from port A to rod side chamber in the hydraulic cylinder, l/min
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Qb flow rate through the opening area b at a directional proportional valve block, l/min

Qc flow rate through the opening area c at a directional proportional valve block, l/min

Qd flow rate through the opening area d at a directional proportional valve block, l/min

Qrv flow rate through the relief valve, l/min

VR volume actuator rod side

Vps volume actuator piston side

x displacement of directional valve spool, m

y displacement of cylinder rod, m

z displacement of relief valve poppet, m
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Resume
The influence of the aggressive environments of river water, seawater, oil, 
petrol and sodium hydroxide on the impact strength of epoxy-polyester 
composite was investigated. Testing was conducted by two different 
methods. It was determined that the impact strength of specimens that were 
kept at air was W' = 4.2 kJ/m2 (by the second method - W'' = 7.0 kJ/m2). The 
energy spent on destruction of the control specimen was E = 0.92 J. The 
main regularities of the crack propagation process in the studied material 
were found and qualitatively described. The time of a crack propagation  
(τ = 0.16 μs) was determined. The maximum load, which leads to destruction 
of the specimen was Pmax = 2.47 kN. The comparative analysis of investigated 
specimens was conducted by the IR-spectroscopy method. It was found, that 
the biggest decrease in material properties was observed for the specimen 
that was kept in the petrol environment.
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on the working parts of such transport vehicles is 
important in this case. As it is known that physically 
and chemically active aggressive environments can have 
the same negative effect on the strength of composite 
materials (CM) and coatings on their basis (change of 
stiffness, cracking and complete destruction), but have 
different mechanism of influence [8]. Therefore, the 
development of the CM, resistant to impact of aggressive 
environments, is an actual practical task.

Based on previous studies of the polymer strength, 
it was found that the mechanism of the specimen 
destruction is associated with the process of growth and 
propagation of microcracks [9]. In accordance with the 
statistical theory, the fragile destruction of the specimen 
occurs gradually and not simultaneously by the entire 
surface of destruction. In this case, development of the 
destruction process of the specimen is investigated as 
a function of time. The fracture destruction is considered 
to be an irreversible time process of accumulation of 
structural damage in the volume of a deformed specimen 
[9]. The work, consumed for the specimen fracture, is one 
of the characteristics by which it is possible to estimate 
the strength of the material. It is attributed to the unit 
of the destruction surface (impact strength) [10]. The 
durability of the composite and the protective coating 
based on it, the resistance to statical and dynamical 
loading, can be estimated by its value [11]. In the works 

1 Introduction

The technical readiness of a vessel to the 
accomplishment of its functions, reliability and 
economics of works, directly depends on its support in 
the satisfactory technical condition. The construction 
elements of a hull, mechanical plants, mechanisms, 
devices and systems are constantly exposed to the 
static and dynamic load. The vessel is a complex 
technical construction of high danger, all the life cycle 
of which passes in unfavourable conditions of operation 
(aggressive water environment, conditions of elevated 
temperatures, alternate and pulsed loads, excessive 
friction, trimming moments and etc.) [1]. Sea and river 
vessels are strategic industrial objects and, therefore, 
the ship owners put in claims of high demands for their 
long-term and reliable exploitation. Protective polymer 
coatings are used to protect the metal surfaces of parts 
and mechanisms of the vessel [2-6]. At the same time, 
the use of parts based on polymer composite materials 
(PCM) can significantly reduce their costs and overhaul 
time [7]. Such materials are characterized by increased 
physical and mechanical, thermophysical properties and 
wear resistance, which allow increasing of a service life 
of parts and mechanisms. In addition, it does not affect 
the increase in the costs of the vessel’s repairing. Taking 
into account the influence of the aggressive environment 
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ISO 3262-12:2001: silicon oxide (SiO2) - 44-50%, 
aluminium oxide (Al2O3) - 27-35%, iron oxide (Fe2O3) 
- less than 5%, magnesium oxide (MgO) - less than 
2%, potassium oxide (K2O) - more than 8%, water-
soluble salts - less than 0.2%).
The composition without hardeners was modified by 

the ultraviolet irradiation for duration of 5 min before 
introducing of hardeners.

The specimens were solidified according to the 
following regime: the formation of specimens and their 
holding over time t = 12.0±0.1 h at a temperature 
T = 293 ± 2 K, heating at a rate of υ = 3 K/min to the 
temperature of T = 393 ± 2 K, keeping the specimens at 
a given temperature during the time t = 2.0 ± 0.05 h, 
slow cooling to the temperature of T = 293±2 K. For 
stabilization of the structural processes in the matrix, 
the specimens were kept during the time t = 24 h at air 
at the temperature of T = 293 ± 2 K, with subsequent 
experimental tests. Further, the formed specimens were 
kept in the following environments: oil, seawater, river 
water, petrol, sodium hydroxide (NaOH (50%)) during 
the 30 days. The control specimens were kept at air 
during that time.

The impact strength, relative mass change of 
specimens and activity of the surface of composite 
material were investigated by the IR-spectral analysis 
method. 

The impact strength was determined by two 
methods.

The first method (W´). The impact strength was 
measured by pendulum copra according to Charpy 
method (ASTM D6110). The working angle of deviation 
of the pendulum after the destruction of the specimen, 
at a predefined initial corner of lifting of working 
body of installation, was determined. The investigation 
was conducted under the temperature of T = 298 ± 
2 K and relative humidity of d = 50 ± 5%. The specimen 
dimensions were: l×b×h = (63.5×12.7×12.7) ± 0.5 mm. 

The second method (W´´). The impact strength was 
measured with use of the notched specimens of sizes 
10 × 15 × 75 mm (ASTM D6110). The tests were carried 
out with use of the impact pendulum machine RKP-300 
under the high-rate loading (5.2 m/s). In doing so, the 
loading diagrams, “load-time” and “load-deflection”, 
were registered. A total work of impact fracture E is 
composed of two components: i) crack initiation Ei and 
ii) crack propagation Ep.

The impact strength was determined as: 

W
bs
E= , (1)

where E is the impact energy, consumed for the specimen 
fracture; b is the width of a specimen; s is the thickness 
of a specimen. 

The impact loading diagram processing software 
“VUHI-CHARPY” was used to determine the fracture 
energy components by transforming the “loading - time” 
(P-t) dependence into the “loading - displacement” (P-s).

[12-13], the impact strength of the CM of the different 
nature was investigated. Effective regimes of their 
forming and causes of structural degradation were 
determined. Processes of localization of deformations 
and destruction of the CM were investigated. The 
shock characteristics of the CM, modified by the 
energy and magnetic fields, ultraviolet irradiation, 
by addition of fillers of varying dispersion and nature 
were investigated by authors [14]. Literature analysis 
showed that most studies were conducted under normal 
conditions (pressure, temperature, humidity). At the 
same time, the study of the physically and chemically 
active aggressive environments influence on the shock 
properties of CM is insufficiently studied. Obtained 
results would allow predicting the behavior of the 
developed material in real conditions.

2 Materials and methods

The following components were used for the 
formation of the CM matrix:
a) Epoxy resin ED-20 (q = 100 wt%).
b) Orthophthalic dicyclopentadiene (DCPD) 

unsaturated pre-accelerated polyester resin 
ENYDYNE H 68372 TAE - q = 10 wt% (hereinafter 
are given per 100 weight parts of epoxy resin), which 
has an inhibitor to prevent instant polymerization 
(gel time from t = 20 to 24 min). It should be 
noted that, during the copolymerization reaction 
of the composition of unsaturated polyesters, with 
unsaturated monomer compounds in the presence of 
initiators, a significant amount of heat is released, 
therefore the reaction is exothermic.

c) The cold curing hardener polyethylene polyamine 
(PEPA) - q = 10 wt%.

d) The initiator for polyester resins Butanox-M50 
- q = 1.5 mas.fr (the content is indicated on 100 
weight parts of polyester resin), which is methyl 
ethyl ketone peroxide (MEKP) and contains a low 
amount of water and a minimum amount of polar 
compounds in comparison to ethylene glycol.

e) Modifier methylene diphenyl diisocyanate, widely 
known as MDI (4,4-MDI) - q = 0.25 wt%. Methylene 
diphenyl diisocyanate is aromatic diisocyanate, 
which is used for the three-dimensional cross-linking 
of polymers in the manufacture of polyurethane. 
Chemical formula: CH2(C6H4NCO)2, molar mass - 
250 g/mol, density - 1180 kg/m3.

f) Filler 1: Hexagonal boron nitride (h-BN) - 8-10 µm - 
q = 60 wt%

g) Filler 2: Mica 20-40 µm - q = 20 wt% (The 
fractionated micromica of series “Standard” (ISO 
3262-12:2001, Extenders for Paints. Specifications 
and Methods of Test. Part 12. Muscovite-Type Mica) 
of the brand MC-20-80 with grains d = 20 - 40 µm. 
Mineral composition: mica-muscovite KAl2 [(OH, 
F)2AlSi3O10]. Chemical composition according to 
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was E = 0.92 J. Analysis of the experimental results 
allowed to determine the insignificant decrease of the 
impact strength of the specimens, which were kept in 
the aggressive environments (oil, seawater, river water). 
The impact strength values were W’ = 3.0 - 3.1 kJ/m2 
(by the second method - W’’= 5.0 - 6.0 kJ/m2), except 
of for specimens, which were kept in seawater (by the 
second method W’’ = 13.0 kJ/m2). Hence, the energy, 
spent on destruction of specimens, decreased to the 
E = 0.61 - 0.69 J and for the specimen that was kept in 
seawater, the energy increased to E = 1.6 J. The impact 
strength of the specimens, which were kept in petrol 
was W’ = 3.6 kJ/m2 (by the second method - W’’ = 4.0 kJ/
m2). Moreover, the energy, spent on destruction of the 
CM, decreased to E = 0.53 J (compared to the control 
specimens) (Figure 1). The impact strength of specimens 
that were kept in the alkaline environment, by the first 
method was - W’ = 2.7 kJ/m2 (by the second method - 
W’’= 6.0 kJ/m2). The energy spent on destruction of the 
specimen was E = 0.69 J.

In addition, it is important to determine the force 
that initiated the crack growth, since, at a shock load, 
the wave of stress passes through the specimen and 
destruction occurs when the critical stress is reached 
[15]. In turn, it would allow to determine the resistance 
to destruction of polymer materials and to evaluate 
the initiation and propagation of cracks after the 
impact loading. According to the second method, the 
investigation of the “load-time” (Figure 2, a) and “load-
deflection” (Figure 2, b) dependences were carried out. 
During the analysis of the experimental data (Figure 
2, Table 1), it was determined that the destruction of 
polymeric materials in a shock load occurs in several 
stages. It is known that behavior of the polymers on 
fatigue cracks is usually divided in three discrete phases: 
first - the threshold phase indicating the initiation of the 
crack (I); second - the phase of stable crack propagation 
(II); third - the phase of fast and unstable growth of 
cracks (III) (Figure 2, a) [16]. Analogous phases of the 
crack growth are indicated in works [14, 17], which allows 
to assert about the reliability of the obtained results. 

The mass of specimens was determined by weighing 
with analytical scales, with an accuracy of ± 0.001 g.

Deviation of values of impact strength and mass 
change was 4 - 6 % from nominal, during the study.

The chemical bonds on the composite surface were 
investigated with use of the IR-spectral analysis. The 
IR-spectra were registered with “IRAffinity-1” (Japan) 
spectrophotometer at the wave numbers range from 
ν = 400 to 4000 cm-1 by a single-beam method in 
the reflected light. The wavelength scanning at wave 
number λ-1 = ν was performed at diagrams within 
225 mm, in the range of the above specified frequencies. 
The wave numbers (ν, cm-1), absorption band intensity 
(Т, %) and absorption band area (S, %) were determined 
by a computer program “IRsolution”. The error of the 
wave number measurement was ν = ± 0.01 cm-1, while 
the error of the peak location made ν = ± 0.125 cm-1. The 
photometrical accuracy was ± 0.2% at software operated 
control of cracks and integration time t = 10 s. The 
integration step was ∆ν = 4 cm-1.

3 Results and discussion

At the first stage, the investigation of the impact 
strength of the material by two different methods 
was conducted after keeping specimens in different 
aggressive environments during the 30 days. The 
influence of physically and chemically active aggressive 
environments on the CM strength was studied. River 
water, seawater, oil environment, petrol were attributed 
as the physically active aggressive media and sodium 
hydroxide (50%) - as the chemically active (according 
to the classification of Zuyev, [9]). An influence of 
aggressive environments on the stability of composite 
materials to shock loads was analyzed. The investigation 
results are shown in Figure 1. It was found, that 
the impact strength of the control specimens was 
W’ = 4.2 kJ/m2 by the first method and W’’ = 7.0 kJ/
m2 - by the second method. It should be noted, that the 
energy spent on the destruction of the control specimen 

Figure 1 Influence of aggressive environments on the impact strength (W’ and W’’)  
and energy (E) spent on the destruction of material: 1) air (control specimen);  

2) oil; 3) seawater; 4) river water; 5) petrol; 6) NaOH (50%)
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specimens 3 and 5, was observed (Figure 2 a). Therefore, 
propagation of the main crack to reaching the maximum 
load occurred at: τ = 0.07 µs (Figure 2 a, Table 1). At 
the same time, the shape of curves 3 and 5 is typical for 
ductile failure throughout the studied range [20]. Taking 
into account this fact, it can be stated, that influence of 
aggressive environments on the impact properties of the 
developed materials is of a very slight degree.

At the stage of unstable cracks growth (Figure 
2 a, III), processes of oscillations of small amplitude 
were observed. They are related to appearance of 
stripes of localization of deformations. These processes 
are associated with the heterogeneity of the material 
structure, the heterogeneous stress-strain state and the 
dynamic excitation of deformation processes due to the 
diffusion of the impact energy. The specimen material 
ceases to resist the crack propagation. Evidently, at 
this stage, the main crack increases until the complete 
destruction of the specimen. During the experimental 
data analysis, the time of the complete destruction 
of the specimens was determined (τ’). For the whole 
series of experiments, a time range of fracture was 
- τ’ = 9.46 - 9.73 µs. This indirectly indicates an 
insignificant influence of the aggressive environment on 
the impact properties of the developed epoxy-polyester c 
omposite. 

Study of the mass changes of specimens after 
the testing was performed in order to estimate the 
resistance of the developed CM for the influence of 
aggressive environments (Table 2). The relative mass 

It was found, that the curves’ shapes of the “load-
time” at the beginning of the main crack growth 
(phases I and II, Figure 2a) are almost identical. This 
confirms that the initiation and growth of the crack for 
all specimens occurs at analogous phases. The load-
deflection curves for all the specimens have a linear 
dependence with a sudden drop in load to zero at the 
time of initiation of the crack growth. Two peaks were 
found at the regime of the stable crack propagation. 
It was due to the “structural reorganization” of the 
specimens’ material [18-19]. The time of macrocrack 
growth of the control specimen was τ = 0.16 µs (Figure 
2 a, Table 1). At the same time, the maximal load was 
Pmax = 2.47 kN. The critical deformation at this load 
was ∆l = 0.92 mm (Figure 2 b). The expense of energy 
on the main cracks propagation for the specimens, 
which were kept in oil, river water and alkaline reached 
the maximum values at the same time interval τ = 0 
- 0.14 µs. The crack growth initiation occurred with 
a slight decrease in load to Pmax = 1.73 - 2.20 kN. At 
the same time, the value of the critical deformation for 
those materials was determined - ∆l = 0.84 - 0.86 mm. 
Reducing resistance to the crack growth under shock 
loads is associated with a decrease in energy spending, 
which is characterized by the dispersive brittleness of 
the material. This is accompanied by a decrease in the 
maximum load at which the main crack arises.

In addition, at the second phase, the shift of the 
stress intensity range (in the direction of decrease) 
required for the initiation of the crack growth of 

Table 1 The results of experimental investigation of polymer materials, which were kept in different environments

environment
load at which initiated crack 

propagation, Pmax (kN)
time of crack propagation,

τ (µs)
the value of critical deformation, 

∆l (mm)

air 2.47 0.16 0.92

oil 2.20 0.14 0.86

seawater 1.24 0.07 0.44

river water 1.84 0.14 0.86

petrol 1.22 0.07 0.41

NaOH (50%) 1.73 0.14 0.84

Figure 2 Dependence of load on time (a) and deflection (b) of specimens, which were investigated in different environments: 
1) air; 2) oil; 3) seawater; 4) river water; 5) petrol; 6) NaOH (50 %)
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the specimen is in addition weakly expressed, since the 
reactivity of the material is limited by the slow diffusion 
of the environment into the material in the solid phase 
(in the presence of fillers).

The study results of the developed materials’ 
resistance, to influence of the aggressive environment 
of physical and chemical nature, confirm the presence 
in the CM of spatial three-dimensional structure. As 
a result, the polymer loses the ability to dissolve 
in physically and chemically active environments [9]. 
The low values of water absorption of all the studied 
specimens can be explained by the presence of fillers 
(mica, hexagonal boron nitride), which are characterized 
by high modulus and low relaxation rate [14, 21-22]. 
Reducing of the impact strength and energy, spent on 
destruction of the specimen, which was kept in petrol, 
can be due to the wash-out of the low molecular weight 
fraction of the polymer [9].

The comparative IR-spectral analysis of physical 
and chemical processes on the CM surface, after keeping 
in aggressive environments, was conducted (Figure 3). 
The transmittance spectra allowed to determine the 
following parameters: absorption band intensity (T, %) 
and the absorption peak area (S, %), which characterize 
a different number of chemical bonds in polymer and, 

change of specimens, which were kept in oil, seawater, 
river water, petrol, sodium hydroxide, was found. 

The specimens, which were kept in oil, are 
characterized by the low mass change (compared to 
control the specimen). This is due to the high viscosity 
of the oil environment, which slows down the process 
of oil adsorption into the material. At the same time, 
material, which was kept in petrol, has a comparatively 
similar relative mass change compared to specimens, 
which were kept at air. It was believed, that a decrease 
in the mass change was due to the evaporation of petrol 
from the surface of the specimen during the drying. 
Thus, the maximum mass change was observed for 
specimens that were kept in sea and river water. It 
should be noted that the increase in the strength of the 
specimen, which was kept in seawater, at the moment 
of destruction (by the second method, Figure 1), can 
be due to increased flexibility of the macromolecular 
chains, which contributes to the alignment of stress 
in the polymer and facilitates the orientation of its 
molecules at stretching [9]. At the same time, seawater 
has positive affect on the composite properties (the 
presence of salt solution), because their water absorption 
decreases (compared to the river water). The chemical 
interaction of the aggressive alkaline environment with 

Table 2 Influence of aggressive environments on the mass changes of specimens

environment mass changes (%)

air 0.12

oil 0.09

seawater 0.20

river water 0.23

petrol 0.11

NaOH (50%) 0.07

Figure 3 IR-spectral analysis of CM, which were kept in the aggressive environment:  
1 - air; 2 - oil; 3 - seawater; 4 - river water; 5 - petrol; 6 - NaOH (50%)
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hydroxyl groups, in the near-surface layer. An increase 
in the absorption band intensity at ν = 3456.44 cm-1 
from T = 12.3-13.7 % to T = 18.0 % appears only for 
specimen, which was kept in the aggressive environment 
of petrol. At the same time, decreasing in the absorption 
peak area (S, %), which is proportional to the number 
of active groups, was observed. It was considered that 
the matching of absorption peaks and absence of their 
displacement, for all the studied specimens, indicates 
stability of the material surface to chemical interaction 
with the aggressive environment and, as a result, does 
not lead to an increase of the sorption of the environment 
into the material. The comparative analysis allowed 
to determine the slight difference in intensity of the 

consequently, the cross-linking degree of the studied 
material.

The chemical activity of the surface of the developed 
material, which was kept in different environments, was 
conducted by the IR-spectral analysis (Figure 3). Defined 
adsorption bands correspond to the specific vibration of 
the molecular units of the epoxy-polyester composite 
(Table 3). The main difference between the spectra 
was observed in the region of the absorption bands 
corresponding to - OH stretching vibrations. These 
groups are centers that are characterized by increased 
adsorption and catalytic activity [9]. The activity of 
the specimen surface, after the action of aggressive 
environment, is possible to estimate by increasing of the 

Table 3 Characteristic absorption bands and their intensity parameters according to the IR-spectral analysis

band characteristics IR-spectra of composite materials, which were kept in aggressive environments during 
30 days

group
v 

(cm-1)

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

T 
(%)

S 
(%)

T
(%)

S 
(%)

T 
(%)

S 
(%)

T 
(%)

S 
(%)

T 
(%)

S 
(%)

T 
(%)

S 
(%)

-NH-, -CH- rocking 
vibrations, 
-C-C- stretching 
vibrations, 
primary amines: 
CH2-NH2, CH-NH2, 
epoxy cycle

839.03 13.7 9.9 13.9 10.0 12.8 7.8 13.7 7.9 21.6 10.1 13.7 10.0

-C-C-, -C-N-, 
-C-O- stretching 
vibrations, 
secondary amines: 
CH2-NH-CH2, 
primary amines: 
CH2-NH2

1184.29 15.7 21.2 16.0 21.0 14.9 20.0 14.7 20.2 23.1 21.2 15.7 21.2

-OH- bending 
vibrations, -C-N-, 
-C-O- stretching 
vibrations; epoxy 
cycle, primary 
amines: -NH2

1257.29 16.4 20.5 16.9 20.5 15.6 18.2 15.4 18.5 23.6 20.5 16.4 20.5

stretching 
vibrations of epoxy 
group

1882.52 14.9 14.8 16.0 14.8 14.1 14.0 14.1 14.2 23.2 14.2 16.2 14.8

-C /N- stretching 
vibrations; alkyne 
group: -C/ C-H

2067.69 15.4 15.4 15.9 15.4 14.7 14.1 14.4 15.2 23.8 11.1 16.4 15.4

-C/N- stretching 
vibrations 2524.82 13.9 7.1 14.1 7.1 11.0 6.0 13.2 6.1 20.7 6.6 14.9 7.1

-CH- stretching 
vibrations, methyl 
radical: CH3-C, 
methylene -CH2-

2983.88 12.4 10.3 13.2 10.3 11.7 10.0 11.4 10.1 18.4 9.7 13.4 10.3

-CH-, -OH, 
-NH - stretching 
vibrations, para-
benzene

3061.03 12.9 10.2 13.3 10.2 11.0 10.0 12.9 10.2 8.9 9.4 13.8 10.2

-OH, -NH- 
stretching 
vibrations

3456.44 12.3 90.1 13.2 90.1 12.3 90.0 12.3 90.1 18.0 85.4 13.7 90.1
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and unstable growth of the crack were determined on 
the “load-time” and “load-deflection” curves. The time of 
the macrocrack growth initiation, for all the specimens, 
was τ = 0.07 - 0.16 µs. The maximum load that leads to 
destruction of a specimen was observed for the control 
specimen - Pmax = 2.47 kN. The critical deformation at 
this load was l = 0.92 mm. 

The relative mass change of specimens that were 
kept in different aggressive environments was found. 
It was determined that the composite material at the 
content q = 60 wt% of hexagonal boron nitride and 
q = 20 wt% of mica is characterized by a decrease in 
adsorption of environment on the material’s surface. 

The obtained results were confirmed by the 
IR-spectroscopy. It was found that the studied composite 
material is characterized by the same bonds after 
keeping in different environments. The increase in the 
intensity of the hydroxyl groups and hence the activity of 
the material surface, was found for the specimen, which 
was kept in an environment of petrol.

The results of investigation of the impact strength, 
mass changes of specimens and IR-spectral analysis, 
suggest the ability of the developed CM to resist the 
aggressive environment in which the specimens were 
kept. Consequently, this confirms the expediency of 
using the composite material and coating on its basis 
for the protection of parts and mechanisms of sea and 
river transport.

absorption band and peak area for all specimens, except 
specimens kept in petrol.

Based on the conducted studies of the impact 
strength, mass change and IR-analysis, it was found 
that developed composite materials can be used in all 
the studied environments, except petrol, as protective 
coatings for ship hull superstructures and tanks. This 
is evidenced by a slight decrease in values of the impact 
strength of specimens, mass change and the data 
obtained in analysis of the IR-spectra. In particular, the 
results of the study suggest the ability of the developed 
CM to resist the aggressive environment in which the 
specimens were kept.

4 Conclusions 

The impact strength of developed composite 
materials, which were kept in aggressive environments, 
was investigated by two methods. It was found that the 
aggressive environments of oil, seawater, river water, 
petrol and sodium hydroxide do not significantly affect 
the ability of polymeric materials to resist shock loads. 
The impact strength was W’ = 2.7 - 4.2 kJ/m2 by the first 
method (W’’= 6.0 - 13.0 kJ/m2 - by the second method). 
The energy spent on the specimen destruction varied at  
E = 0.8 - 1.0 J. The phases of growth of the main crack: the 
initiation of the crack growth, stable crack propagation 
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Resume
This paper deals with the simulation verification of balancing systems 
with different numbers of batteries. There is a simulation model of the 
battery with adjustable inputs and a simulation model of flyback converter. 
These components are interconnected and controlled externally to ensure 
balancing of individual cells. The batteries are connected in series and 
a flyback converter is connected to each battery. The outputs of these 
inverters are connected to the output of all the batteries. So, one can say 
that this balancing system is designed to lighten the charger. The results of 
the simulations show the voltage, current and State of Charge (SoC) of the 
batteries. Simulation models are presented in diagrams. These models were 
created in the PLECS environment.
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only used for the low-capacity batteries and lead-acid 
batteries without control. An active balancing system 
consists of transferring the power from the overcharged 
cell to the entire battery pack or from the battery pack 
to the weakest cell. These methods may be CELL-TO-
PACK, PACK-TO-CELL or CELL-TO-PACK-TO-CELL. 
The passive method has the CELL-TO-ZERO topology. 
The active balancing systems are divided according to 
the energy transfer and storage element used. They are 
divided into capacitor topologies, inductor topologies or 
DC/DC converter topologies. The protective part provides 
protection against overcharging, overdischarging or 
other unwanted conditions. The communication part 
provides communication between other control units, 
for example in an electric vehicle. This communication 
can be, for example, via CAN-BUS or other buses. All 
this is ensured by the battery management system. 
With increasing demands on batteries, this research is 
therefore potential in terms of research and the selection 
of a suitable topology for an active balancing system 
[1-4].

2 The battery model

The simulated model of the selected battery is 
shown in Figure 1. The model considers dynamics 
during the battery charging or discharging [1]. The 
individual RC components of the battery equivalent 

1  Introduction

This article is motivated by researching the battery 
systems and improving battery performance. Capacity, 
durability and efficiency are essential features, not 
only of battery systems but of many electronic systems, 
as well. This article discusses how to manage and 
protect the energy stored in the battery. The high-
voltage batteries often suffer from being connected in 
series to achieve the higher voltage. This connection 
causes a disproportionate capacity in the batteries. 
This capacity difference results in overcharging and 
over-discharging the individual battery cells. These 
inequalities arise during the production of those cells. 
Based on this knowledge, the battery management 
system is being examined. This battery management 
has three basic features: monitoring part, protective 
part and communication part. The monitoring part is 
designed to measure voltages, currents and temperature. 
Based on these measured values, the balancing system 
is controlled. The balancing system has the task of 
balancing the voltage levels of the individual cells. 
This avoids overcharging and overdischrging of the 
individual battery cells. The balancing is divided to two 
basic topologies: active balancing and passive balancing. 
The passive balancing system consists of converting the 
excess energy of the individual cells into heat, which is 
generated by the transfer of electric current through 
the shunt resistance. This method is inefficient and is 
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by its main advantages, one of which is galvanic 
isolation of input and output. Another advantage is 
that this flyback converter can be both an up and 
down converter. Based on these properties, a flyback 
converter was selected for simulation purposes. In the 
first case it was a flyback converter controlled by the 
input current (Figure 2) and in the second case a flyback 
converter controlled by the voltage of the secondary 
side of the high-frequency transformer (Figure 3). The 
disadvantage of this topology are the high losses in the 
transformer. These losses are compounded by the fact 
that this application is the low voltage one. The flyback 
converter has three base circuits: the primary side with 
the high frequency MOSFET or GaN transistor; the 
secondary side with the power diode or rectifier, while the 
third circuit is the magnetic circuit of the high-frequency 
transformer that provides the power transfer from the 
primary side to the secondary side of the high-frequency 
transformer. The flyback converter works blocking, i.e. 
when the transistor is turned on, energy is stored in 
the transformer core and when the transistor is turned 
off, this energy passes from the transformer core to the 

circuit were determined from the results of laboratory 
battery measurements [1-4]. This battery simulation 
model can calculate the SoC by the Coulomb counting 
method. This is R2C2 equivalent battery model [5-10].

Functions blocks consist of calculation functions 
identified based on [11-13]:

. . . .U e u u1 031 3 685 0 2156 0 1178u
1

35 3=- + + -- , (1)

. .R e0 3208 0 0745. u
1

29 14= +- , (2)

. .C e752 9 703 6. u
1

13 51=- +- , (3)

. .R e6 603 0 4984u
2

155= +- , (4)

.C e6 056 4475. u
2

27 12=- +- . (5)

3 The flyback converter

The topologies best suited for battery applications 
include the flyback converter topology. This is determined 

Figure 1 Equivalent battery scheme

Figure 2 Model of the flyback converter controlled by the primary side current
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for the four-cell balancing system, the ratio is (2/21). 
Those ratios take into account the switching frequency 
of the MOSFET transistor and the saturation of the 
transformer core. Those values were calculated according 
to [18]. Thus, the output voltage in the balancing system 
will be twice the maximum voltage of one cell. Similarly, 
in a 4-cell balancing system, the output voltage will be 
four times the maximum cell voltage. Thermal power 
(blue) and magnetic circuit (brown) are simulated in 
this model, as well. Since it was intended to ensure 
the realistic behavior of simulation experiments, those 
flyback converters were implemented in a single block 
of the balancing system for the simple representation of 
the simulation block diagram. [19-20]

secondary side of the transformer and to the output. 
This is especially true for high-frequency transformer of 
the flyback converter.  Therefore, this topology has the 
great transformer requirements, mainly core saturation 
or thermal management [14-17].

In the PLECS environment, two simulation models 
of the flyback converter were created. One flyback 
converter is controlled by the primary side current value 
(Figure 2) and the other flyback converter is controlled 
by the secondary side voltage value (Figure 3). This 
model considers a replacement battery model at the 
primary side input. This is a voltage of 3-4 V DC. The 
output voltage is set by the transformer ratio. For the 
two-cell balancing system, this is a (3/15) ratio, while 

Figure 3 Model of thef lyback converter controlled by the secondary side voltage

Figure 4 Simulation model of the BMS with 2 cells
Figure 5 Waveforms of voltage [V], current [A]  

and state of charge [-] in terms of time [s]
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via the flyback, thus charging both CELL1 and CELL2. 
After 8.2 seconds, the SoC reaches the same values and 
both flyback converters begin to switch. In this graph 
one can also see that one current is positive and one 
negative. This is caused by the current flow direction 
from and to the individual cells. When the current is 
positive, the cell discharges and when it is negative, the 
cell charges.

5 Balancing system with four cells

In contrast to the previous case, this system has the 
double number of batteries, as well as the double number 
of the flyback converters. This is a 4-battery system. As 
in the previous case, the flyback input of the inverters 
is connected to individual batteries and the output is 
connected to the entire battery. This determines that the 
inverter output must be four times the maximum voltage 
value of one battery. As in the previous case, the flyback 
block contains a trigger input, which is signaled by the 
evaluation part. This evaluation section aims to determine 
which cell has the highest SoC value. It determines which 
flyback converter will be started accordingly. This flyback 
converter transfers power from the strongest cell to the 
entire battery. This balancing system topology is CELL-
TO-PACK. The flyback converter parameters for the 4-cell 
balancing systems are shown in Table 2 [21].

In the first experiment with a 4-cell balancing 
system (Figure 6), the flyback converters were used 
that were correct according to the input current value. 
Initially, the SoC values of the batteries were around 
25-40 %. Figure 7 shows the SoC waveforms, voltage 
and current of each cell in the flyback controlled to the 
input current value (Figure 2). This value can be seen 
in the current waveform, where the current is in the 40 
A range. This is exactly the value to which these flyback 
converters are regulated. This value means that the 
course of the SoC and voltage balancing is constant. In 
34 seconds, all the cells are balanced. Another feature 
that is needed to design a balancing system is efficiency. 
This value can be seen in the decrease in the SoC value 
after all the cells are balanced. At a current control 
value of 40 A, one can see in Figures 7 and 8 that both 
the cell is discharged and charged at the same time, 
so the value of 40 A, to which the flyback converter is 
set, this value will be lower by the secondary current 

4 Balancing system with two cells

As shown in Figure 4, the two-cell balancing system 
consists of the two battery models, two flyback converters 
and an evaluation circuit. Two constants enter the 
batteries: the battery capacity and the initial State of 
Charge (SoC). The flyback converters are connected by 
the primary side to a single cell and by the secondary 
side to the entire battery. Therefore, the secondary 
voltage value is twice as high for a two-cell balancing 
system. The evaluation section simply compares where 
the SoC value is greater and, based on that evaluation, 
a flyback converter is triggered for the cell where the SoC 
value is greater. In this way, the excess energy passes 
from the cell to the entire battery. This is the CELL-TO-
PACK topology. The flyback converter parameters for the 
2-cell balancing systems are shown in Table 1 [21].

The results of the described balancing method are 
shown in the graph in Figure 5. This graph shows the 
three values that are the most important for monitoring 
the balancing systems. Those values are the state of 
charge, voltage and current (Figure 5) of each cell. For 
the high simulation requirements, especially for time, 
battery capacity values are only 1 Ah. This value is 
a fraction of the real value of the battery capacity. This 
was done to ensure that the simulation time is not an 
unnecessarily long. The monitored values would have 
the same courses, but they would be simulated faster 
[20-21].

Figure 5 shows the SoC balancing waveform. Here 
one can see that the initial SoC CELL1 is 30 % and the 
SoC CELL2 is 25 %. In this course, one can see how the 
energy from CELL1 recharges CELL2. This works for 
up to 8.2 seconds. At 8.2 seconds, the SoC values get 
to a similar value. This ensures that the SoC values 
are kept at the same value. Thus, the balancing system 
has proven to work properly. However, one can see that 
the SoC value has a slight decrease. This decrease is 
caused by the efficiency of the flyback converters. This 
efficiency at such a low voltage is proportional to the size 
of the flyback converter current. From the given results 
one can say that there is no condition after which an 
unwanted condition may occur, such as under-voltage or 
over-voltage.

Figure 5 also shows the waveforms of balancing 
currents that compensate for the differences in the SoC 
on the cells. Here one can see how the CELL1 discharges 

Table 1 The flyback converter parameters for the 2-cell balancing system

parameter value

input voltage range 3 - 4 V

output voltage 8 V

output nominal current 9 A

output nominal power 75 W

switching frequency 100 kHz

required efficiency 80 %
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currents of individual cells. Here one can see that all 
the cells are balanced in as little as 36 seconds. This 
is mainly due to the magnitude of the current, which 
reaches a peak value of nearly 50 A and the RMS value 
of nearly 35 A [11].

6  Conclusions

The balancing systems were simulated in this paper. 
In the first case, the 2 cells were balanced, which had 
capacities of 1 Ah and SoC of 25 % and 30 % respectively. 
The capacity was so small only for simulation requirements 
that the simulation was not so high in the real time. As 

of the flyback converter, which charges the entire 
battery. Therefore, the current range on the graphs is 
40 A. If one increases this value, the efficiency would 
drop rapidly at this low voltage. Therefore, it is very 
important to select the value to which these flyback 
converters will be regulated, in this input current 
control method. This is a disadvantage of the flyback 
converter application [11].

The basis of the balancing system and its control is 
also the same as in the previous 4-cell balancing system. 
The difference is in the control of the flyback converter. 
The flyback converters are controlled according to the 
output voltage value (Figure 3). Figure 8 shows the 
simulation results and SoC waveforms, voltages and 

Figure 6 Simulation model of the BMS system with 4 cells

Figure 7 Voltage [V], current [A], state of charge [-] 
balancing waveform for the 4 cell battery system  

in terms of time [s]

Figure 8 Voltage [V], current [A], state of charge [-] 
balancing waveform for the 4 cell battery system in time [s]
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are determined on a similar SoC value, the longer it takes 
to balance the next cell. Therefore, this balancing method 
is not very suitable for batteries with 8 or more cells.

These simulations were performed due to the skew 
control of the balancing system and the course of the 
measured values. Here, it was found that this control is 
appropriately chosen for both cases. Simulation courses 
prove it. Further, one can say that the characteristics 
of the battery replacement scheme and the flyback 
converter are similar to those of the real applications.
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one see in the results of this simulation, the balancing  
system works.

In the second case, 4 cells were balanced. However, 
the cell capacities were 1 Ah and SoC at 25-40% SoC. 
The resulting times are therefore as low as these 
cell capacities were also low. This was set due to 
the simulation requirements. The main difference in 
the balancing time of the 4-cell system is in the way 
of management. In the first case, when the flyback 
was controlled to the value of the input current, the 
balancing system immediately took an input current 
of 30 A. In the second case, when the flyback was 
controlled to the value of the output voltage, the flyback 
regulators of the converter had a longer response. As one 
can see in Figure 8, the current value reaches 30 A in up 
to 3 seconds. As a result, this mode is 2 seconds slower 
than in the case of a flyback converter controlled to the 
value of the input current.

This method of control consists of finding the 
maximum value of the SoC. As a result, the more cells 

Table 2 The flyback converter parameters for the 4-cell balancing system

parameter value

input voltage range 3 - 4 V

output voltage 16 V

output nominal current 7 A

output nominal power 120 W

switching frequency 100 kHz

required efficiency 70 %
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Resume
Growing environmental concern prompts vehicle users to search for cleaner 
and ecological transport modes. Many consumers and organizations have 
decided to replace conventional diesel or gasoline powered vehicles with 
alternative drive or alternative-powered vehicles. Operating conditions may 
have a heavy influence on the operating parameters of vehicles, such as: air-
pollution emission, energy consumption and fuel consumption. This paper 
presents a comparative analysis of the life cycle of conventional and hybrid 
drive vehicles in various driving conditions. The presented LCA results 
show that replacing a conventional diesel or gasoline vehicle with a hybrid 
electric drive vehicle results in approximately 40 % lower total lifetime 
air-pollutant emissions than those of conventional drive vehicles in urban 
driving conditions.
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including the varied effects of direct and indirect 
impacts on an ecosystem, which are often 
unpredictable, such as climate change.
The negative effect of the road transport manifests 

itself through: climatic changes caused by the 
greenhouse gas emissions and loss of biological diversity 
by occupation of land by newly build roads and technical 
infrastructure vehicles. The growing network of roads 
has dramatically altered the landscape and can impact 
wildlife in a number of deleterious ways [4]. Pollution 
by harmful substances, caused by movement of motor 
vehicles, as well as light and noise pollution from roads, 
can be detrimental to wild animals [5-6]. Many studies, 
focused on sustainable transport efficiency, consider 
air-pollutants as an undesirable output, the examples of 
which are found in papers [7-8].

The impact of road transport is especially noticeable 
in cities. According to results presented in papers 
[9-11] traffic and congestion can increase air-pollutant 
emission by as much as 80 %. Local emissions of air and 
noise pollutants caused by movement of motor vehicles 
negatively influence human health. According to WHO 
studies, transport-generated urban air pollution causes: 
cardiovascular and pulmonary diseases, ischemic heart 
disease, cancers, asthma and strokes. Outdoor air 
pollution alone is responsible for 4.2 million deaths 
annually [12-13]. To reduce air pollutants many cities 
have decided to adopt activities to support sustainable 
development. These actions entail reduction of parking 

1 Introduction

Transport activities bring substantial socioeconomic 
benefits and support increasing demands for passengers 
and cargo mobility, but on the other hand, have an 
unfavorable impact on environmental systems. Among 
all economic activities, transport is recognized to be one 
of the major sources of the greenhouse gases emissions. 
In 2017 the greenhouse gases emissions emitted by 
transport were 25 % of the total GHGs emissions of the 
European Union economy (Figure 1). Road transport 
generated the highest air-pollutant emissions of all the 
transport modes (Figure 2).

The authors of study [3] distinguished transport 
impacts within three categories:
• direct impacts - represent the immediate 

consequences of transport activities for the 
environment. They are easily identified and have 
direct harmful effects, such as: noise and carbon 
monoxide emissions;

• indirect impacts - are defined as the secondary 
(or tertiary) effects of transport activities on 
environmental systems. They are more difficult 
to establish and have more serious consequences 
than the direct impacts; for example, particulate 
matters that are indirectly associated with human 
respiratory and cardiovascular problems;

• cumulative impacts - are the additive, multiplicative 
or synergetic consequences of transport activities, 
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2  LCA - Life Cycle Assessment

The Life Cycle Assessment (LCA) is focused on 
estimation and assessment of environmental impacts 
consequences on individual stages of a vehicle life cycle. 
Those include e consumption of the raw materials 
and energy and their emission of harmful gases and 
substances, starting with the vehicle production 
phase through the production of materials to the 
assembly phase and to e usage of a vehicle along with 
the necessary f production of fuel or electrical energy 
and the level of fuel consumption and terminating 
with the end of the life cycle and the attendant costs 
of recycling and utilization. The LCA is commonly 
used to assess different vehicle technologies from 
various points in their life cycle. It should be noted 
that economic criteria are not taken into account 
in the LCA method [15]. Studies [16-17] identified, 
quantified and assessed the environmental impacts 
by the entire LC of vehicles equipped with alternative 
and conventional drives using the LCA methodology. 
Many studies have been devoted to the Life Cycle 
Assessment for city buses equipped with various 
types of propulsion systems. Papers [18-19] present 
comparison analyses of lifetime vehicle emission 
values of the manufacture, use, maintenance and 

zones, increasing parking fees in the city center, site 
greening, encouraging the use of public transport and 
creating new cycle paths - these being but a select few of 
such actions in cities [14].

To reduce this negative aspect of driving, car 
manufacturers have begun producing vehicles that are 
more environmentally friendly. At present, the largest 
majority of cars are equipped with systems ensuring 
low emissions. Some of the solutions that have been 
developed include engine improvements (such as variable 
charge motion in-cylinder, cylinder deactivation and GDI 
- gasoline direct injection), exhaust gas recirculation, 
turbo chargers, three-way converters and particulate - 
matter filters. In addition, the number of low-emission 
automobiles on the roads is growing. Vehicles equipped 
with alternative drives (electric, hybrid) and powered by 
alternative fuels (CNG, LPG, biofuels) are a commonplace 
sight. Operating conditions may heavily influence vehicle 
operating parameters, such as air-polluting emissions, 
energy and fuel consumption. The aim of this paper is to 
provide a comparative air-pollutant analysis of vehicles 
equipped with conventional drives and those equipped 
with hybrid drives. Therefore, the Life Cycle Assessment 
method was used to examine the lifetime air-pollutant 
emissions for the hybrid and conventional drives vehicles 
in various driving conditions.

Figure 1 Greenhouse gases emissions, by source sector in EU-28 in 2017 [1]

Figure 2 Contribution of the transport sector to total emissions of the main air-pollutants [2]
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(ANL) as a part of a project ran by the US Department 
of Energy. The GREET program enables estimating 
the impact of individual phases of the life cycle of 
vehicles equipped with conventional and alternative 
propulsion systems on the natural environment. The 
program uses data provided by studies undertaken 
by the EPA (Environmental Protection Agency), an 
US Government agency dealing with the protection 
of human health and the environment [26]. The 
GREET provides the opportunity to estimate energy 
consumption and emissions of harmful compounds 
caused by production and distribution of fuel and by 
all the phases of a vehicle’s life cycle. The program 
scheme is presented in Figure 3.

The model of a vehicle’s life cycle includes the 
submodels: “the fuel cycle” and “the vehicle cycle”. 
The fuel cycle includes raw material extraction, 
raw material transport, refining and purification, 
distribution and consumption of fuel during the 
vehicle operation. In the vehicle cycle model the 
following stages are identified: sourcing of raw 
materials, production and processing of raw materials, 
production of components, assembly of a vehicle , 
operation of a vehicle and its decommissioning. The 
results of calculations are:
• the amount of energy coming from the combustion of the 

fossil fuels (oil, gasoline, gas, coal) or from renewable 
sources (biomass, wind, solar rays, water);

• the level of greenhouse gas emissions (CO2, 
CH4, N2O) of harmful compounds contained  
in the exhaust gases (CO, NOx, PMx, SOx, aliphatic and 
aromatic hydrocarbons);

• water creation.

infrastructure phases of diesel, hybrid and battery 
electric buses.

The LCA method can be used to assess the 
environmental impacts of a specific vehicle component’s 
life cycle. For example, papers [20-21] present the 
analyses of greenhouse gas emissions of every stage 
of the lithium-ion battery life-cycle. Studies [22-23] 
present the estimation of the environmental impacts 
of recycling during the vehicle’s end-of-life. 

The LCA results could be used for the estimation 
of Life Cycle Cost. Emissions values of harmful 
compounds assessed using the LCA method are 
presented in the form of costs. Therefore, the costs of 
emissions are the constituent element of the total life 
cycle costs of a vehicle. Examples are found in papers 
[24-25].

3  Methodology

The presented LCA analysis was carried out for 
passenger cars fitted with conventional power drives 
and hybrid electric power drives. The total mileage was 
assumed as 300 000 km and the operation time was 
10 years. The LCA analysis was conducted for three 
types of driving conditions: driving in urban conditions, 
driving in areas entirely outside the city and conditions 
where driving was done in a combination of urban and 
non-urban, in half of shares each (50-50). 

The Life Cycle Assessment (LCA) was carried 
out using the GREET program (Greenhouse gases, 
Regulated Emissions and Energy use in Transportation 
Model), developed by the Argonne National Laboratory 

Figure 3 Scheme of the GREET software tool [26]
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gasoline engines demonstrate the highest level of the 
lifetime CO2 emission. For urban driving conditions 
the vehicles equipped with a hybrid drive show a level 
of life cycle carbon dioxide emissions approximately 
40 % lower than those of the conventional cars. 
For the combined driving conditions (urban and 
outside the urban area), the CO2 life cycle emissions 
emitted by the hybrids are 30 % less than those of 
the conventional drive vehicles. In driving conditions 
outside the urban area, the cars equipped with 
gasoline- and diesel-powered engines exhibit 20 % 
higher CO2 emissions than the hybrid vehicles.

The highest share in the lifetime CO2 emissions 
value falls on the phase of vehicle operation and 
use, approximately 70 % of the total CO2 life cycle 
emissions. The nitrogen oxides (NOx) emissions 

4  Results

The LCA analysis provided shows the levels of 
emissions of carbon dioxide (CO2), nitrogen oxides (NOx), 
particulate matter (PMx) and volatile organic compounds 
(VOC) for the environmental life cycle of the examined 
passenger cars. The life cycle of the vehicles selected 
for investigation is divided into the following phases: 
fuel production (petroleum extraction and refining, 
production of fuel, distribution and storage), production 
of a vehicle (production of parts and components and 
vehicle assembly) and the vehicle operation and use. 
Figure 4 shows the CO2 emission level of the above 
mentioned compounds for the life cycle of cars with 
conventional drives and cars with hybrid drives.

It can be seen that the vehicles equipped with 

Figure 4 CO2 emissions over the vehicle life cycle 

Figure 5 NOx emissions over the vehicle life cycle
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difference is 17 %. The greatest share of the lifetime 
NOx emissions of vehicles fitted with gasoline engines 
falls on phases of production, distribution and storage 
of fuel, approximately 60 % of the total. Figure 6 
shows the level of particulate matter (PMx) emissions 
during the life cycles of the analysed vehicles.

The particulate matter emissions level for 
a hybrid diesel car are about 20 % lower compared 
to a conventional diesel vehicle. The differences in 
PMx emissions emitted by hybrid and conventional 
vehicles equipped with a gasoline engine are 
negligible, at most 3 %. The largest part of lifetime 
particulates emissions falls on the phases related to 
the production of ae vehicle, that is to say, production 

levels for the life cycles of the analysed vehicles are 
presented in Figure 5.

The vehicle operation and use stage is the largest 
contributor to the life cycle NOx emissions for vehicles 
fitted with diesel engines, accounting for 51 %-62 % of 
total NOx emissions. It is found that for the examined 
driving conditions, the lifetime NOx emissions 
estimate by diesel hybrid is approximately 40 % lower 
than those of conventional diesel car.  In conditions 
both urban combined in-city and outside the urban 
area driving, the total life cycle NOx emissions 
emitted by gasoline hybrid car are approximately 
30 % less than those of the conventional gasoline 
vehicle. In conditions excluding city driving the 

Figure 6 PMx emissions over the vehicle life cycle

Figure 7 VOC emissions over the vehicle life cycle
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terpenes and others. The highest share of the VOC 
life time emissions occurs in the vehicle operation 
stage. The vehicles fitted with gasoline-powered engines 
demonstrate higher VOC emissions values than the 
diesel-powered cars. Figure 8 shows values for air 
pollutant emissions during the life cycle stages of the 
examined vehicles.

In urban driving conditions, the vehicles equipped 
with hybrid drives have 40 % lower life cycle air pollutant 
emissions than do the conventional cars (Figure 9). 
Smaller differences occur in driving condition outside 

of parts and components and assembly of a vehicle. In 
addition, it can be seen that the high percentage of air 
pollutant emission emitted by diesel-powered cars, 
falls on the operation stage, accounting for 20 %-30 % 
of the total. The levels of volatile organic compounds 
(VOC) for the life cycles of the analysed vehicles are 
shown in Figure 7.

Volatile organic compounds contain aliphatic 
hydrocarbons (decane, octane, hexane), aromatic 
hydrocarbons (toluene, xylene, benzene), benzene alkyl 
derivatives, aldehydes, ketones, amines, alcohols, esters, 

Figure 8 Air pollutant emissions over the vehicle life cycle

Figure 9 Percentage difference of lifetime air-pollutant emissions related  
to conventional diesel vehicle (diesel emission =100 %)

   
Figure 10 Percentage of lifetime air pollutant emissions during different life cycle stages 
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introduced the SORT cycles. However, standardized 
tests have a disadvantage. They do not fully 
reflect the real conditions of a vehicle operation. 
Therefore, in many works and projects are found the 
driving cycles developed for the traffic conditions of 
a particular city or region. Driving conditions have 
a significant influence on values for emissions and 
fuel consumption. Traffic conditions in the city are 
characterized by the low driving speeds, together with 
frequent acceleration, frequent braking and frequent 
stops. The non-urban driving conditions imply the 
higher speeds with less braking and fewer stops.

In order to assess the total emissions of a vehicle 
from production to end-of-life, the impact of the operation 
phase should be taken into account, as well as the 
emissions related to the manufacture of components, 
the assembly of a vehicle and production of fuel. The 
LCA method can be used for these purposes. It shows 
the influence of the different stages of the vehicle on the 
total emissions during the life of the vehicle. LCA can 
be used to make comparisons between the conventional 
and alternative vehicles and to facilitate purchasing 
decisions.

The paper shows the comparative life cycle analysis 
of conventional and hybrid drive vehicles with respect 
to various driving conditions. The presented results 
show that replacing a conventionally powered vehicle 
(diesel, gasoline) with a hybrid results in significant 
reduction of the lifetime air-pollutant emissions. In 
comparison to conventional cars, hybrids emitted 40 % 
fewer air-pollutant lifetime emissions in urban driving 
condition, approximately 30 % fewer life cycle air-
pollutant emissions in combined urban and non-urban 
area conditions and around 20 % fewer air-pollutant 
lifetime emissions in driving conditions excluding the 
urban areas. The major vehicle contributor to total air 
pollutant emissions for vehicles lifetime is the operation 
and use stage.

the urban area, where the hybrids achieve approximately 
20 % lower air pollutant emissions in comparison to the 
conventional vehicles. Compared to the conventional 
vehicles fitted with a diesel-powered engine, in all the 
examined driving conditions the conventional gasoline 
vehicle exhibits higher values of the lifetime air-
polluting emissions. As mentioned above, the gasoline 
vehicles show the lowest NOx and PMx emissions, but 
they indicate higher emissions of COx and VOC than 
do the diesel vehicles. Figure 10 shows the percentage 
contribution of different life cycle stages.

It can be seen that the vehicle operation and use stage 
is the largest contributor to total air pollutant emissions 
during the lifetime of a vehicle, accounting for 62 %-71 % 
of total air pollutant emissions (Figure 10). The high 
percentage of air pollutant emission falls to production 
of a vehicle (production of parts and components, vehicle 
assembly). It is found that air-pollutants emitted during 
the vehicle production constitute 12 %-16 % of the total 
emissions of conventional vehicles, 17 % of the total 
emissions of gasoline hybrid vehicles and 22 % of the 
total emissions of diesel hybrid vehicles.

5 Conclusion

Typically, vehicle air pollutants emissions exhibit 
values during their operation. To estimate the average 
operation emissions, a number of driving cycles have 
been developed. These cycles reflect the vehicle driving 
conditions typical for a particular city, town, or region. 
The test cycles are used in vehicle approval tests to 
estimate carbon dioxide emissions and average fuel 
consumption. In the EU, the NEDC had been used 
to test passenger vehicles and light duty vehicles 
and it is now using the Worldwide Harmonized Light 
Vehicles Test Procedure, or WLTP for short.  For 
buses, the International Association of Public Transport 
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Resume
The article describes the design and optimization of operation of an electric 
bus powered by the hydrogen fuel cells. At the beginning, an approach to 
design of a 12-meter urban bus, powered by hydrogen, is presented, as 
well as examples of components for its construction. Next, the problem of 
selecting the size of traction batteries and stacks of the Proton Exchange 
Membrane (PEM) hydrogen fuel cells was discussed. These are the 
key components affecting the price of the bus and should be subject to 
optimization. The results of optimization of the size of traction batteries and 
the fuel cell system for a bus traveling in inter-city traffic are presented. 
The optimization was based on data from the literature and data from the 
monitoring system of actual hydrogen powered buses located on the Internet 
platform. The main purpose of the research, which was to determine the 
total costs of ownership (TCO), is presented as well.
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For the city and intercity buses, the area of energy 
management is very wide. Many research works, carried 
out in the last 10 years, are concerned with the optimal 
use of energy from several decentralized sources, most 
of which use renewable energy sources. Hydrogen and 
fuel cells are seen as an indispensable component of both 
stationary and mobile electricity generators [9-10]. Very 
often energy production and its consumption on board 
vehicles are considered separately. Fuel consumption 
prediction is very helpful in planning a hydrogen vehicle 
route [11].

Entire hydrogen-powered fleets are being 
increasingly implemented in selected European cities. 
Such investments are long-term investments and, 
in addition to the vehicles themselves, require the 
construction of infrastructure for hydrogen production 
and refuelling [12]. Increasingly, hydrogen to power 
vehicles comes from the electrolysis of water using 
electricity from renewable energy sources. Such hydrogen 
is characterized by very high purity and does not contain 
any harmful components that can poison hydrogen fuel 
cells. In the case of long-term investments, the time of 
correct operation of both hydrogen cells and hydrogen 
fuel cells is of a great importance [13]. For the latter, the 
expected working time is from 20,000 to 30,000 hours 
and the guaranteed time is 15,000 hours. The entire 
vehicle fleet should be able to be monitored online, which 

1 Introduction

The constant pursuit of improving air quality in 
cities has given rise to the need for new solutions aimed 
at reducing CO2 emissions. This includes the urban 
transport sector [1]. The use of alternative fuels and 
propulsion systems based on electricity and hydrogen 
is an important activity in this respect [2]. Alternative 
fuels, characterized by the low CO2 emissions, are an 
important factor in the gradual reduction of transport 
emissions, which is the basic goal of the Europe 
2020 strategy. The strategy includes development of 
sustainable transport for the first half of the 21st 
century regarding a 60 % reduction in CO2 emissions 
by 2050 in transport. The use of such fuels will also 
have a beneficial effect on the ability of urban areas to 
meet the EU air quality commitments, this includes 
the elimination of conventional vehicles by 2050. Both 
city authorities [3], municipal transport companies and 
bus manufacturers are involved in pursuing this goal 
[4]. Buses fleet electrification is possible by production 
of the new models or conversion existing vehicles [5-6]. 
It is noteworthy that the zero emissions of electric and 
electric-hydrogen buses at their place of use is just one of 
their many advantages. Other benefits include a lack of 
noise [7], vibrations and a high level of driving dynamics 
resulting from characteristics of electric motors [8].
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The authors propose a comprehensive approach 
to design of a hydrogen bus taking into account its 
exact purpose. This approach has used all the latest 
components on the market for hydrogen bus construction 
and control techniques. All the stages that take into 
account the simulation should then be validated under 
real conditions [23].

2 Components of the electric and hydrogen city 
bus

During the last 10 years, electric drive systems 
dominated with increasingly larger traction batteries 
in order to obtain a greater range. This took place both 
for the drive of passenger vehicles and buses. However, 
many companies conducted parallel research and 
development related to use of hydrogen as fuel. Stacks 
of fuel cells and hydrogen tanks capable of powering city 
buses have been developed. Hydrogen technologies have 
the special advantage of faster hydrogen refuelling than 
charging vehicle traction batteries with fast DC chargers. 
Development of the hydrogen refuelling infrastructure 
for vehicles at 350 and 700 bar was also observed. 
These are favourable conditions for dissemination of the 
hydrogen-using drives in both passenger cars and buses.

In the 21st century, many components became 
available to build an electric bus drive system. The most 
important of them include: an electric motor and traction 
batteries and in the case of hydrogen propulsion, a fuel 
cell stack and hydrogen tanks. The appropriate selection 
of each component determines the suitability of the bus 
for a specific application (urban, intercity) and its price. 
In addition to the correct selection of components, it is 
also important to integrate them in order to obtain the 
trouble-free operation with high efficiency [24].

2.1 Electric motor and drive axle

The task of the electric drive system is to efficiently 
transfer power to the road wheels in all the bus operating 
conditions [25]. One of the most important components 
is the electric motor whose parameters determine its 
suitability for bus propulsion. According to global and 
European trends, in production of both passenger cars 
and buses, a Permanent Magnet Synchronous Motor 
(PMSM) is the most popular choice. 

Three drive concepts, central-motor, electric portal 
axle and in wheel hub drive, fitted in a 12 metre electric 
bus with a daily mileage of 200 km based on a usage 
period of 340 days a year, were compared by a bus 
manufacturer (see Figure 1). The bus was equipped 
according to the current standard of the respective 
manufacturers and the selected driving cycle SORT2. In 
order to ensure comparability, the tyre pressure and the 
total/overall vehicle weight (m 14,410 kg) were adjusted 
accordingly [26].

allows for preventive maintenance and optimization of 
all the application functions. Online and offline analyses 
allow to calculate the actual costs of using vehicles. 
They can be used to calculate the payback time and to 
compare the costs of different solutions to each other.

When it comes to energy management on board 
vehicles, it can be seen that it is more convenient 
to separate the two problems according to the time 
horizon. In the long term, energy management can be 
based on criteria depending on forecasts, investment 
and infrastructure costs, and the size of optimization 
steps. The real-time energy management is, however, 
required to achieve optimal power distribution on board 
the vehicle subject to power restrictions using given 
powertrain architecture components [14].

In the case of the hybrid bus traction system, the 
power demand must be met. Full optimization is possible 
with knowledge of the power flow characteristics and 
route profile. The total optimum is achieved provided 
that the energy consumption is minimized over the 
entire known route [15].

Previous articles explored different approaches to 
managing energy distribution for the same type of 
traction chain and increasing autonomy, minimizing fuel 
consumption by the main power source [16]. Among these 
approaches, dynamic programming, used offline when 
the route profile is known, is undoubtedly the most cited 
in the literature. This method, based on the Bellman 
principle, based on the discretization of the energy 
space of the storage system, reveals some weaknesses 
associated with the choice of the size of the discretization 
step, which significantly affects the time of calculations 
and the quality of decisions. Another method often cited 
in this area is the Optimal Control approach based on 
the Pontryagin minimum principle and calculation of 
derivatives of the Hamilton function or reporting of 
consumption of all the sources in an equivalent space 
in which the optimal control is carried out. Energy 
management methods on board hydrogen buses are still 
being developed with using a combinatorial optimisation 
approach to energy management [17]. Very promising is 
a real-time optimization [14], hierarchical approximate 
global optimization [18] and multi-mode prediction of 
the energy consumption, both in the stationary and 
mobile applications [19]. Control strategies for fuel 
saving in the hydrogen fuel cell vehicles should be still 
developed and promptly applied to existing and new 
produced vehicles [20-21].

City and intercity buses are usually built in 
hybrid systems. Most of them are specially designed to 
achieve the low total costs of ownership for heavy duty 
applications. The element, contributing to the low total 
cost of ownership, is selection of the key components 
with long life and high performance [22]. The power of 
hydrogen fuel cells and the energy capacity of traction 
batteries determine not only the production costs of 
a hydrogen bus, but its performance and operating costs, 
as well.
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many road vehicles as yet [30]. The charging process 
of the batteries should be included in any discussion 
about traction batteries. The optimal solution, due 
to infrastructure costs and the time required to fully 
charge the battery, is charging with direct current using 
external chargers. The CCS Combo 2 charging system 
can charge with up to 150 kW of power. It is worthwhile 
for every electric bus to have an on-board charger with 
a power output of at least 20 kW, which may be supplied 
from a three-phase 400 V socket. The expansion of the 
charging infrastructure should be developed along with 
an increase in the number of electric buses [31].

2.3  Fuel cell system

The type of fuel cell that best meets contemporary 
automotive requirements is the PEM (Proton Exchange 
Membrane) cell. This assertion has been confirmed by 
the trends among leaders in this field. The PEM fuel 
cells have been used to build many working prototypes 
and commercial vehicles.

The choice of the LTPEM (Low Temperature Proton 
Exchange Membrane) or High Temperature HTPEM 
(High Temperature Proton Exchange Membrane) system 
has a significant impact on the control strategies used 
for the entire power generation system under various 
operating conditions and this translates into some 
challenges related to their operation. The LTPEM 
functions normally at temperatures of up to 85 °C 
while the HTPEM operates normally up to 200 °C. 

The results were unambiguous. The direct costs 
benefits of a wheel hub drive include:
• Reduction of initial costs due to smaller battery 

pack (approx. 30 kWh lower)
• Reduction of annual operational costs due to low 

energy consumption (approx. 8,840 - 10,200 kWh 
less)
Further benefits of the wheel hub drive:

• Minimal installation space requirements
• Weight reduction
• Low maintenance
• Minimal noise characteristics (< 70 dBA at 80 km/h)

2.2 Traction battery

Traction batteries are another key component of the 
electric bus drive system. The most common technology 
used in the automotive industry is lithium-ion batteries, 
which are available in many varieties [27]. According to 
the authors, the NMC-type lithium-ion batteries (lithium 
nickel manganese cobalt oxide battery - LiNiMnCoO2 or 
NMC) should be used to build a low-costs, but highly 
reliable energy storage system. Lithium-titanium (LTO) 
batteries are increasingly used in the construction of 
electric buses [28]. They are characterized by a tolerance 
to very high currents during the charging process, which 
significantly reduces the charging time. Supercapacitors 
are used for the short-term storage of electrical energy 
recovered during the braking [29]. However, due to their 
high price and limited use, they have not been fitted in 

Figure 1 Comparison of different drive concepts [26]
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at reducing CO2 emissions in the urban transport 
sector. An important activity in this area is use of 
alternative fuels and drives. Currently, they include 
electricity and hydrogen. Polish and European urban 
bus manufacturers are introducing new generations of 
eco-friendly city buses [1].

Electric-hydrogen bus projects are most often 
implemented by consortia of bus manufacturers, 
universities, research institutes and science and 
technology parks. It is often the case that specialized 
start-ups with software and firmware programming 
skills in the newest programming languages are included 
in these groups. Table 1 gathers data from several 
ongoing projects that aim to build an electric-hydrogen 
bus at the TRL9 standard (Technology Readiness Level).

4 Research aim - Ursus demo hydrogen bus

A practical example of a performance design 
and production costs optimization is the Ursus Demo 
Hydrogen Bus. The vehicle uses two 30 kW LTPEM 
cell modules (total power 60 kW), compatible with 
a set of NMC lithium-ion batteries with an energy 
capacity of 70 kWh. More specifically, it is an electric 
bus with a hydrogen range extender [35]. This is due to 
impossibility of the supplying the electric motor directly 
from the fuel cell system. The motors are powered by 
traction batteries and the hydrogen system recharges 
them constantly.

Hydrogen is stored on board in a compressed form 
under a pressure of 35 MPa, which is the European 
standard in this area. The vehicle range is approximately 
450 km and is expected to increase. The service life 
assumed by the manufacturer is 20 000 working hours, 
which corresponds to a mileage of 700 000 km.

The drive system consists of electric motors located 
in the wheel hubs, roof-mounted traction batteries and 
2 hydrogen fuel cell modules located at the back of the 
bus, as shown in Figure 2.

The electric bus with a hydrogen range extender has 
many advantages, which include [36]:
• traction properties exceeding those of typical electric 

buses - the vehicle’s range without charging the 

The HTPEM systems, despite several disadvantages, 
have numerous advantages over the LTPEM systems, 
as well. The first of these concerns the lack of a need 
to moisten the membrane and use of a complicated 
and expensive humidifier. Further advantages with 
the simple construction of the entire HTPEM system 
are associated with the greater efficiency of the entire 
system, which compensates for the 10 % lower voltage 
performance of the cell itself [32]. Greater CO tolerance 
by the HTPEM systems translates into the possibility 
of using hydrogen from steam reforming of hydrocarbon 
fuels to supply them.

In the case of use of the hydrogen, originating from 
hydrolysis or reforming characterized by a purity of 
99.999 %, the cheapest solution would be to use LTPEM 
type cells.

2.4 Hydrogen storage

There are many ways to accumulate hydrogen. It 
can be collected in a compressed or cryogenic version. 
The latter method allows for accumulation of large 
amounts of hydrogen in a small volume. However, this 
is very expensive due to the need to maintain very low 
temperatures at the level of production, distribution 
and transport of hydrogen. There are also hybrid tanks 
available with cryogenic and additionally compressed 
hydrogen (cryo-compressed tanks) [33]. Hydrogen can 
also be collected in metal hydrides. They are very 
straightforward to use and efficient, but they have 
one drawback - they are excessively heavy. One of 
the newest methods of hydrogen accumulation is use 
of tanks made from carbon nanotubes [34]. However, 
metal or composite high pressure tanks are most often 
used to accumulate hydrogen on board vehicles. Several 
European and global manufacturers produce tanks with 
international approval.

3 Overview of solutions in existing projects

Continuous striving to improve air quality in 
cities necessitates the search for new solutions aimed 

Table 1 Comparison of parameters of different hydrogen buses

bus name or project 
title

electric motor type 
and power 

(kW)

battery type and 
energy capacity 

(kWh)

fuel cell system type 
and power (kW)

hydrogen tanks 
capacity (kg)

additional 
systems

Ursus bus hydrogen 
bus wheel-hub 2x110 2x37.8 2x30 33

Van Hool CHIC 100 150 35 break resistors

EVO bus CHIC wheel-hub 250 2x60 35

Wrightbus 0 75 33
break resistors, 
supercapacitor 

240 kW

Solaris Urbino 12 wheel-hub 2x125 120 60 36.8
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5  Bus monitoring using an online platform

Effective structural optimization in the scope of 
component selection and costs reduction in the area of 
the costs of constructing and operating electric-hydrogen 
buses cannot be based solely on a literature analysis. All 
the issues, subjected to theoretical analysis, should be 
validated under real conditions. In order to make this 
feasible, the bus must have the facilities of a mobile 
laboratory capable of making advanced measurements 
of selected parameters. In addition, it must be able 
to collect large amounts of measurement data and 
transmit them by various methods of wired and wireless 
transmission. The next challenge is their processing and 

battery is approximately 450 km;
• the option of travelling on intercity communication 

lines;
•	 	quick refuelling of hydrogen to on-board tanks, the 

process lasts approximately 15 min;
•	 	high travel comfort - “smooth ride”, no noise or 

vibration.
The Ursus FCEB (Fuel Cell Electric Bus) passed 

all of the relevant tests and was approved in the M3 
category [1].

This article considers the special structure of 
a hybrid electric vehicle with two power sources: a fuel 
cell and traction batteries. A detailed diagram of the bus 
drive system is shown in Figure 3.

Figure 2 Arrangement of components in the bus
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Figure 3 Diagram of the propulsion system of the hydrogen bus
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is too great for a conventional electric bus to travel, 
especially at such a high speed. Energy of 300 kWh is 
required to complete the entire journey. It is therefore 
necessary to use an electric-hydrogen drive. The task of 
the simulation tests is to determine which components 
are capable of accumulating electricity (traction 
batteries) and generating energy (hydrogen fuel cells) 
on board the vehicle.

Intelligent offline energy management is critical 
to meeting the requirements of an electric motor, while 
complying with various restrictions of hybrid vehicles 
related to system operation, safety conditions and power 
source designs. Various fuel cell systems and energy 
split control algorithms [40] have been tested taking into 
account fuzzy logic/proportional and adaptive [41-42].

Based on simulation tests, the total amount of 
energy needed to cover a representative route was 
determined. This energy comes primarily from hydrogen 
accumulated in the tanks. Only a small part of it comes 
from the vehicle’s traction battery. Based on the exact 
amounts of hydrogen consumed and the electricity taken 
to charge the traction batteries, one can calculate the 
costs of the vehicle’s driving along a representative route. 

careful analysis. In recent times, advanced systems have 
been acquired, for transmitting and visualizing data 
from vehicles. An example is shown in Figure 4.

The platform allows for the on-line reading of 
selected parameters and their off-line analysis [37]. It 
is a very useful tool for monitoring the correctness of 
work, error diagnostics and the optimization of electric-
hydrogen propulsion systems.

6  Simulation testing

Based on the real data from driving an electric-
hydrogen bus, dynamic models of electricity and 
hydrogen consumption were constructed on board the 
bus [38]. The model of the electric-hydrogen drive 
system takes into account the power of the fuel cell 
module, its efficiency and the efficiency of the air 
compressor [39]. Results of testing dynamic models are 
presented in Figure 5.

After that, a representative inter-city route of 
275 km was chosen, which the vehicle covered at an 
average speed of 38.6 km/h (Figure 6). This distance 

Figure 4 Internet platform window [37]

Figure 5 Results of dynamic models testing
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• the traction batteries are not charged from external 
sources while driving

• the vehicle recovers energy during braking [44]
• no hydrogen refuelling takes place while driving
• the vehicle travels along a representative route 340 

days a year over a period of 8 years of operation
• the total costs of ownership include the costs of 

buying a bus in a given configuration and the 
costs of fuel (electricity and hydrogen) and costs of 
maintenance
The bottom-up approach is taken for the TCO 

analysis across the Europe, across a 8-year timespan. 
The presented approach takes into account the modular 
construction of an electric-hydrogen bus from any 
number of hydrogen fuel cell modules and traction 
battery packs. This approach looks not only at detailed 
build costs for a Fuel Cell Bus, down to the drivetrain, 
fuel system and others, but also at operational costs such 
as fuel, maintenance and so forth. In authors’ opinion 
this approach is not only unique in the marketplace, but 
also offers the readers a perspective that can be applied 
to almost any operational business model.

Equation for calculation of the costs of building 
a Fuel Cell Bus (TCFCB), in various battery and fuel cell 
configurations, was determined as:

TCFCB = CBUS + CFC x nFC + CBAT x nBAT, (1)

where:
CBUS - Costs of Basic Bus,
CFC - Costs of Fuel Cell Module,
nFC - number of Fuel Cell Modules,
CBAT - Costs of Battery Pack,
nBAT - number of Battery Packs.

As a result of simulation tests the following was 
determined:
• total costs of building an electric-hydrogen bus in 

various battery and fuel cell configurations (Table 2)

7 Total costs of ownership calculations

The main purpose of the research was to determine 
the total costs of ownership (TCO) resulting from 
the construction and operation of a hydrogen bus at 
a given time and with a certain intensity. The costs of 
building a hydrogen bus were determined based on the 
component’s configuration presented in Section 3. The 
calculation was made for many variants of sizes of the 
hydrogen fuel cells and traction batteries. The costs 
of operating a hydrogen bus on a selected route were 
calculated based on the simulation tests presented in 
Section 5. Compared to ICE buses, electric and fuel 
cell buses have less maintenance costs due to simpler 
mechanics of its electric motor. Based on the data 
contained in the report [43], the costs of maintaining 
a hydrogen bus in European conditions amount to USD 
7.02/100 km. USD to EUR exchange rate is 0.82.

The following assumptions were used during the 
simulation tests:
• the price of a basic bus (called CBUS) with 33 kg 

hydrogen tanks is 280,000 €
• the size of the lithium-ion battery packs is 33.33 

kWh and is scalable to a maximum energy capacity 
of 233.33 kWh

• the power of the hydrogen fuel cell systems is 30 kW 
and it is scalable to a maximum power of 210 kW

• the prices of the lithium-ion battery packs (called 
CBAT) are the average value of 3 offers received 
from various manufacturers in 2018 and amount to 
27,906.98 €

• the prices of the hydrogen fuel cell systems (called 
CFC) are the average value of 3 offers received from 
various manufacturers in 2018 and amount to 
58,139.53 €

• the hydrogen price is 6 €/kg
• the price of electricity is 0.2 €/kWh
• the vehicle starts its journey with 100 % charged 

(SOC) traction batteries

Figure 6 Representative inter-city route
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representative route, assumed travel distance (Σkm) 
and actual electricity price.

• Determination of operating costs also required 
calculation of other costs. Other costs were defined 
as a planned repair and maintenance (washing, 
disinfection, standard repairs), vehicle technical 
control (1-year intervals) and regular vehicle service 
control at a mileage of 10 000 km. The average 
costs of maintaining a hydrogen bus in European 
conditions, as mentioned before, amount to USD 
7.02 / 100 km.
The first component of operating costs are the 

hydrogen costs, which depend on its consumption. 
Simulations results of the hydrogen consumption 
necessary to cover a representative route is presented 
in Table 3. Hydrogen consumption was calculated using 
the dynamic model described in Section 5. Hydrogen 
consumption was calculated for each constructional 
configuration of an electric-hydrogen bus. The calculated 
hydrogen consumption takes into account the total 
power and efficiency of the fuel cell modules, as well as 
the power and efficiency of the air compressor. Buses 
with smaller number of fuel cell modules will run with 
a higher load of the fuel cell stacks. Such operating 
points are characterized by higher efficiency and lower 
hydrogen consumption. However, they need larger 
traction battery packs to cover the power requirements 
of the traction motors.

Due to the consumption of hydrogen, there are 
certain limitations in the construction of an electric-
hydrogen bus. Hypothetical cases are highlighted in 
various colours in Table 3:
• insufficient energy capacity of traction batteries (*)
• battery discharge current too high (+)
• excessive hydrogen consumption (‡).

For a bus consisting of one fuel cell module and 
several battery packs, the amount of energy stored and 
produced in them may not be sufficient to cover the 
representative route (yellow). For a bus configuration 
with a small number of battery packs and a large 
number of fuel cell modules, the hydrogen consumption 
may be so high that it will not fit into the existing 33 kg 
hydrogen tanks. This case is marked in blue.

• the amount of hydrogen (Table 3) and electricity 
consumed (Table 4)

• fuel costs (electricity + hydrogen)
• TCO (Table 5)

Total costs of building an electric-hydrogen bus in 
various battery and fuel cell configurations is presented 
in Table 2. The costs of the electric-hydrogen bus 
include the costs of the base bus and the number of 
individual fuel cell modules and traction battery packs. 
The cheapest version of the base bus with one fuel cell 
module and one battery pack costs € 366,047. Buses are 
manufactured in a modular design and any number of 
fuel cell modules and battery packs can be installed 
on board. Of course, there are some limitations to the 
weight of the battery packs and the volume of the fuel 
cell modules. The greater number of components of the 
electric-hydrogen drive system reduces the weight and 
volume of the transported cargo, i.e. passengers. Due to 
these requirements, the number of fuel cell modules and 
battery packs is limited to seven. The fuel cell modules 
are more expensive than battery packs of comparable 
power. Therefore, a bus with more fuel cell modules than 
the battery packs will be more expensive.

An important component of the TCO is the costs 
associated with use of the hydrogen bus. The equation for 
calculation of the operational costs (COP) was determined 
as:

COP=CH2+CEL+CMAINT, (2)

where:
CH2 - Hydrogen Costs,
CEL - Electricity Costs,
CMAINT - Maintenance Costs.

Operating costs of the selected costs items (hydrogen 
costs, electricity costs, maintenance costs) were set by 
the following:
• Fuel costs (hydrogen) were calculated based 

on the specific hydrogen consumption to cover 
representative route, assumed distance travel (Σkm) 
and actual hydrogen price.

• Electricity costs were calculated based on the 
specific energy consumption from batteries to cover 

Table 2 Costs of the basic bus, battery packs and fuel cell systems in different configurations

cost of basic bus + battery packs + fuel cell systems (€)

fuel cells power (kW)

30 60 90 120 150 180 210

battery 
capacity 
(kWh)

33.33 366 047 424 186 482 326 540 465 598 605 656 744 714 884

66.66 393 953 452 093 510 233 568 372 626 512 684 651 742 791

100 421 860 480 000 538 140 596 279 654 419 712 558 770 698

133.33 449 767 507 907 566 047 624 186 682 326 740 465 798 605

166.66 477 674 535 814 593 953 652 093 710 233 768 372 826 512

200 505 581 563 721 621 860 680 000 738 140 796 279 854 419

233.3 533 488 591 628 649 767 707 907 766 047 824 186 882 326
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TCO=TCFCB+COP. (3)

Assumed travel distance (Σkm) is based on the 
length of the representative route (275 km). The vehicle 
travels along a representative route 340 days a year 
over a period of 8 years of operation. The results of the 
simulation tests of TCO are shown in Table 5.

For the TCO, there is an optimum - minimum (#) 
that corresponds to a bus configuration consisting of 
a 60 kW fuel cell system and traction batteries with an 
energy capacity of 100 kWh. For a specific representative 
route, any other configuration of the number of fuel 
cell modules and lithium ion battery packs will be less 
economical. Increasing the number of fuel cell modules 
will only cause them to work with less efficiency, which 
will contribute to an increase in hydrogen consumption. 

Simulations results of the electricity consumption, 
necessary to cover a representative route, is presented 
in Table 4. The amount of electricity stored in seven 
lithium-ion battery packs alone is not sufficient to cover 
the demand for a representative route of 275 km. An 
electric / hydrogen bus must be equipped with at least 
one hydrogen fuel cell module. In this case, however, 
there is another limitation related to the excessive 
battery discharge current (yellow). The research shows 
that an electric-hydrogen bus should consist of at least 
two fuel cell modules and any number of traction battery 
packs.

The TCO are therefore the sum of the total costs 
of Fuel Cell Bus TCFCB in various battery and fuel cell 
configurations, Equation (1) and operational costs COP, 
Equation (2) as presented below:

Table 3 Hydrogen consumption necessary to cover a representative route

hydrogen consumption (kg)

fuel cells power (kW)

30 60 90 120 150 180 210

battery 
capacity 
(kWh)

33.33 15.94* 28.48 35.97‡ 38.22‡ 44.87‡ 56.35‡ 70.30‡

66.66 14.52* 26.03 33.28‡ 35.14‡ 40.72‡ 51.22‡ 62.88‡

100 12.85* 23.67 29.77 32.66 37.58‡ 46.59‡ 56.83‡

133.33 11.59* 21.44 27.55 30.09 34.23‡ 42.15‡ 51.01‡

166.66 10.54* 19.62 24.91 27.87 31.41 38.75‡ 46.66‡

200 8.78+ 16.98 21.52 24.31 27.30 33.10‡ 38.94‡

233.3 7.55+ 14.88 19.08 22.11 24.75 29.84 34.67‡

Table 4 Electricity consumption necessary to cover a representative route

electrical energy consumption (kWh)

30 60 90 120 150 180 210

battery 
capacity 
(kWh)

33.33 109.32* 20.09 17.53 17.62 17.95 18.29 18.46

66.66 120.85* 36.27 33.97 34.07 34.39 34.77 34.95

100 140.85* 52.72 50.46 50.57 50.87 51.27 51.45

133.33 157.09* 69.21 66.96 67.17 67.38 67.77 67.95

166.66 170.44* 85.70 83.46 83.67 83.90 84.27 84.45

200 192.78+ 102.21 99.96 100.06 100.40 100.77 100.95

233.3 208.54+ 119.23 116.46 116.67 116.91 117.27 117.44

Table 5 TCOs for different bus configurations

total costs of ownership (€)

fuel cells power (kW)

30 60 90 120 150 180 210

battery 
capacity 
(kWh)

33.33 729 801* 944 077 1 122 983‡ 1 217 998‡ 1 384 831‡ 1 630 458‡ 1 916 388‡

66.66 740 839* 940 828 1 116 086‡ 1 204 605‡ 1 353 913‡ 1 583 591‡ 1 832 101‡

100 752 384* 939 119# 1 095 585 1 200 895 1 339 551‡ 1 544 983‡ 1 770 323‡

133.33 768 598* 939 664 1 096 181 1 195 964 1 321 803‡ 1 509 425‡ 1 712 161‡

166.66 786 600* 946 851 1 090 010 1 196 558 1 312 596 1 490 783‡ 1 678 163‡

200 797 925+ 940 535 1 071 580 1 175 415 1 282 384 1 435 422‡ 1 588 955‡

233.3 814 251+ 943 438 1 068 667 1 176 345 1 277 693 1 419 073 1 556 167‡
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important since it allows for the sourcing of innovative 
components that will deliver a competitive advantage.

The approach proposed by the authors is universal. 
It should be carried out at the stage of developing 
design assumptions for each electric-hydrogen bus. This 
approach takes into account the purpose of the bus to 
cover the assumed routes. A different representative 
route is selected for urban, intercity or mixed travel. 
Based on that, the basic design assumptions of the 
electric-hydrogen drive system can be made and the 
consumption of hydrogen and electricity stored in 
battery packets can be determined.

Due to the great interest in production of buses 
powered by hydrogen fuel cells in Poland. the authors 
plan further research in this area. The dynamic model of 
the electric-hydrogen drive system can be freely modified 
as a result of development of components with better 
performance. Various control algorithms can be used to 
calculate the energy consumption of the bus needed to 
travel the representative route. Therefore. the presented 
approach can be used to make all kinds of comparisons 
of the system performance and economic costs.

Increasing the number of battery packs will increase 
the costs of purchasing the bus and increase its weight.

Additional economic and ecological benefits can be 
obtained by producing electricity and hydrogen from 
renewable energy sources [45].

8 Summary and conclusions

The construction of a structurally and costs-
optimized electric-hydrogen bus is not straightforward, 
but it is feasible. A scientific approach should be 
used. Firstly. a review of the current state of the 
relevant science and technology in selected areas is 
required. These areas are associated with the relevant 
components needed to construct such a bus. An analysis 
of the state of the art would enable the selection of the 
most common and reliable components. This would 
allow for costs optimization. For the TCO, there is 
an optimum - minimum that corresponds to a bus 
configuration consisting of a 60 kW fuel cell system and 
traction batteries with an energy capacity of 100 kWh. 
An analysis of the relevant research areas is even more 
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Resume
The public service system serves population spread over a geographical 
area from a given number of service centers. One of the possible approaches 
to the problem with two or more simultaneously applied contradicting 
objectives is determination of the so-called Pareto front, i.e. set of all the 
feasible non-dominated solutions. The Pareto front determination represents 
a crucial computational deal, when a large public service system is designed 
using an exact method. This process complexity evoked an idea to use an 
evolutionary metaheuristic, which can build up a set of non-dominated 
solution continuously in the form of an elite set. Nevertheless, the latter 
approach does not assure that the resulting set of solutions represents the 
true Pareto front of the multi-objective problem solutions. Within this paper, 
authors deal with both approaches to evaluate the difference between the 
exact and heuristic approaches.
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the lexicographical min-max fair design, a sequential 
process of optimization is used. The nearest distance 
to the service center of the worst situated user is 
minimized first, followed by the minimizing of the 
distance of the second-worst situated users and so on, 
unless the minimal reached distance of the previously 
processed users is worsened.

All the above-mentioned formulations of public 
service system design have only one objective function 
and can be efficiently solved by the so-called radial 
approach in the case of the min-sum formulation [4, 
8-10]. The min-max fair public service system design 
problem proved to be easily solvable using the radial 
formulation [11]. The radial formulation has been also 
successfully applied to the lexicographical min-max fair 
design [12].

When consequences of the fairness schemes were 
studied, it was found that the fair and system objectives 
contradict. It means that if a fair objective is minimized, 
then the system objective takes bigger, i.e. worse, value, 
what usually means that the fairer solution is paid by 
worsening of the average distance between a user and 
the service center [13-14]. The similar relationship 
can be observed between the sum of fixed charges and 
the cost of users’ demand satisfaction [15]. The next 
case of the objective contradiction can be found in the 
field of fuzzy set theory applied to the public service 
system design in the situations, when traversing times 
in a transportation network are uncertain [16]. In 
such a case, the level of satisfaction contradicts to the 
min-sum objective function value [17].

1  Introduction

The public service system design problem is usually 
formulated as a task of selection of p-center locations 
from a finite set of possible center location so that a given 
objective, based on user’s distances to the nearest service 
center, is minimal. According to applied objective, the 
design problem can be formulated in several ways. The 
most usual one is the way that prefers the solution with 
minimal average user’s distances to the service center. 
This objective is called the min-sum or system objective 
and it has been used by many authors in emergency 
system designing. In this case, the problem is often 
presented as the weighted p-median problem [1-4]. 
This min-sum problem consists of determination of the 
p-center locations so that the sum of user’s distances 
to the nearest service center, weighted by an expected 
number of the user demands, is minimal [5-6].

In contrast to the min-sum formulations, users 
of a public service system share cost of the system 
by paying tax, which approves them to claim the 
equal or fair access to the provided service. A plethora 
of fairness schemes was studied in connection with 
public service system design. The most known one is 
the min-max objective, where the maximal distance 
from a user to the nearest service center should be 
minimal. This formulation of the public service design 
is called the p - center problem. The strongest fairness 
scheme, applicable in the public service system design, 
is the so-called lexicographic min-max criterion [7]. 
When solving a fair public system design problem as 
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frequency bj of visits performed by a servicing vehicle. It 
is assumed that the vehicles start their servicing route 
from a service center and they return back to their 
center after a user’s demand has been satisfied. The 
public service system design consists of locating of the p 
service centers at the possible service center locations, 
which form a finite set I. The further defined objectives 
are based on integer network distances, where symbol 
dij denotes the network distance from location i! I to the 
location j! J for any pair of locations from I and J. The 
min-sum objective function value fmS(I1) for a given set I1 
of located service centers can be defined by:

minf I b d i ImS
j ij

j J
1 1| !=

!

^ h " ,| . (1)

The min-max objective function value fmM(I1) of the 
same design I1 of the public service system is given by:

max minf I d i I j JmM
ij1 1| |! !=^ h " " , , . (2)

The public service system design problem, with 
the min-sum objective and with limit h of any distance 
between a user and the associated service center, can be 
modelled by the combinatorial model in Equation (3).

, ,min f I I I I p f I hmS mM
1 1 1 1| 1 #=^ ^h h" , . (3)

The problem in Equation (3) can be rewritten into 
a linear programming form in several ways and then 
the problem can be solved by any integer programing 
solver. Based on our previous experiences, we describe 
the problem by a radial model, which proved to be more 
easily solvable than the other models.

Let m denote the maximal relevant distance between 
a possible service center location and a user location. 
Then the following three-dimensional matrix {aijs} can 
be defined by Equation (4) for each i! I, j! J and s= 0, 
…, m-1.

,if d s then a else a1 0ij ijs ijs# = = . (4)

To complete the model, the decision variables  
yi! {0,1} for i! I are introduced. The variable yi models 
the decision on service center location at place i! I. The 
variable takes the value of 1 if a service center is located 
at i and it takes the value of 0 otherwise. Further, the 
auxiliary zero-one variables xjs for j ! J and s = 0, …, h-1 
are introduced. The variable xjs takes the value of 1, if 
the distance from a user located at j !  J to the nearest 
located center is greater than s and it takes the value of 
0 otherwise. Then, the problem in Equation (3) can be 
formulated as follows. 

Minimize b xj js
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All the mentioned cases represent a mathematically 
unsolvable situation because there exists a set of feasible 
solutions with different values of the objective functions 
and it is impossible to decide on the best one without 
an additional comparative rule. A possible approach 
to the public service system design with two or more 
contradicting objectives consists in producing Pareto 
front, or a set of non-dominated solutions. This output 
of the designing process enables to put the final decision 
on a supervising manager’s board.

The real Pareto front is a set of all the non-
dominated solutions, what means that each other 
solution, is outperformed by a solution of the front 
in each of the applied objectives. As the most of 
the public service system design problems have finite 
domains of objective functions, the real Pareto front 
can be obtained by a finite sequence of runs of an exact 
mathematical programming method. This approach 
represents a crucial computational deal, especially when 
a large public service system is designed using an exact 
mathematical programming method. It is necessary 
to consider that each run of the sequence represents 
solving of a hard and large combinatorial problem, 
which solution is obtained by time demanding inspection 
of a vast searching tree. To avoid this computational 
burden, professionals prefer a heuristic approach based 
on imitating the biological processes [18-19]. To obtain 
a good set of the non-dominated feasible solutions, an 
evolutionary metaheuristic seems to be a convenient tool, 
because an evolutionary metaheuristic is able to build up 
a set of the non-dominated solutions continuously in the 
form of an elite set [20]. Nevertheless, it must be taken 
into account that the latter approach does not assure 
that the resulting set of solutions represents the true 
Pareto front of the multi-objective problem solutions.

Within this paper, authors studied both approaches 
and compared them from the points of computational 
time and quality of the resulting set of non-dominated 
solutions. The solved cases of the public service system 
design will dispose of with min-sum and min-max 
objectives.

The remainder of the paper is organized as follows: 
Section 2 is devoted to the radial formulation of the 
min-sum problem with limited min-max criterion. 
The exact approach to Pareto front determination is 
described in Section 3 and metaheuristic approach 
is explained in Section 4. The associated numerical 
experiments are reported in Section 5. The results and 
findings are summarized in Section 6.

2 Radial formulation of the min-sum problem 
with the limited distance

The studied public service system is designed to 
satisfy demands for service of the system users, which 
are in the serviced area at finite set J of user locations. 
The demand of a user j! J is expressed by an expected 
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Further, the elements of the sequence {IR(h) : h=h0, 
…, m} must generally satisfy Equation:
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It is noted that if fmS(IR(h)) = fmS(IR(h+1)), then 
IR(h+1) cannot be the new non-dominated solution, 
because it is either dominated by IR(h) or it has the same 
evaluation in both objective functions.

One can also prove that the implication in Equation 
(12) holds for the sequence {IR(h) : h=h0, …, m}.

,

, , .

if f I h f I h then also

f I h f I h for

h h m

1

1

1

mS
R

m

mS
R

M
R

mM
R

0 f

2

1

+

+

= -

^
^
^
^

^
^
^
^

hh
hh

hh
hh

 (12)

The implication can be proved by contradiction. 
Let it be supposed that the assumption holds and that 
fmM(IR(h)) = fmM(IR(h+1)). It means that the increase of 
h does not impact the optimal solution of Equation (3), 
i.e. no distance from a user to the nearest service center 
exceeds fmM(IR(h)). It follows that fmS(IR(h)) = fmS(IR(h+1)), 
what contradicts the assumption.

Now, one can claim that if fmS(IR(h)) > fmS(IR(h+1)), 
then IR(h+1) represents a new element of the Pareto 
front. The claim follows from the facts that IR(k) for 
k<h+1 does not dominate IR(h+1) and no solution IR(k) 
for k>h+1 can dominate IR(h+1) due to Equation (12).

Based on the above reasons, one can apply the 
following algorithm to establish the Pareto front for the 
solved problem.
0.  Determine h0 and insert IR(h0) into the Pareto front. 

Set h=h0+1.
1.  While h ≤ m repeat step 2.
2.  Compute IR(h).
 If fmS(IR(h)) < fmS(IR(h-1)), then insert IR(h) into the 

Pareto front.
 Set h=h+1.  

4 The genetic algorithm for the set of non-
dominated solutions

The genetic algorithm (GA) became popular in 
solving large combinatorial optimization problems. The 
main idea comes from the theory of evolution. In nature, 
populations exchanges are performed by transition and 
exchange of genetic information between members of 
a current population. This process is modelled using 
algorithmic operations of crossovers and mutations. The 
GA is suitable for solving problems where a solution 
can be represented by vector y with 0-1 components. 
A solution can be also called a member of a population 
or individual. This vector can be called chromosome and 
its components are called genes. Chromosomes modelled 
in this way are changed by implemented operations of 

y pi
i I

=
!

|  (7)

a y for j J1ijh i
i I

$ !
!

|   (8)

,y for i I0 1i ! !" ,  (9)
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In this model, the objective function in Equation 
(5) represents the total travel distance necessary for 
satisfaction of all the users’ demands, as the expression 
xj0 + xj1 + xj2 + … + xjh-1 constitutes the distance to user 
location j from the nearest located service. 

The constraints in Equation (6) ensure that the 
variables xjs can take the value of 0, if there is at least 
one center located in radius s from the user location j and 
constraint in Equation (7) limits the number of located 
centers by p. The constraints in Equation (8) ensure that 
each user has a service center in the radius h.

Let IR(h) denote the resulting set of service center 
locations {i! I: yi

*=1} obtained from optimal solution 
(y*, x*) of the problem in Equations (5)-(10) for a given 
integer value h.

3 The Pareto front determination using  
the exact approach

Quality of any feasible solution I1, of the above-
mentioned public service design problem, can be 
evaluated according to each of the two contradicting 
objectives, fmS(I1) and fmM(I1), described by (1) and (2), 
respectively. A solution I1

* is called the non-dominated 
if there exists no feasible solution I1 such that fmS(I1) ≤ 
fmS( I1

*) and fmM(I1) ≤ fmM( I1
*) and, in addition, if it holds 

either fmS(I1) < fmS( I1
*) or fmM(I1) < fmM( I1

*). The real 
Pareto front is a set of all the non-dominated solutions. 
As the set of all the feasible solutions is finite, the Pareto 
front of the studied problem must be also finite and it 
can be obtained by the process described below.

Let the function fmS(IR(h)) be generalized so that 
it gives the value bigger than a penalty Q, when the 
problem has no feasible solution for given h. It is 
asserted that the Pareto front solutions can be selected 
from the sequence of solutions IR(h) for h=h0, …, m, 
where h0 is the lowest integer, for which fmS(IR(h0))<Q 
holds, i.e. IR(h0) is a feasible solution of the problem in 
Equation (3).

Obviously, the solution IR(h0), evaluated by a pair 
of the two objective values [fmS(IR(h0)), fmM(IR(h0))], is 
a non-dominated solution of the public service system 
design problem from the following reasons. In this 
case, the equality h0=fmM(IR(h0)) holds, since no feasible 
solution exists for h < h0 and thus fmM(IR(h0)) ≤ fmM(I1) 
holds for each feasible solution I1. As IR(h0) is optimal 
solution of Equation (3) for h0=fmM(IR(h0)), then each 
feasible solution I1 satisfying h0=fmM(I1) also satisfies the 
following inequality fmS(I1) ≥ fmS(IR(h0)).
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both parents are preserved in both offspring. For the 
set of differing genes, the associated portion of units 
is distributed randomly over the offspring so that each 
offspring gets the same number of units. This approach 
ensures that the offspring are also feasible solutions. 
Mutation process is also implemented with regarding 
the offspring feasibility. The mutation is a swap between 
one selected gene and the non-selected one.

One iteration of the population change works as 
follows. Individuals from the old elite set remain as 
individuals of the new population. To complete the 
new generation, the next individuals are obtained by 
crossover and selection from the previous population. 

Pairs of individuals are selected from the previous 
generation by the random process called the tournament. 
It consists of random selection of individuals based 
on their fitness. This process is repeated until the 
population is complete. After that, the semi-Pareto 
front and elite set are updated in the following way. 
Each new member of the population is tested whether 
it belongs to the semi-Pareto front. If yes, it is inserted 
in it, dominated ones are removed. Then the process 
continues with the next iteration.

Tuning of the GA parameters is an important part 
of this study. Information on the GA parameters are 
given in the next Section.

5 Computational study

The multiple tests were performed to compare the 
metaheuristic approach with the exact results. All the 
heuristic tests were done on the following hardware: 
Processor Intel Core i5-4460 3.2 GHz, with 8 GB of 
DDR3 memory; the genetic algorithm was developed 
in the Java programming language; to obtain the exact 
results for the benchmarks described in the previous 
sections, the optimization software FICO Xpress 7.9 (64-
bit, release 2015) was used and the experiments were 
run on a mobile workstation equipped with a processor 

mutation and crossover, like the natural process. The 
mutation changes the value of one or more components 
in chromosome with some probability. Crossover is the 
process of generating two offspring from two-parent 
chromosomes [21]. The set of newly created individuals 
represents a pool of candidates for the next population. 
The new population is formed using the approach where 
members of the elite set from the old population are 
transited to the new population and new population is 
created by selection of individuals from the pool.

In authors’ previous research, the genetic algorithm 
was implemented as metaheuristic for the given 
problem. As mentioned above, the set of good solutions 
is evaluated by the two partially conflicting criteria in 
the problem. As a result, a collection of good solutions 
is preferred rather than the single best solution. That 
implementation yields the semi-Pareto front as the 
output of an optimization run. The semi-Pareto front, 
obtained by the heuristic, approximates the exact Pareto 
front. The semi Pareto front is a part of the elite set. 
Adjustment of this algorithm to the goal of obtaining the 
good semi-Pareto front is based on testing if the obtained 
solution should be added to the current semi-Pareto 
front. here is briefly introduced The basic structure 
of the implemented genetic algorithm, is here briefly 
introduced, in the form of a template shown in Figure 
1 [21].

For the better explanation of the implemented 
algorithm the specific modifications, performed in the 
introduced steps of the template, are described. It 
is decided to represent a solution using a list of 
the p-locations instead of 0-1 vector. The 0-1 vector 
can be obtained by a simple conversion if necessary. 
The initial population is generated randomly. For this 
implementation, the special crossover and mutation 
were developed r to preserve the admissibility of the 
created solutions. That implementation of the crossover 
takes advantage of the fact that the number of differing 
genes in the two selected solutions is always even. 
Genes (possible located centres) that are the same in 

Figure 1 Used template of genetic algorithm with important parameters [21]
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different semi-Pareto fronts were obtained for each 
region and each parameter combination. 

The exact results were compared to the two heuristic 
approaches with initial parameters obtained in different 
ways. “One by one” and “Each by each” are the parameter 
tuning approaches. 

The first parameter tuning approach, called “One by 
one” parameter, consists of the following steps. Firstly, 
the set of r parameters is ordered into a sequence p1, p2, 
…, pr and subscript t of the current parameter is set to 
1. The parameters are set at some initial values from 
their ranges. Then, in the t-th step, one has to find the 
best value of parameter p. The set of permissible values 
is given for each parameter. The best option is selected 
according to the results of the test run. The best value 
of the parameter is assigned to pt for the next step. 
Finally, if t is less than r, the t is increased by one and 
the process continues. Otherwise, the tuning process 
terminates.

The second tuning process is called “Each by each” 
and consists of a performed time-consuming enumeration 
of all the combinations of individual parameters.

The following parameters were tuned: population 
size, elite set size ratio, mutation probability and 
tournament size ratio. The other used parameters with 

Intel Core i5-7200U 2.5 GHz and 16 GB of DDR4 RAM.
Eight regions of the Slovak Republic were used as 

the benchmarks. For each self-governing region, i.e. 
Bratislava (BA), Banska Bystrica (BB), Kosice (KE), 
Nitra (NR), Presov (PO), Trencin (TN), Trnava (TT) 
and Zilina (ZA), all cities and villages were taken 
into account, as the set of possible locations. The 
cardinalities of these sets vary from 87 to 664 according 
to the considered region. 

It was necessary to use an effective way how to 
compare two solutions (or more), which are represented 
by the semi-Pareto fronts. Both compared fronts needed 
to be normalized, so that all the solutions in the front 
have both objective functions ranging from 0 to 1. 
Comparison of more than two fronts can be also done 
using this approach. After the mentioned transformation 
one can calculate the area restricted by the axes and 
curve of Pareto front. The points of the individual Pareto 
front and semi Pareto front are connected by the line 
as in Figure 2. Both areas under the connector were 
calculated. The better approximation of the Pareto front 
corresponds to one with the smaller area [20].

For each of the eight regions, the parameter settings, 
according to two approaches, were obtained. The time-
consuming heuristic run was performed, where 40 

Figure 2 Example of the two compared Pareto fronts, 
the first surface area of the Pareto front (area: 0.6) is marked in hatched, 

the second (area: 0.69) in grey; it is assumed, that the lower value is better, 
so the first front is the better one [20]

Table 1 Comparation of areas under normalized exact and approximate Pareto-fronts

exact result
heuristic GA - one by one heuristic GA - each by each

average best result average best result

BA 0.15854043 0.346925 0.20727 0.336714 0.233965

BB 0.060582 0.557023 0.382774 0.549060 0.360898

KE 0.069284634 0.367419 0.218435 0.365578 0.200383

NR 0.1614823 0.454372 0.329542 0.437669 0.304113

PO 0.045180031 0.543496 0.396628 0.4419 0.34113

TN 0.058402242 0.401947 0.298893 0.379348 0.224277

TT 0.043653727 0.441135 0.132829 0.518205 0.294873

ZA 0.054469734 0.605164 0.446484 0.592686 0.419366



T W O  O B J E C T I V E  P U B L I C  S E R V I C E  S Y S T E M  D E S I G N  P R O B L E M  E73

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

Figure 3 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Banska Bystrica region

Figure 4 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Bratislava region

Figure 5 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Kosice region

Figure 6 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Nitra region

Figure 7 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Presov region

Figure 8 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Trencin region

Figure 9 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Trnava region

Figure 10 Exact Pareto front (rhombus) compared to 
heuristic one (squares) for the Zilina region
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6 Conclusions

This research was devoted to inspection of the 
genetic algorithm ability in obtaining an approximation 
of the Pareto front of the p-location problem solutions. 
For this purpose, two conflicting criteria were considered. 
The first min-sum objective was to minimize an average 
distance between a user and the nearest service center 
and the other min-max objective was to minimize 
the maximal distance from a user to the nearest 
service center. To be able to perform proper analysis 
of the approximate results, the exact Pareto front 
were determined for each benchmark, by an exact 
optimization method and comparing it to the Pareto 
front approximation, authors came to the following 
findings. The genetic algorithm can be used to find an 
approximation of the Pareto front of the non-dominated 
public service system designs with conflicting criteria, 
but the approximation may be a bit biased in the 
case when a bigger instance of the problem is solved. 
A future research in this field will be aimed at methods, 
which can enable to direct the evolutionary process at 
a refinement of the Pareto front approximation.
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fixed values: Mutation step, maximal mutation count 
per offspring, offspring optimization probability, the 
acceptable difference in the population and final count 
of the population diversity controls.

The hypothesis that mean values for both sets of 
heuristic results are the same as the optimal result was 
tested. The hypotheses were tested using the Student 
t-test. To use this test, it was necessary to verify 
that the results obtained had a normal distribution. 
The Kolmogorov-Smirnov test for normality was used 
for that purpose. As it is shown in Table 1, the 
heuristic results were compared to the exact ones. After 
performing the above-mentioned test, the hypotheses 
that mean values of a heuristic run are the same as an 
exact result at 5% significance level for all the datasets,  
were rejected.

Comparison of the best-found approximation of 
the Pareto fronts and exact Pareto fronts, for each self-
governing region, can be found in Figures 3 - 10. The 
horizontal axis depicts the min-max values in km and 
the vertical axis contains average min-sum values in km 
of resulting Pareto fronts.

According to the presented results in Figures 3-10 
and Table 1, the genetic algorithm can be used for 
approximation of the Pareto front. One can see that in 
Bratislava, Kosice, Nitra, Trencin and Trnava (Figures 
4, 5, 8 and 9) relatively good approximation of the exact 
results was obtained, which means that this approach 
can be permissible while solving large problems. 
However, in general comparison to the exact results, one 
can see that more numerous Pareto front members were 
found using the exact approach.
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Resume
In decisions about transportation for family vacations, the distribution of the 
decision-making role between fathers and other family members is subject 
to characteristics of the society, the travel and the household. Therefore, 
the purpose of this study is to present a data-mining model that identifies 
the relative importance of those determining characteristics in predicting 
the probability of the father’s predominance in transportation decisions for 
family vacations. By investigating cases across four East Asian societies and 
using exhaustive chi-square automatic identification detector analysis, it 
was found that the primary source of the family’s income was the strongest 
predictor of the father-determined likelihood of decisions about vacation 
transportation. The results also suggested that the decision tree method is 
appropriate for targeting the father-predominant market of transportation 
in cross-societal contexts. 
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transportation for the family vacations prevailed across 
25 societies. These various contradictory findings can be 
attributed to the choice of different respondents within 
the families accessed by the studies. Extant evidence on 
the roles that fathers play in the decision-making about 
the means of transportation for family vacations is rarely 
based on the data obtained from adolescent children 
[2], who, in fact, do possess the cognitive competence 
necessary to describe how the vacation decision roles 
are distributed within the family [11-14]. Perception 
bias can plague conclusions that are based on use of 
the traditional couple-reporting method to describe the 
distribution of roles in family vacation decision-making. 

Indeed, the father’s role in family vacations has 
rarely been studied [15]. A call has emerged for more 
exploration into fatherhood-related factors that will 
elaborate on family tourism from various perspectives, 
such as gender differentiation, dyadic consensus and 
parental style [16]. To address these issues in a general 
framework, it is advisable to conduct multilevel 
research that incorporates cultural and socioeconomic 
backgrounds at the societal level and travel-household-
related characteristics at the individual level in the 
family decision-making processes for choosing tourist 
products [2, 7-8, 14, 17]. However, no study to date 
has examined the predictive ability of variables at 
macro and micro levels regarding the father-determined 

1 Introduction

Transportation is considered to be an indispensable 
aspect of family tourism because participants’ perceived 
risk of transport arrangements strongly affects their 
regard for travel information [1]. An important topic 
in family tourism research is the family’s decision-
making style for decisions about means of transport 
[2], but the extant research on the father’s role in 
decision-making about the means of transportation for 
family vacations has produced contradictory results. For 
instance, Wang et al. [3] study in Taiwan found that the 
father and mother decided the means of transportation 
for family tours jointly, which agrees with the findings 
of a recent study in Spain [4] and Croatia [5]. Similar 
additional research results have supported a general 
argument that family vacation decisions are made 
jointly by the father and mother [6-8]. However, Kim 
et al. [9] from evidence in South Korea concluded that 
the father usually acted as the main decision-maker of 
transportation-related activities, thus supporting the 
general style of the family tourism decision-making in 
South Korea [10]. Their findings represent a broader 
contention that the father predominates in the decisions 
of transportation arrangements for family vacations in 
East Asia. A recent study by Cheng et al. [2] confirmed 
that fathers’ predomination in determining the means of 
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been introduced in an elaboration of family purchase 
decision-making under down-to-earth circumstances 
[21, 30]. The multilevel crossvergence perspective was 
developed from the crossvergence theory [23, 31] and 
forms the foundation for reference frameworks in cross-
societal-context research. In response to that trend, it 
is worthwhile to extend the crossvergence perspective 
into family purchase decisions in order to take into 
account a multilevel theoretical foundation of societal 
backgrounds, such as sociocultural and ideological 
influences and individuals’ features, on the formation of 
the family vacation decision-making.

The focus of this study is on four Eastern Asian 
societies: those of China, Japan, South Korea and 
Taiwan. These four societies share similar historical, 
geopolitical and geographical features but differ in 
their cultures and their development ideologies [10, 
18-19, 21, 32]. In fact, their sociocultural and ideological 
differences could lead to significant variations in their 
FDL of decisions about family vacation transportation. 
Furthermore, it is argued against an assumption that 
all the East Asian consumers operate from shared 
similarities. Cultural and socioeconomic characteristics 
should be taken into consideration with travel- and 
household-related characteristics when one is trying 
to understand the roles that fathers play in deciding 
transport means for family vacations. Indeed, authors 
believe that the region’s diversity is well represented 
by the four societies that were selected to represent 
East Asia. This study is innovative and should serve 
as groundwork for further studies on the FDL of 
transportation decisions for family travels in East Asia.

3 Application of the decision tree methods  
in tourism studies

A decision tree is a powerful data-mining approach 
for classification, prediction, interpretation and data 
manipulation and it has been used widely in behavioural 
research. For research designs, the application of 
a decision tree has two advantages that address the 
interpretability of results and the quality of data [33-34]. 
First, decision tree models simplify complex dependence 
relationships by dividing cases into distinctive subgroups, 
thus providing outputs that are clear to interpret. Second, 
a decision tree is a nonparametric approach without 
distributional assumptions. It needs no imputation 
to react to missing values and no transformation to 
respond to heavily skewed data. In addition, a decision 
tree is robust to outliers. The commonly used algorithms 
of a decision tree that are available in software are the 
Chi-square Automatic Interaction Detector (CHAID), 
the Classification and Regression Tree (CART) and the 
Quick, Unbiased, Efficient Statistical Tree (QUEST). In 
sum, these algorithms are distinctive in terms of their 
variable type, node splitting, tree pruning and splitting 
rules [33-34].

likelihood (FDL) of family vacation decisions, such as 
transportation means, based on data mining across other 
societal contexts, such as East Asian societies. Thus, 
this study sought to apply the decision tree technique 
to develop a data-mining model of societal, travel and 
household attributes that could predict adolescents’ 
perceptions of the FDL of decisions about transport 
means, using the binary categories of “yes” (i.e., by the 
father alone) or “no” (i.e., not (just) the father) for family 
travel. By investigating cases collected in China, Japan, 
South Korea and Taiwan, the overall cases of family 
vacation were segmented, from the rules generated by 
the model. In so doing, the relative importance of the 
predictor variables for the FDL of transport means was 
identified.

2 Crossvergence across East Asia and family 
vacation decisions

The concept of East Asia is also termed 
interchangeably as Confucian Asia in cross-societal 
studies, because societies of this cluster share 
Confucianism as a primary source of sociocultural 
influence on the formation of values [18]. Harmony is 
the underlying value of the Confucian family, school and 
workplace. To maintain harmony, family norms stress 
the division of roles in the husband–wife relationship, 
filial piety in the parent–child relationship and unequal 
priority between siblings [19-20]. Regardless of the 
value system that has evolved across the East Asian 
societies, through distinctive historical backgrounds and 
societal ideology, Confucianism has been widely used 
in analytical frameworks for research on issues of the 
Asian family [20-21], including family vacation decision-
making [10, 22]. According to Confucian tradition, which 
emphasizes family-based interpersonal relationships 
in terms of communication and behavioural norms, 
clearly defined roles emerge for individuals in the family 
decision-making process. 

At the societal level, individuals’ behavioural 
variations across societal contexts can be explained 
by society’s common value system, which is influenced 
by the two different categories of antecedents: culture 
and ideology. The two kinds of factors are advocated by 
convergence and divergence theories, respectively [23-
24]. Societal-convergence theory contests that a society’s 
values are conditioned entirely by an ideological drive, 
such as the use of technology, the governance system, 
or the developmental orientation and that ideological 
drive furnishes a shared logic with which to shape 
similar norms. Conversely, the societal-divergence 
theory argues that individual-level values with respect 
to culture are preserved over time, regardless of changes 
in economy and technology [25-28]. Recently, the 
perspective of multilevel crossvergence, which entails 
societal-level divergence by culture and convergence by 
ideology and individual-level characteristics [29], has 
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completely documented, [8, 12, 15, 45-48]. Third, these 
cases were drawn from four East Asian societies that 
have similarities yet are diverse in their sociocultural 
and ideological backgrounds and the sample size 
accommodated the conditions for applying a decision tree 
model. That sampling approach, with its cross-societal 
evidence, ensured that the results would have greater 
validity. Fourth, by using the E-CHAID technique, the 
East Asian tourist market of transportation for family 
travel in terms of fathers’ predominance in making 
transport arrangements, was segmented according to 
the simultaneous predictive factors of society, travel and 
household. Therefore, this study clarifies the relative 
importance of condition variables at both the macro 
and micro levels in predicting whether the father alone 
is the decision maker about the means of transport 
for the family travel. It extends the application of 
decision tree analyses in tourist market segmentation 
to situations of cross-societal contexts, which have been 
highly emphasized for aiding the r understanding of the 
growing market of family tourism in East Asia [44].

5 Methods

5.1 Measures

The dependent variable, the FDL of transportation 
means, was measured by rating it on a binary scale: 1 
= yes (i.e., by the father alone), 2 = no (i.e., not (just) 
the father). Table 1 summarizes the condition variables 
suggested by the literature review, with three types of 
conditions used for the E-CHAID analysis and their 
description and corresponding categories. They are (a) 
sociocultural/ideological characteristics—society (with 
SOC categorizing each case into China, Japan, South 
Korea and Taiwan); (b) travel characteristics—status of 
travel (with STA categorizing each case into domestic 
vacation or foreign vacation), duration of the trip, by 
number of days (with DUR categorizing each case into 
1~2 days, 3 days, or 4 or more days) and travel group size 

In general, empirical comparisons have suggested 
that the CHAID-based models have been evaluated to 
be stably preferable to CART and QUEST [33, 35-37]. 
Moreover, the CHAID algorithm has been widely used 
to explore favourable segments of tourism market [38], 
profiles of tourist choice behaviours [39-40], tourist 
satisfaction [41]. The basic CHAID algorithm has also 
been modified as the Exhaustive CHAID (E-CHAID), 
which performs a more thorough merging and testing of 
the predictor variables. The remedies make E-CHAID 
an advantageous technique for tourism research. Even 
the use of CHAID-based algorithms contributes to 
tourist behaviour research, but no empirical study has 
heretofore attempted to use the decision tree analyses 
to explore the FDL of family vacation issues. Moreover, 
typical decision-tree research on tourist or travel 
behaviours rarely incorporates cultural factors into the 
model. Rules resulting from a single society tend to lack 
generalizable implications [42].

4 Research significance

This study’s methodology extended and refined the 
use of decision tree analyses to examine decision-making 
about the means of transport in family tourism. First, 
rather than querying the fathers or mothers [43], the 
families’ decision-making experiences were collected 
from adolescent family members, thus guaranteeing 
a more neutral approach than a lateral report from 
either of the parents would provide. In so doing, the risk 
of perception bias in the participants’ descriptions of 
how family roles were distributed in vacation decision-
making was greatly limited [2, 44]. Previous research 
also accepted that in addition to the parents, other 
family members who possess the cognitive competence 
are able to describe how decision roles are distributed in 
the family travel decision-making [11-13]. Furthermore, 
here cases were confined to families with adolescent(s) 
and in so doing the parent couples interacting with 
other family member(s) in a decision-making group was 

Table 1 Factors conditioning the FDL of transportation means for family vacations

label and source description category

sociocultural/ideological characteristics

SOC (Cheng et al., 2019; Yen et al., 2020) society (1) China, (2) Japan, (3) South Korea, (4) Taiwan

travel characteristics

STA (Nanda et al., 2007) status of travel (1) domestic vacation,(2) foreign vacation

DUR (Nanda et al., 2007) duration of the trip, in days (1) 1~2, (2) 3, (3) 4 or more 

GS (Kang et al., 2003; Nanda et al., 2007) travel group size (1) 2~3, (2) 4, (3) 5 or more 

household characteristics

CN (Bronner & de Hoog, 2008; Filiatrault 
& Ritchie, 1980; Koc 2004; Nanda et al., 
2007; Spiers, 2017)

number of children in family (1) 1, (2) 2, (3) 3 or more 

INC (Koc 2004; Filiatrault & Ritchie, 
1980; Nanda et al., 2007)

main source of income for 
family (1) both parents, (2) father, (3) mother, (4) others
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20 program was used to analyse the data. The SOC was 
forced as the first predictor, to split the overall sample, 
because this research was cross-society oriented. The 
stopping criteria for FDL were set at 60 cases before 
and 30 cases after the division of the (sub)sample [41], 
at a significance level of 0.05 for predictor eligibility. 
The splitting process continued until either the split did 
not help to improve the predictive accuracy or a node 
contained fewer cases than the specified size.

6 Results

6.1 Algorithm

The decision tree structure that we constructed 
using the E-CHAID algorithm is shown in Figure 
1. The top square of the tree diagram shows the 
distribution of the cases over the dependent variable, 
the categories of “yes” and “no.” Below each of the 
squares are the predictor variables with the statistics 
for the split; the p-value, the Chi-square statistic and 
the degrees of freedom. The number and percentage 
of cases per category are given for each (group of) 
predictor category(ies). The model exhibited six layers 
of characteristics and ultimately led to eight end nodes 
that represented the final subgroups of the tree. The 
tree began with the top decision node (Node 0), with all 
1,016 cases of the data set and the entire data set was 
then divided into two distinctive groups based on society: 
Node 1 (China) was dominated by “no” (59.2 %) and Node 
2 (Japan, South Korea, Taiwan) was dominated by “yes’ 
(62.5 %). Node 1 was further divided into two groups 
based on status of travel: Node 3 (domestic vacation) was 
dominated by “no” (51.9 %) and Node 4 (foreign vacation) 
was dominated by “no” (73.5 %). Node 3 was split into 
two groups, determined by the duration of the trip: 
Node 7 (3 days or fewer) was dominated by “yes” (69.6 %) 
and Node 8 (4 or more days) was dominated by “no” 
(63.2 %). In the same vein, the node at the right (Node 
2) was broken into two groups by the family’s main 
source of income: Node 5 (father, both parents, others) 
was dominated by “yes” (65.8 %) and Node 6 (mother) 
was dominated by “no” (83.6 %). Then, Node 5 was 
divided into two groups based on status of travel: Node 
9 (domestic vacation) was dominated by “yes” (69.3 %) 
and Node 10 (foreign vacation) was dominated by “no” 
(56.3 %). In addition, Node 9 was divided into two groups 
based on travel group size: Node 11 (2~3 group members) 
was dominated by “yes” (51.8 %) and Node 12 (more than 
3 members) was dominated by “yes” (72.8 %). At the 
bottom of the tree, Node 11 was split into two groups on 
the basis of the number of children in the family: Node 
13 (1 child) was dominated by “yes” (71.7 %) and Node 14 
(more than one child) was dominated by “no” (66.7 %). 
The dendrogram shows that the rankings of predictors 
according to their ability to explain the variances of the 
FDL were INC (χ2 = 53.43, Bonferroni adjusted p < .001), 

(with GS categorizing cases into 2~3 group members, 4 
group members, or 5 or more group members); and (c) 
household characteristics—the number of children in 
the family (with CN categorizing each case into 1, 2, 
or 3 or more children) and the family’s primary source 
of income (with INC categorizing each case into both 
parents, the father, the mother, or others). In addition, 
the respondents’ demographics was investigated (i.e., 
gender, age, current stage of the family’s life cycle, the 
highest educational level of the head of the household 
and the occupation of the head of the household). The 
authors’ original questionnaire was produced in English 
and then the standard back-translation procedures were 
used to convert the questionnaire into each surveyed 
society’s official language.

5.2 Sample and procedures

Total of 1,016 usable responses were collected from 
adolescents at campuses of senior high schools (i.e. the 
equivalent of grades 10 through 12 in the U.S. school 
system), from the four East Asia societies: China (n 
= 201), Japan (n = 262), South Korea (n = 268) and 
Taiwan (n = 285). An E-CHAID model was analyzed, 
consisting of six predictors, with the sample size of 1,016 
and that yielded a sample size–to–condition variable 
ratio of 169.3, which exceeded the minimum ratio of 
150 [40]. The sampling criteria confined the age range 
of the participants (mean = 16.43 years, s.d. = 0.91) and 
thus attempted to avoid any significant variations in 
the family experience that the adolescent respondents’ 
age-related transitions in decision-making competence 
would explain [8]. The participants were asked to 
recall a family decision that had included them and 
that had been about vacation during the past year. 
They were then asked to report the father-versus-other 
distribution in decisions about transportation for the 
vacation in their cohabiting family. Seventy percent 
of the participating adolescents were female, most 
(87.4 %) were currently living with both parents and 
a majority (68.6 %) came from a double-income family. 
Most respondents (47.5 %) came from families with two 
children. A majority (45.2 %) came from a family whose 
head of household was working in business or industry 
and a majority (59.2 %) came from a family in which 
the head of household was 35 years old or older and the 
youngest child was 0-17 year(s) old. The majority of the 
travel cases (82.7 %) were domestic and 66.9 % of the 
vacations ranged from one to three days in duration. 
Overall, the vacations’ means of transportation was 
determined by the father alone (58.2 %).

5.3 Data analysis

To induce rules that explained the FDL based on 
the condition variables, the IBM SPSS Decision Trees 
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Figure 1 The E-CHAID dendrogram
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the lowest, with 28 (16.4 %/58.2 %), thus reflecting its 
having the lowest probability of predicting the FDL (16.4 
%). Next, also with low probabilities of predicting the 
FDL and each shown in comparison with the overall rate 
of 58.2 %, were Node 4 (46 = 26.5 %/58.2 %), Node 14 (57 
= 33.3 %/58.2 %), Node 8 (63 = 36.8 %/58.2 %) and Node 
10 (75 = 43.7 %/58.2 %).

6.2 Model performance

The cumulative gain chart was used to evaluate the 
model’s performance (see Figure 2). The horizontal axis 
plots the percentages, sorted based on the probability, 
from high to low and denotes the percentages of the test 
data set. The vertical axis records the percentages of the 
actual predicted values on the curved line. As Figure 2 
shows, the line was an upward curve that rose steeply 
and then levelled off, thus suggesting that the tree 
model was acceptable for predicting the FDL.

The cumulative index chart was also used to check 
whether the tree model was appropriate for predicting 
the FDL. As is shown in Figure 3, the line started above 
100 %, remained on a high plateau as it extended to 
the right and then gradually descended toward 100 %, 
thus confirming that the model was appropriate for 
predicting our target category of “yes.”

SOC (χ2 = 31.08, Bonferroni adjusted p < .001), STA  
(χ2 = 25.86, Bonferroni adjusted p < .001), GS (χ2 = 18.87, 
Bonferroni adjusted p < .001), CN (χ2 = 16.19, Bonferroni 
adjusted p < .001) and DUR (χ2 = 12.95, Bonferroni 
adjusted p < .001).

The classification rules generated by the decision 
tree are summarized in Table 2, following the path 
from each end node to the root node. The relationships 
between the condition variables and the percentage of 
the FDL associated with each variable were therefore 
determined.

Table 3 presents the gains for the end nodes and 
ranks the end nodes according to their index scores, 
which refer to the FDL rate of each segment relative to 
the overall FDL rate of 58.2 %. An index score exceeding 
100 suggests that the corresponding end node had an 
above-average probability of predicting the FDL. By that 
criterion, three end nodes met the threshold. Node 12 
had the highest index score, 125 (72.8 %/58.2 %), thus 
reflecting it having the highest probability of predicting 
FDL (72.8%). Next were Node 13, with an index score of 
123 (71.7 %/58.2 %) and Node 7 with an index score of 
120 (69.6 %/58.2 %). In contrast, an index score below 
100 suggests that the corresponding end node had 
a below-average probability of predicting the FDL. Five 
end nodes were in that category that appeared to have 
a low probability of predicting the FDL. Node 6 scored 

Table 2 FDL classification rules generated by the E-CHAID decision tree

FDL node rule

yes 7 IF SOC = “China” and STA = “domestic vacation” and DUR = “1~2” or “3” THEN FDL =”yes”

13 IF SOC = “Japan” or “South Korea” or “Taiwan” and INC = “both parents” or “father” or “others” and STA = 
“domestic vacation” and GS = “2~3” and CN = “1” THEN FDL =”yes”

12 IF SOC = “Japan” or “South Korea” or “Taiwan” and INC = “both parents” or “father” or “others” and STA = 
“domestic vacation” and GS = “4” or “5 or more” THEN FDL =”yes”

no 8 IF SOC = “China” and STA = “domestic vacation” and DUR = “4 or more” THEN FDL =”no”

4 IF SOC = “China” and STA = “foreign vacation” THEN FDL =”no”

14 IF SOC = “Japan” or “South Korea” or “Taiwan” and INC = “both parents” or “father” or “others” and STA = 
“domestic vacation” and GS = “2~3” and CN = “2” or “3 or more” THEN FDL =”no”

10 IF SOC = “Japan” or “South Korea” or “Taiwan” and INC = “both parents” or “father” or “others” and STA = 
“foreign vacation” THEN FDL =”no”

6 IF SOC = “Japan” or “South Korea” or “Taiwan” and INC = “mother” THEN FDL =”no”

Table 3 Gains for the end nodes and the end nodes’ index scores and ranking

node
segment size

(% of overall sample size)
number of ‘yes’ respondents
(% of all ‘yes’ respondents)

% of ‘yes’ respondents to the 
segment

index 
score

12 547 (53.8) 398 (67.3) 72.8 125

13 53 (5.2) 38 (6.4) 71.7 123

7 46 (4.5) 32 (5.4) 69.6 120

10 103 (10.1) 45 (7.6) 43.7 75

8 87 (8.6) 32 (5.4) 36.8 63

14 57 (5.6) 19 (3.2) 33.3 57

4 68 (6.7) 18 (3.0) 26.5 46

6 55 (5.4) 9 (1.5) 16.4 28
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Figure 2 Gain chart for the “Yes” category of FDL

Figure 3 Index chart for the “Yes” category of FDL
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of the issues and of relevant information [4, 8, 21, 30, 
50] and by the gender-role division of responsibilities 
between spouses within the family [51]. In general, in 
families in East Asia, fathers are likely to take more 
responsibility for choosing the transportation means for 
family travel than mothers and children do, because of 
the fathers’ personal interests and their opportunities to 
access information regarding transportation and their 
conformity to social expectations about the husband’s 
role in the family, as well. However, the first decision 
tree splits showed that the Chinese group had more 
cases of “no”, thus suggesting that China is distinctive 
in having a societal culture or development ideology 
that decreases fathers’ predominance in deciding the 
means of transport for family travel, compared to Japan, 
South Korea and Taiwan, considered as a whole. This 
study confirms the advantage of having a synergetic 
perspective on values formation and evolution in cross-
societal studies on the family travel decision-making 
[23, 31, 52]. The use of composites of culture and societal 
effectiveness as predictors takes into account the 
similarities and differences of macro-level backgrounds 
across societies. Such an approach is expected to help 
refine the research methods and to explain family travel 
behaviour with greater validity [2, 14].

It is noteworthy that overall, regardless of the 
diversity of values formation and evolution across the 
four East Asian societies studied, the main source of 
household income, rather than the society, appeared 
to be the most important predictor of the fathers’ 
predominance in vacation transportation decisions. 
This finding confirms that the primary source of the 
family’s income determines the distribution of the 
decision-making power in planning family vacations 
[7-8, 48]. Taking the cases of Japan, South Korea and 
Taiwan as a group, in particular, showed that when 
mothers were the main source of family income, the 
fathers were not the predominant decision-maker, thus 
suggesting that the structure of economic power and 
reliance within the family, more than sociocultural or 
ideological forces, may shape the father-versus-other 
dominance style in decisions about transportation for 
family travel. Research also has shown that individuals’ 
power over family purchase decisions decreases as their 
dependence on their family increases [21, 30]. This 
concept of dependence refers to the extent to which the 
individuals rely on the family to achieve their goals [53], 
such as financial reliance derived from their relationship 
with the family [54-55]. That economic support usually 

The confusion matrix presented in Table 4 shows 
that the recall was 79.2 % for predicting “yes” and was 
58.1 % for predicting “no,” thus yielding a prediction 
accuracy of 70.4 %. In sum, our E-CHAID–generated 
model performed satisfactorily in elaborating on the 
condition variables of FDL.

7 Discussion

7.1 Summary

The presented study used the E-CHAID approach 
and the findings contribute to the relatively limited 
literature on the predominant role that fathers play in 
deciding the transportation means for the family travel. 
The results, derived from the 1,016 original cases from 
four societies in East Asia, provide a dendrogram that 
illustrates a set of rules based on the importance of 
various condition variables in predicting the FDL of 
decisions about transportation means for the family 
travel. Through following those rules, the study presents 
a profile of a viable set of segments, with distinctive 
sociocultural, ideological, travel and household 
characteristics, that are based on family tourism and 
can be used by the transportation market in East Asia. 
The decision tree model identified the rankings of 
several predictor variables for the FDL, according to the 
magnitude of the variables’ effects and by using those 
predictor variables the model identified eight distinctive 
segments of cases of family travel.

7.2 Contributions to theory

Presented results align with the assertion that 
fathers tend to be powerful decision-makers about the 
transportation arrangements for family vacations and 
travel [2, 6, 9]. The evidence of fathers’ predominance 
also adds to the rationale behind why the means of 
transportation is the least discussed by family members 
of all the sub-decisions for a family vacation [49]. For East 
Asian cases of family travel in general, transportation 
arrangements were most often determined by the 
father alone. That result echoes the understanding 
that the family role distribution for deciding aspects of 
family travel depends on the family members’ relative 
involvement and their relative involvement in turn is 
shaped by their respective perceptions of knowledge 

Table 4 Confusion matrix and classification accuracy

actual
predicted

yes no % correct

yes 468 123 79.2

no 178 247 58.1

overall % 63.6 36.4 70.4
Risk estimate = .296; std. error = .014
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prevent audience misunderstandings across societies. 
In addition, marketers could periodically update the 
database and amend the model to classify and predict 
the favourability of new cases expeditiously and identify 
additional contributing factors to the FDL of the means 
of transportation for the family vacation travels in 
East Asia. Such outputs could serve as references for 
examining the implementation of marketing strategies 
and revising them properly.

7.4 Conclusions

Results obtained in this study relate findings from 
other recent research [2, 56] to strongly suggest that 
although a general knowledge of history and culture 
is very important, such knowledge by itself is not 
sufficient to predict familial interpersonal dynamics. 
Further research is needed that will apply a multilevel-
crossvergence perspective of regional, societal and 
individual influences to extend the understanding 
of the family decision-making about vacations. Such 
an approach will guide researchers to elaborate 
systematically on the effects that multilevel factors exert 
on the decision-making process about family vacations. 
Therefore, continuing the survey used in this study could 
be worthwhile in providing data on the decision-making 
roles of other issues, such as the family vacation’s 
destination choice, so that further comparisons can 
be made. In addition, Confucianism-based norms of 
behaviour incorporate the distribution of roles of multiple 
generations within families [10, 16, 22]. Thus, the future 
endeavours would do well to expand vacation cases from 
the nuclear family to the multigenerational family, 
thereby considering grandparents and other seniors [57], 
so that one can capture a complete overview of the family 
tourism market in East Asia. Finally, this study focused 
on “means of transportation” decision that is a general 
description rather than on each mode of transportation 
(e.g., rented vehicle versus private vehicle or energy-
efficient mode versus eco-efficient mode) [5, 58-60]. 
Authors recommend that the future studies explore 
how fathers’ predominance in arraying the modes of 
transportation is ruled by the condition variables.

derives from the main income source for the family. The 
results suggested that for a Confucian region, such as 
East Asia [18], where male-oriented values underlie 
spousal roles in the family vacation decisions [10], the 
economic-reliance relationship appears to change the 
typical role distribution in spite of societal norms. In 
addition, it is found that fathers were a greater decision-
maker about transport means for domestic vacations 
than for the foreign ones (Node 3 vs Node 4; Node 9 
vs Node 10); for medium-short vacations than for the 
long ones (Node 7 vs Node 8); and for one-child families 
than for families with two or more children (Node 13 
vs Node 14). These findings confirm the speculation 
that family vacations that have high expenditures, 
long distances to the destination and long durations 
match the joint decision-making style between spouses 
[8]. Taken altogether, the presented model not only 
integrated multilevel variables in the segmentation and 
targeting of the family travel products market, but it 
elucidated the interactions among the multiple facets 
of family vacation market segmentation, as well. These 
findings offer East Asian evidence for application of an 
expanded crossvergence theory and demonstrate the 
theory’s value in multilevel analyses of family vacation 
decisions.

7.3 Managerial implications

For marketing measures of family vacation products 
in East Asia, the results discussed above highlight 
the managerial implication that marketers, who wish 
to initiate a father-focused promotional strategy for 
entering the market of transportation for the family 
travel, should consider targeting Nodes 7, 12 and 
13, rather than other segments, in their efforts to 
access and persuade fathers, because overall those 
three segments carried above-average likelihoods of 
father predominance in travel decision-making. It also 
implies that marketers need to take the significant 
condition variables into account in designing family 
vacation products and customizing communications 
programs that support fathers’ decision-making about 
the means of transportation for the family vacations and 
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Resume
The term "Creative City" emerged in the 90s of the 20th century reflecting 
the trend of transforming post-industrial cities into new creative urban 
centres - bases for knowledge intensive firms, highly-skilled workers and 
major cultural assets. The concept of culture-based urban regeneration 
describes a scheme where culture is purposely employed as a vehicle for 
an overall urban and social revitalization. The paper addresses innovative 
processes within culture-based urban regeneration projects in three Slovak 
cities - Bratislava, Zilina and Kosice - under the concept of creative city. 
The focus is on the implementation of a tailor-made multi-factor knowledge 
management model with the aim of exploring the knowledge management 
practices in urban development projects dealing with the adaptive re-use 
of industrial and cultural heritage based on the non-profit bottom-up 
initiatives.
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(3) Economic properties - suggested by Caves [6] as 
a new logic of economic behaviour taking into account 
intrinsic factors like personal fulfilment, the variability 
of skills and talents and unpredictability; (4) Creative 
identities - described by Hartley [7] as vanishing borders 
between the creator, the vendor and the user of creative 
services; and (5) Creative cities - introduced by Landry 
and Bianchini [8] as a model of urban development 
based on culture and creative industries. 

As emphasized by Renz [9], creativity, in the sense of 
Florida [3] and Landry and Bianchini [8], is not reserved 
to artists, but is a feature of all the occupations that are 
representing an ideas-driven knowledge economy. In 
this respect, the report entitled Culture, the heart of the 
knowledge-based economy, prepared by the European 
Cultural Parliament Lisbon Agenda Research Group 
[10], highlighted the strategic use of culture that goes 
beyond the arts and heritage and creates a new driving 
force for change and innovation in different domains of 
society. The culture has a potential to inject new ideas 
into business and the economy, it inspires communities 
to promote new ways of participation, responsibility 
and cohesion and re-energizes education. Furthermore, 
the communication of the European Commission 
named Unlocking the Potential of Cultural and Creative 
Industries (CCI) [11], recognised the CCI as one of 
Europe’s most dynamic sectors catalyzing the spill-over 
effects on a wide range of economic and social contexts.

1 Introduction

In the last decades knowledge has been increasingly 
recognized as the core factor of a new socio-economic 
model called the “Knowledge Economy”. Within this 
paradigm the knowledge is considered to be the main 
source of economic progress in a nowadays society. It 
generates innovation, which enhances the creation of 
new socio-economic values and further development [1]. 
Sousa [2] emphasizes the recognition of knowledge as 
the fundamental driver of sustainable competitive and 
collaborative advantage and a major breakthrough in 
management thinking. In addition, Florida [3] advocates 
knowledge networks and highly skilled labour forces in 
creative industries as key factors driving the economic 
and urban growth and highlights the birth of a parallel 
socio-economic phenomenon - the “Creative Economy”. 

The creative economy is based on creative industries 
recognizing creative labour as a vital force for the future 
development. Levickaite and Reimeris [4] summarized 
major concepts of this new phenomenon: (1) Creative 
industries - based on John Howkins’ creative economy 
[5]  encompassing 15 sectors such as advertising, 
architecture, art, crafts, design, designer fashion, film/
video, music, performing arts, publishing, scientific 
research and technology, software, toys/games, TV/radio 
and computer games; (2) Creative class - defined by 
Florida [3]  as people working in the creative industries; 
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billion people) live in urban areas and this percentage is 
expected to grow up to 73 % (5 billion) by 2030 [21]. 

From the development perspective, cities have been 
defined as dynamic systems, which flourish, stagnate 
and decline as a result of the interactions between 
the main actors in the urban arena: households, firms 
and the government [22]. According to Borg and Russo 
[18], the dynamism of the system is determined by 
technological progress, by changes in regulations 
and regimes (e.g. liberalisation of world markets and 
European integration) and by evolution in socio-economic 
factors, such as taste, education and demographics. 
In this regard, Scott [16] highlights a particular role 
of local culture in shaping the nature of intra-urban 
economic activity, which becomes a dynamic element 
of the culture-generation and innovative capacities of 
given places. 

Stern [23] points out that places with high 
concentrations of cultural organizations and/or access 
to arts activities are more likely to undergo economic 
revitalization and to overcome barriers relating to class 
and ethnicity. Similarly, Shang-Ying Chen [24] argues 
that the more concerns on culture/creative industry and 
cultural tourism, the more concrete interactions between 
culture, economic and development occur.

Culture is seen as an eminent city industry and 
a typical urban phenomenon [18]. However, according 
to Stasilius [25] most of the nowadays cities live in their 
transitory periods caused by the vitality of renewed 
globalization leading to a new urban model in which 
an added value of cities does not depend on what is 
produced but on the intellectual capital applied to 
processes and services. This suggests growing impact 
of the knowledge economy on current urban transitions. 

The process of transformation of an “industrial city” 
into the so-called “creative city” works under the concept 
of culture-based urban regeneration, respectively 
culture-led urban development. It describes a scheme 
where the culture is purposely employed as a vehicle for 
economic grow, local community enhancement, social 
inclusion and cultural tourism development leading 
to an overall urban and social revitalization. Pastak 
and Kahrik [26] highlight a substantial effect of the 
culture-based urban regeneration on improving the 
physical quality of public spaces by creating arenas for 
social interaction and educational activities. Borg and 
Russo [18] identify three main impact areas of culture 
on urban development: (1) direct and indirect economic 
impacts (employment, value creation, etc.), (2) induced 
effects of cultural activities on the quality of a place and 
(3) “creative inputs” accruing to the local networks of 
production and creative class development. 

Actually, the concept of culture-based urban 
development is not really new. According to Scott 
[16], the interpenetration of culture and economy in 
given places was already highlighted by Alfred Marshall 
in his Principles of Economics (1920) who referred to the 
beneficial effects of “atmosphere” on the workings of 19th 

It is assumed that knowledge and creative economy 
are the two major forces that influence current economic 
and social development showing important intersections 
and possessing a significant potential of achieving 
a synergic effect. The paper addresses concurrent 
influences of knowledge and creative economy on 
innovative processes within the culture-based urban 
regeneration projects in Slovakia under the concept of 
creative city. Although cities are bases for knowledge-
intensive activities, as well as centres of major cultural 
assets, only a limited attention [12-15] has been paid 
to the knowledge transfer within the culture-based 
urban regeneration projects. The focus here is on the 
implementation of a tailor-made multi-factor knowledge 
management model within the urban revitalization 
initiatives in three Slovak cities - Bratislava, Zilina 
and Kosice. Authors’ aim is to explore the knowledge 
transfer and related managerial practices in urban 
development projects, dealing with the adaptive re-use 
of industrial and cultural heritage, based on non-profit 
bottom-up initiatives.

2 Creative cities and knowledge management: 
conceptual framework

The concept of the “Creative City” emerged in 
the 90s of the 20th century thanks to publications 
such as The creative city by Landry and Bianchini [8], 
The cultural economy of cities by Scott [16] and later 
on, Cities and creative class by Florida [17]. These 
works introduced a new way of thinking about the 
interrelationship between  culture and a place. Culture 
has been understood as a “way of doing”, which is 
typical for a particular location and thus determines its 
comparative advantage in the production of specialised 
goods and services [18]. 

The new perspective highlights a city as a place 
of opportunities suggesting that people living in it can 
respond to challenges of urban life with their creativity, 
as long as, the city provides conditions allowing them 
to do so [8]. Florida [17] emphasizes the economic value 
of human creativity in the city and proposes a three 
Ts concept for the economic growth - technology, talent 
and tolerance - stressing the important role of cities in 
bringing these three factors together.

Rodrigues and Franco [19] synthetized definition 
of creative cities as those that “advocate socio-cultural, 
economic and political changes and are characterized by 
diversity, openness, tolerance, the presence of a creative 
class and high cultural dynamism”ʼ. Power and Scott 
[20] claimed that the creative cities show an intelligent 
strategy by joining their economic and urban strategies 
with culture. In view of the knowledge economy, 
cities being bases for knowledge intensive firms and 
institutions (such as universities, research centres or the 
cultural industries) possess a new strategic importance 
[8]. It is estimated that 54 % of the world population (3.7 
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three sub-indices “Cultural Vibrancy”, “Creative 
Economy” and “Enabling Environment” and an overall 
index “The Cultural and Creative Cities - C3 Index” 
is evaluated using both quantitative and qualitative 
data on a yearly basis. Up to date the CCC Monitor 
encompasses [37]:
• 98 cities, which have been or will be European 

Capitals of Culture (ECoCs) up to 2019, or which 
have been shortlisted to become an ECoC up to 
2023;

• 59 UNESCO Creative Cities (including the most 
recent winners in 2015) - excluding overlap with 
the ECoC;

• 33 cities hosting at least two regular international 
cultural festivals running until at least 2015.
In 2020, the European Commission [38] launched 

a project named Cultural Heritage in Action as a part of 
the European Framework for Action on Cultural Heritage 
aimed at empowering cities and regions to strengthen 
their cultural heritage policies and initiatives as well 
as develop innovative solutions to preserve cultural 
heritage assets. One of the three key topics of the 
project is the adaptive re-use of heritage buildings that 
shall give a new use to obsolete, underused or misused 
buildings. In the adaptive reuse approach, rather than 
continuing the building’s existing use through upgrades 
or restoring it to a specific time period, the new use is 
defined and adapted to the building while preserving 
and respecting its value and significance.

Authors assume that the crucial factor determining 
the success of culture-led urban development within the 
concept of creative city - and the factor interconnecting 
all three Borg and Russo’s areas [18] - is the effective 
knowledge management. Yet, as pointed out by Porumb 
and Ivanova [12], knowledge distribution can be the most 
sensitive aspect of the knowledge management practice. 
Appelyard [39] emphasizes the need of understanding 
the mechanisms and determinants of knowledge flows 
in the organizational environment highlighting diverse 
knowledge sharing practices. The knowledge sharing is 
a critical element due to its role in converting individual 
tacit knowledge into the organization knowledge. In, 
addition, Martini [40] points out that knowledge sharing 
is becoming more essential for areas or industries that 
mostly depend on innovation as a competitive advantage, 
such as creative industries.

Therefore, a multi-factor knowledge management 
model is proposed, based on the SECI model to be 
implemented within the process of culture-led urban 
regeneration. The purpose of the model is to map and 
systematize crucial factors influencing the knowledge 
transfer within this particular environment and identify 
the most effective knowledge management practices. 
Authors believe that the expected economic effects, 
community inclusion and cultural sustainability within 
culture-based urban development can only be achieved in 
the repeated cycles of knowledge creation, externalization 
and sharing, storing and critical assessment.  

century industrial districts. Scott [16] argues that in the 
present context, atmosphere refers more than anything 
else to a conglomeration of cultural synergies and 
semiotic fields rooted in the life, work and institutional 
infrastructures of particular cities. On a practical level, 
Landry [27] encourages urban planners to change 
their thinking from an urban engineering approach to 
a creative city making agenda where good atmosphere 
is the priority.

The nowadays perception of culture-based urban 
regeneration is basically twofold: On one hand, it is 
regarded as a mean for improving the quality of life for 
local residents and social inclusion [28-31]. On the other 
hand, it is seen as a way of enhancing the economic 
status and competitive position of cities including the 
cultural tourism development [17, 32-33]. However, Miles 
and Paddison [34] argue that achieving social cohesion 
and economic competitiveness have been increasingly 
considered as parallel and interrelated goals. 

The culture-based urban development and the 
concept of creative city have been increasingly important 
for the global institutional and political agenda, as 
well. Since 2004, the Creative Cities Network has been 
developed by UNESCO with the aim of promoting 
cooperation with and among cities that have identified 
creativity as a strategic factor for sustainable urban 
development. Up to date the network comprises 246 
cities from all over the world. The only Slovak city - 
Kosice - was included into the UNESCO Creative Cities 
Network in 2017 [35]. The network offers a key forum 
for brainstorming the role of creativity as a driver 
and an enabler for sustainable urban development 
and a platform for action and innovation towards 
implementing the 2030 Agenda for Sustainable 
Development at the city level [36]. 

In 2015, the European Commission established The 
Cultural and Creative Cities Monitor (CCC) as a tool 
for promoting mutual exchanges and learning between 
cities to boost culture-led development. It is designed to 
help cities to identify their strengths and opportunities, 
benchmark their performance and push for policies that 
boost their cultural, creative and innovation potential. 
In 2020, the second edition (mapping the year 2019) of 
the Cultural and Creative Cities Monitor was released 
showing how well 190 selected cities in 30 European 
countries (the EU-28 with Norway and Switzerland) 
perform compared to their peers. It provides evidence 
of the value of cultural investment and illuminates 
the importance of culture and creativity for cities 
increasingly competing on a global scale [37]. 

Creative cities have been selected based on their 
demonstrable engagement in promoting culture and 
creativity, from about 1 000 cities in Eurostat’s Urban 
Audit. Therefore, the cities featured in the Monitor are 
already top performers. Four Slovak cities - Bratislava, 
Nitra, Kosice and Presov - have been included into the 
annual evaluation by the CCC Monitor. In total, 29 
indicators and their organisation into nine dimensions, 



G28  T A J T Á K O V Á ,  O L E J Á R O V Á

C O M M U N I C A T I O N S    4 / 2 0 2 1  V O L U M E  2 3

processes were continuously monitored by phone, e-mail 
and media in the time span of five years between 2015 
and 2020. The average number of repeated contacts 
with one interviewee represented nine interactions. In 
total, seven persons from six revitalization projects were 
interviewed. They encompassed executive managers, 
innovative leaders, founders/co-founders of not-for-profit 
organizations responsible for regeneration processes, 
networkers and other creative and knowledge workers 
representing the so-called bottom-up initiatives. The 
average length of practice in urban revitalization 
endeavours among the interviewees was eight years (in 
2020). Several interviewees were involved in more than 
one project from the sample and acted as knowledge 
brokers.

In addition, primary observatory data was gathered 
in the form of notes and audio-visual recordings from 
visited events related to the revitalization projects. In 
total, almost hundred events organized by explored 
organizations, mostly in Bratislava, but also in Zilina 
and Kosice, were personally visited during the study. 
A very valuable addition was a participation in 
conferences, workshops and various events organized by 
local, regional and international institutions such as city 
councils, Slovak government, chambers of commerce and 
EU structures. The intention was to analyse, compare 
and summarize best practices in using knowledge 
tools, knowledge transfer and knowledge management 
within urban regeneration initiatives implementation. 
The secondary research, comprising the analysis of 
available printed and electronic documents related to 
the revitalization projects and official public reports 
(Ministry of Culture of the Slovak republic), was used 
in order to complement the primary research. This 
included also regular monitoring of the revitalization 
projects’ web pages, local and national newspapers such 
as Trend, Profit, Forbes, Hospodárske noviny, SME, The 
Slovak Spectator, Journal SaB - Stavebníctvo a bývanie, 
CE.ZA.AR prize and others.

3 Methodology

3.1 The scope of the study

The study consisted of six culture-based urban 
regeneration projects carried out in different parts 
of Slovakia (Table 1). All the projects represented 
culture-led urban regeneration activities with a common 
aim of transforming unused and dilapidated buildings 
with diverse types of original use into new cultural 
venues. The regeneration processes started between the 
years 2003 and 2013 and are partly still in progress, 
although the major revitalization effort has already been 
accomplished.

The analysed projects were located in three 
different cities in Slovakia representing also three 
different regions: Bratislava - Cultural Centre Danube 
(Kulturne centrum - KC Dunaj) and Market City Hall 
(Stara trznica); Zilina - Local Train Station Zilina-
Zariecie (Stanica Zilina-Zariecie) and New Synagogue 
(Nova synagoga); and Kosice - IC Culture Train (Vysne 
Opatske) and Tobacco Cultural Factory (Tabacka 
Kulturfabrik). 

3.2  Data and methods 

Both primary and secondary data were collected 
to map the knowledge management processes in the 
culture-led urban regeneration projects in three Slovak 
cities. Primary data were gathered via exploratory 
qualitative research using the method of semi-structured 
in-depth interviews. Repeated interviews with the main 
representatives of six culture-based urban regeneration 
initiatives were conducted in order to capture the 
larger process of knowledge conversion and transfer. 
Interviewees were initially approached by e-mail and 
further interviewed personally and by phone. After 
establishing the initial contacts, on-going revitalization 

Table 1 Revitalization projects included into the study

project city original use new use revitalization period

1 KC Dunaj Bratislava department store independent cultural centre 2010 - ongoing

2 Stara trznica Bratislava market city hall market city hall & cultural 
centre 2013 - ongoing

3 Stanica Zariecie Zilina local train station local train station & 
independent cultural centre 2003 - ongoing

4 Nova synagoga Zilina Jewish synagogue
cultural & community 
centre

2011 - ongoing

5 IC Culture Train 
Vysne Opatske Kosice suburb community 

centre
independent contemporary 
art centre 2005 - 2008

6 Tabacka Kulturfabrik Kosice tobacco factory
creative cultural factory  
& co-working  
incubator

2009 - ongoing
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management practices in the sample were summarized 
(Table 3).

4 The multi-factor knowledge management 
model

The tailor-made multi-factor knowledge 
management model [13-14] was developed for a specific 
purpose - the culture-led urban regeneration of unused 
buildings or venues - with the aim of mapping the 
knowledge transfer within this particular environment. 
The model is grounded in Nonaka and Takeuchi’s SECI 
model (Socialization-Externalization-Combination-
Internalization) suggesting that knowledge sharing 
can support creation of a new knowledge since it can 
transfer both tacit knowledge and explicit knowledge 
into the organizational knowledge [41]. The SECI model 
was selected as the most suitable one for application in 
the environment of urban revitalization after having 
researched and analysed several types of available 
knowledge management models. It highlights the need 
of assessing all the consecutive phases of knowledge 
conversion in order to achieve a desired goal: the 
efficient and effective knowledge management and 
communication between all the actors (team leaders, 
team members and stakeholders).

3.3  Data processing

A manual coding was applied in order to process the 
textual data from the in-depth interviews transcripts 
and gathered documents. Prior to the interviewing 
process, a coding scheme was developed by standardizing 
the units of text. These units represented also the final 
structure of interviews (Table 2): Actors and activities; 
history and revitalization of the building; adaptive 
re-use; programming; target group(s); knowledge 
management; financing; and stakeholders’ feedback. 

Nevertheless, the large amount of data and 
demanding conversion processes required a complex 
and systematic approach in data selection, analysis 
and comparison of the examined phenomena. The data 
processing involved detailed analysis and comparison 
of selected categories in all the examined projects, 
identifying similar and different characteristics. It was 
assumed that only an integrated framework and unified 
criteria could lead to design of the intended knowledge 
management model as an effective tool for mapping the 
knowledge transfers within the culture-based urban 
regeneration initiatives. 

After processing all the gathered information, 
a multi-factor knowledge management model for the 
culture-based urban regeneration was developed. During 
this process, diverse factors influencing the knowledge 

Table 2 Codes for processing textual data

categories/codes specification

1 actors & activities presentation of main actors involved in the regeneration process (leaders and their 
teams) and activities connected with the revitalization effort

2 history & revitalization of the 
building 

identification of the original purpose of the buildings, their history and the type of 
revitalization processes 

3 adaptive re-use transformation of the buildings’ original purpose into new usage alternatives after 
the accomplished regeneration

4 programming the structure and frequency of offered events and activities in the revitalized venues 
after their adaptive re-use

5 target group(s) identification of target group(s) of the revitalized venues based the proposed 
activities and program 

6
knowledge
management

types of knowledge transfer, internal and external communication channels, involved 
actors, formalized and informal knowledge management processes

7 financing sources of funding used for the regeneration, financial structure, financial vs. non-
financial inputs, budgeting

8 stakeholders’ feedback opinions and reactions of stakeholders to the performance of the revitalized urban 
venues after their regeneration

Table 3 Factors influencing the knowledge management in the sample

organization 
type organization size management 

style
environment 

type program offer knowledge 
type

knowledge 
processes

civil 
organizations, 
urban cultural 

centres

small (up to 15 
workers)

informal, low 
bureaucracy, 

low power 
distance, high 

trust

learning 
organization, 
middle degree 
of uncertainty, 
volunteering

multi-genre, 
stable,
ad hoc tacit, explicit

leadership,
routines,
acquiring, 
capturing,

sharing
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• Externalization
The phase of externalization includes organization of 

meetings, workshops, conferences and panel discussions 
with the use of explicit visual forms of knowledge 
management as pictures, videos, photographs, data 
presentations, statistics and reviews of visitors, or even 
documentaries from the reconstruction phases of the 
revitalized venues. Since most of the urban regeneration 
projects are run by the non-profit organizations 
supported via public funding schemes, the externalized 
knowledge is mandatory available on their websites, as 
well, as a tool for ensuring the transparent operations 
within the subsidized projects.

• Combination 
Authors assume that the potential of the 

combination phase lies in implementation of information 
and knowledge exchange platforms, inspiration, 
adoption of successful ideas and creation of the new 
ones. However, it is important to be aware that the 
universal rules do not always work and specific local or 
regional differences should be considered. Therefore, 
it is recommended to achieve a high diversity and 
flexibility in activities such as program offers, entire 
dramaturgy, seasonal character, stakeholders’ input and 
volunteers’ involvement. 

• Internalization
The final phase of the SECI model - internalization 

- appears to be an opportunity for creating a certain 
added value to all the previous stages. Within this phase 
it is expected to implement the skills and knowledges 
developed during the effective learning processes 

In the first stage, different phases of the SECI 
model were applied to the knowledge management 
processes implemented within the examined projects of 
the culture-based urban regeneration (Figure 1). While 
individual stages of the SECI model stayed identical, 
specific elements within them were modified or newly 
defined based on this research.

• Socialization
The initial phase of the SECI model runs within the 

context of culture-based regeneration projects at several 
levels:
1. Among the team members involved in regeneration 

projects (internally) and all stakeholders (externally) 
on the local and regional level.

2. Among the teams of non-profit organizations 
registered in the Slovak network of independent 
cultural centers ANTENA (Network of cultural 
centres and organisations operating in the field of 
independent arts and culture in Slovakia) on the 
national level.

3. Among the members of the international network 
T.E.H. - Trans Europe Halles (International 
network for grassroots cultural centres focused 
on repurposing abandoned buildings for arts, 
culture and activism), as the oldest and largest 
organization assisting in sharing experiences 
among European independent cultural centers on 
the international level.
The most effective and frequently used tools were 

visits, meetings, stays and presentations focused on 
identifying, learning and sharing the best practices 
experineced within diverse revitalization projects.

Figure 1 Adjusted SECI model for application within the culture-based urban regeneration,  
based on Nonaka and Takeuchi’s SECI model, [41]
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or venues, which undergo a revitalization process. It 
should be noted that most of the urban regeneration 
projects are carried out as non-profit and bottom-up 
initiatives based on creative ideas and social innovation. 
The knowledge sharing from one project to another 
is a common modus operandi in this field. The main 
objective of the regeneration process is to bring unused 
buildings and venues back to life. In most cases the 
revitalization process involves a change of the original 
use of buildings into the new usage alternatives. The 
focus here was on those projects whose new purpose is 
linked to culture.

• Knowledge database
The knowledge database represents a generator 

of human knowledge coming from different sources, 
disciplines and areas. It is a bank of data, contacts, 
procedures, proposals, processes and solutions related 
to cases and issues that are treated or have been treated 
in the past. The knowledge database is an effective tool 

in previous stages, active participation or creative 
and innovative approach. Through such activities as 
workshops, residential stays, visits, volunteering and 
regular communication, the project teams should succeed 
in developing and managing their own revitalization 
projects, with all the signs of transparency, effectiveness 
and sustainability.  

In the second stage, the original spiral SECI 
model was enlarged for the purpose of this particular 
research by adding eight specific elements: Revitalized 
object, knowledge database, knowledge, factors, 
challenges, barriers, innovative elements and 
reaction. Its modification required a careful selection 
of processes and tools, which reflect the particular 
urban context of the examined organizations involved 
in the culture-based urban regeneration projects  
(Figure 2). 

• Revitalized object 
Revitalized object represents unused buildings 

Figure 2 The multi-factor knowledge management model for the culture-based urban regeneration 
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functional obstacles, constraints, risks and limits. 
Basically, they can be split into two categories: internal 
barriers (lacking personal, insufficient material 
and financial resources, limitations in program 
offers or frequency of events) and external barriers 
(communication with stakeholders, competition on the 
market, low institutional support, biases). The impact of 
both has an equal importance and deserves attention in 
the urban revitalization processes in order to avoid the 
risk of failure.

• Innovation elements
Defining and implementing innovative elements 

within the culture-led urban regeneration processes 
appears to be a crucial activity for achieving demanding 
conversions of the venues, as well as for ensuring their 
sustainability. The innovative elements are often results 
of the bottom-up initiatives proposed by visionary 
leaders. Their common features are interdisciplinarity, 
holistic perspective, team learning, transparency, multi-
source financing, synergy and tight public links.

• Reaction
Reaction within the model stands for the feedbacks 

received from all stakeholders. The ambition of most 
urban-regeneration projects lies in offering a unique 
vision, innovative added value and the meaningful 
transformation of unused buildings and venues into 
vibrant cultural and creative centres. Such an ambition 
addresses diverse publics including municipalities, 
regional and state institutions, not-for-profit 
organizations, businesses, artists, citizens, tourists and 
possibly others. It is important to monitor the reactions 
of all the concerned groups in order to ensure the 
acceptance and sustainability of the new purpose of 
revitalized industrial and cultural heritage.

As depicted at the scheme, the revitalized object 
and knowledge database represent two poles of the 
multi-factor knowledge management model. They 
interfere with the remaining elements within repeated 
knowledge transfers. The ultimate aim of the model 
is to achieve effectivity and sustainability of urban 
regeneration endeavours by ensuring the adequate 
knowledge transfer.

5 Findings

Provided that the focus was on urban regeneration, 
the regional capitals - Bratislava, Zilina and Kosice 
- from western, central and eastern part of Slovakia 
were included into the study. Two of the cities from 
our sample - Bratislava and Kosice - have already been 
recognized as “Creative Cities” and monitored within the 
Cultural and Creative Cities Index (CCC) established by 
the European Commission in 2015 (Table 4). 

Bratislava registers the highest score in Slovakia 
within the C3 overall index and ranks 9th among the 

especially in view of sustainability. Once the revitalization 
project is accomplished, the creative leaders may not 
present anymore, yet the needed knowledge remains 
available to other team members. However, the essential 
condition for the effective performance of knowledge 
database is its on-going maintenance. The data has to 
be gathered, sorted and stored in order to be available 
when needed.  In addition, it requires the ability of all 
the involved workers to correctly identify the data, find, 
implement and share them.

• Knowledge
According to Wiig [42], knowledge - as a unique and 

very valuable source owned by an organization - is tightly 
connected to creation of an outstanding competitive 
advantage. Bures [43] highlights the unique value and 
character of knowledge as it possesses such attributes 
which are absent in other resources. However, its specific 
character of being unstable, unquantifiable, intangible 
and inseparable of its bearer makes it vulnerable at 
the same time. Therefore, the key factor of knowledge 
exploitation is its transfer and implementation. In the 
context of this study the focus was on transmission 
of both the tacit and explicit knowledge among team 
members, as well as from the previous regeneration 
projects to the new ones. 

• Factors
In order to achieve desired outcomes in any type 

of organization, it is necessary to define and analyse 
both internal and external factors influencing the 
organizational performance. Several specific factors have 
to be considered in the case of urban regeneration projects, 
in particular the effective team management, creativity, 
innovation, learning environment and organizational 
culture. It is also necessary to highlight the importance 
of brave visions, complex and conceptual thinking, ethics, 
as well as open and effective communication with all the 
stakeholders: communities, municipality, regional and 
state institutions, businesses, media, European Union 
institutions, foundations, networks, etc.

• Challenges
Managers of the culture-based urban regeneration 

projects face several particular challenges given by the 
specific nature of this type of endeavours. Their ambition 
and mission are to contribute to the management of 
public matters, enhancement of the bottom-up activities, 
changes in stereotypes and replacement of the non-
functional usage solutions with innovative and creative 
alternatives with inclusive and environmental emphasis. 
Expected results include goodwill, successful inter-
sectoral cooperation and the attraction of diverse target 
groups and volunteers.

• Barriers
Barriers within the process of culture-led urban 

regeneration involve mainly administrative and 
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with parallel Saturday markets in 2015, 2016 - 
2019 Interior remodelling, 2017 Exterior square 
revitalization, 2018 - ongoing vivid square 
revitalization project.

(3) Stanica Zilina-Zariecie: 2003 - 2009 Main 
reconstruction, 2019 Remodelling after the fire. 

(4) Nova Synagoga: 2011 - 2017 Main reconstruction 
with parallel cultural events, 2018 ongoing 
contemporary constructions upon exhibitions and 
events.

(5) IC Culture Train:  2005 - 2008 accomplished 
regeneration. The cultural purpose was not 
sustained.

(6) Tabacka Kulturfabrik: 2009 - 2015 Main 
reconstruction, 2020 Art garden revitalization. 
The results of the research are very consistent 

within the whole sample in terms of the performance 
across the eight examined categories (textual codes). 
All the revitalized buildings possessed a historical value 
and were the property either of the municipality, region, 
state or church. The revitalization process involved 
the adaptive re-use of industrial or cultural heritage 
that gave a new use to obsolete, underused or misused 
buildings. The new purpose of the revitalized buildings 
was ensured via written agreements on their future 
usage alternatives between their owners and new 
operators. This approach is in line with Landry’s [27] 
vision of the “Creative City”, understood as a method 
of strategic urban planning where urban innovators 
are requested to reinvent the city as a lively centre of 
creativity laying the foundations for improving quality 
of life of the citizens. 

Another common feature of all the analysed cases 
was implementation of the transparent multi-source 
financing models, perceived as a guarantee of the 
projects sustainability. In addition, the permanent 
effort to monitor stakeholders’ and visitors’ feedback, 
together with open and effective communication and 
long-term cooperation with municipalities and the 
business sector, helped in fulfilling the innovative 
and creative visions of the revitalization projects. 
In particular, the long lasting collaboration with 
municipalities in developing creative cities has been 
pointed out by Landry [27] who emphasizes the need 
of ensuring the facilitating factors that propel the 
creativity of creative people. These factors include 
infrastructure, research capacity, venture capital 
investment or clusters of producers.

40 ranked European cities with 250 000 to 500 000 
inhabitants. Bratislava gets the top spot on “Creative 
Economy” in its group thanks to its leading position on 
New Jobs in Creative Sector and its good performance on 
Creative & Knowledge-based Jobs (8th). It also performs 
well on “Cultural Vibrancy” reaching the 12th position in 
the group. 

Among the other ranked Slovak cities, all with fewer 
than 250 000 inhabitants, Kosice reaches the overall 76th 
position and performs best on “Enabling Environment”, 
ranking the 66th among the 79 ranked European cities 
in the smallest population group. As in other European 
countries, capitals generally lead on “Creative Economy” 
but non-capitals, mostly medium-sized, do better on 
“Cultural Vibrancy” [44-45]. Being the only Slovak 
member of the UNESCO Creative Cities Network, Kosice 
becomes a hotspot for media arts thanks to its strong 
position in the ICT sector and a young vibrant creative 
community [35].

Most of the culture-based urban regeneration 
projects, included into the sample, represented cases 
where the original purpose of the venue was transformed 
into a new one, with a partial exception of Stara trznica 
(City Market Hall) in Bratislava and Zilina-Zariecie 
(Local Train Station) in Zilina. Diverse original purposes 
of the examined venues shifted into new creative urban 
centres satisfying the needs of various target groups: 
young people, families, seniors, creative artists, students 
and tourists. Moreover, those centres were expected 
not only to provide multi-genre cultural events and 
additional services, but also to preserve the historical 
value of the revitalized industrial and cultural heritage 
(buildings and its facilities). 

Five of the six examined urban revitalization projects 
have been able to sustain their original intention and 
keep serving for cultural purposes. However, one project 
- IC Culture Train (Vysne Opatske) in Kosice did 
manage to revitalize the unused building but did not 
succeed in maintaining its cultural usage. As a result, 
the revitalized building serves as a grocery store today. 
Generally, the examined revitalization initiatives 
represented a continuous regeneration effort performed 
in several consecutive stages. The regeneration stages 
were carried out as follows:
(1) KC Dunaj: 2010 - 2012 Main reconstruction, 2013 

- 2016 Interior revitalization and gallery, 2019 
Interior remodelling.

(2) Stara Trznica: 2013 - 2015 Main Reconstruction 

Table 4 Cultural and Creative Cities Index 2019 of the Slovak cities in the sample

creative city
C3 index
(overall )

cultural 
vibrancy

creative
economy

enabling 
environment group of cities cities / 

group

Bratislava 31.9 (9th) 25.7 (12th) 44.4 (1st) 19.3 (33rd) L* 40

Kosice 13.2(76th) 16.1 (71st) 9.6 (72nd) 14.9 (66th) S-M** 79
* L group: 250 000 - 500 000 inhabitants
** S-M group: 50 000 - 250 000 inhabitants
based on [44]
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processes of gradual reconstruction and regeneration of 
dilapidated and unused heritage buildings and actively 
anticipated their adaptive re-use as vivid cultural 
urban centres. These successful urban transformations, 
encompassing innovative learning processes and 
effective knowledge management, caught the attention 
of public, as well as experts and resulted in attributing 
several Slovak and foreign awards.    

6 Conclusions

Common success factors for an effective and efficient 
knowledge management were identified within the 
culture-based urban regeneration under the concept 
of a creative city. All the projects included into the 
study showed almost identical characteristics in the 
examined categories. Their primary intention was to 
convert dilapidated and unused buildings into vibrant 
cultural centres offering a rich multi-genre program 
for diverse target groups. This research confirmed that 
creative and innovative approach within knowledge 
management enables overcoming barriers and obstacles 
in the revitalization of urban industrial and cultural 
heritage, based on the bottom-up initiatives and effective 
knowledge creating-sharing cycle. It recognized that 
the effective knowledge transfer is a key element for 
achieving a successful urban regeneration, based on 
the adaptive re-use of unused venues with the aim of 
developing creative quarters and cities. Considering 
the fact that knowledge management involves 
a significant multidisciplinary character, a complex 
and holistic approach is suggested for an effective 

In spite of the fact that the revitalized venues 
were located in different cities and regions of Slovakia 
(considering possible demographic and economic 
deviations), the summarized findings indicate 
a prevailing compliance visible in all the analysed 
projects. Table 5 summarizes the outputs gained 
after the assessment and comparison of all the urban 
regeneration projects included into the sample.

In view of the knowledge transfer, it was crucial 
that the organizations implementing the revitalization 
projects were active members of several national and 
international platforms/networks for sharing knowledge 
and experiences related to urban regeneration 
initiatives, e.g. ANTENA (Network of cultural centres 
and organisations operating in the field of independent 
arts and culture in Slovakia) and T.E.H. (Trans Europe 
Halls - International network for grassroots cultural 
centres focused on repurposing abandoned buildings 
for arts, culture and activism). This was particularly 
important in view of the external knowledge transfer 
(both explicit and tacit) between different revitalization 
projects and cases. In addition, an internal knowledge 
transfer was identified and ensured via people who 
worked on more than one project (usually two projects) 
and transferred their knowledge gained in one project 
to the other one. Finally, an intra-team knowledge 
transfer was identified in the form of the transmission 
of individual tacit knowledge into organizational 
knowledge. Especially, the transfer of tacit knowledge 
from different sources was significant for succeeding in 
urban regeneration effort.

As a result, knowledge managers, together with 
their teams and other stakeholders, underwent the 

Table 5 Comparison and summary of the examined categories in the revitalized venues

 categories  comparison and summary

1 actors & activities 
Creative, innovative and interdisciplinary individuals, educated professionals with experiences 
and skills. They worked in organizations with strong culture and vision and used a conceptual 
thinking leading to the effective performance and sustainability.   

2 history & building 
revitalization  

Each of the regenerated venues had a distinct original purpose and historical value, though, after 
the reconstruction and conversion they all served as cultural, creative and community centres. 

3 
adaptive 
re-use

Buildings conversion was directed towards community cultural centres, independent culture, 
social events, markets and creative industries including creative hubs or labs. 

4 programming 
After the conversion, all the revitalized objects were characterized by multi-genre programming, 
regular markets, creative and innovative workshops, charity events, various services as shops, 
bars and cafes. 

5 target group(s) Target groups encompassed broad age and interest spectrum, social categories, locals and visitors 
and the representatives of all sectors. 

6 
knowledge
management

Several types of knowledge transfer were identified: external knowledge transfer between 
different revitalization projects across Europe (based on networking), internal knowledge 
transfer via people working on more than one project and intra-team knowledge transfer via the 
transmission of individual knowledge into organizational knowledge. The project leaders shared 
their knowledge in managing the urban revitalization with their teams and also with other urban 
regeneration projects.

7 financing Multi-source transparent financing models aimed at achieving sustainability of the revitalization 
projects were implemented.

8 stakeholders’ 
feedback 

Declared continual support, long-term visions, best practices status, awards for development, 
community involvement, effective communication, transparency and sustainability. 



C R E A T I V E  C I T I E S  A N D  K N O W L E D G E  M A N A G E M E N T  A P P R O A C H  T O  C U L T U R E - B A S E D  U R B A N . . .  G35

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

workers and other involved participants, ensure that 
the knowledge management becomes an effective 
tool for achieving a successful culture-based urban 
revitalization. Project leaders together with their teams 
demonstrated the ability to learn and share valuable 
knowledge and experiences coming not only from their 
previous activities but from experiences of their Slovak 
or foreign peers, as well.

The authors believe that the creative, innovative 
and interdisciplinary approach, together with the 
bottom-up activities, focused on the multi-functional 
usage of revitalized venues contributed to strengthening 
their genius loci while serving a new cultural purpose. 
In addition, it is believed that the adaptive re-use 
of obsolete, underused or misused heritage buildings 
enhances the potential of urban areas for becoming 
vivid creative quarters and fosters regional development 
based on the creative economy. 

The limitations of this study consist in lacking 
comparison of knowledge management practices in 
similar culture-based urban revitalization projects 
under the concept of creative city. This is due mainly 
to the limited research carried out in the concerned 
area. Therefore, a further research is needed in order to 
confirm or debate these findings.

knowledge management within the culture-based urban 
regeneration initiatives.

The proposed multi-factor knowledge management 
model served to map knowledge management processes 
in culture-based urban regeneration projects in three 
Slovak cities. Nevertheless, the model can be applied 
to all the cases of revitalization of unused, respectively 
inappropriately used urban buildings and their 
adaptive re-use for cultural purposes. It highlights and 
recommends the correct usage of knowledge management 
tools for teams and organizations involved in the culture-
led urban revitalization. The knowledge that is not well 
managed and shared evaporates easily, especially the 
tacit knowledge that resides in the minds of people and 
is accumulated over time, which must be shared. Hence, 
the knowledge sharing is considered to be the crucial 
element for an effective knowledge management.

The attention should be paid especially to the 
knowledge database (serving as a basis of human 
knowledge, procedures, data and solutions from 
various disciplines and fields), which constitutes the 
indispensable ground for knowledge utilization, as well 
as the knowledge transfer. The authors are convinced 
that only permanent creation, distribution, storing 
and sharing of knowledge, among creative knowledge 
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Resume
Military tourism is one of the forms of tourism that is not sufficiently 
researched throughout Poland. It is only in recent years, after the period of 
political transformation, that interest in this phenomenon has been growing 
every year. This research has aimed to indicate the possibilities of military 
tourism development in northern and northeastern Poland. It includes an 
analysis of data concerning the Naval Museum in Gdynia, the "Wolf's Lair" 
Fortress in Gierloz and an example of a military event - an air show, which 
took place on the premises of the 44th Airborne Museum in Gdynia. Results 
of the analysis of the military tourism development in northern and north-
eastern Poland indicate that military sites and military-themed events 
attract considerable tourist traffic and play an important role in the overall 
development of tourism. 
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in particular in northern and north-eastern Poland 
but also to the military-themed events and shows that 
attract crowds of spectators each year [5]. This term 
can also be analyzed in a broader context because 
military tourism enthusiasts have an interest in a wide 
variety of military objects, fortification lines, museums, 
exhibitions, military collections, historic military trails, 
cultural heritage trails and battlefields. For this reason, 
this form of tourism sometimes also refers to military 
tourism as military culture tourism, war tourism, 
battlefield tourism, or armament tourism [6-10]. This 
phenomenon was also noticed by Hrusovsky and Noeres, 
who claim that one can distinguish tourism products 
that focus on use of military equipment and products 
that focus on products related to historical events [11].

This study aimed to identify the opportunities for 
development of military tourism on the example of 
former military sites and structures in northern and 
north-eastern Poland that have been transformed into 
tourist destinations and recreational areas. The study 
focuses on two geographic areas: the South Baltic 
Littoral Region and the East Baltic Lakelands [12]. 
Military tourism was discussed on the example of the 
Naval Museum in Gdynia, the Wolf’s Lair in Gierloz and 
the 44th Naval Air Base in Siemirowice. The sites and 
events selected for this study are located in northern 

1 Introduction

In the period before the Pandemic COVID19 in 
2019, 959 museums and museum branches were active 
in Poland. This was 1.5% more museums than in 2018, 
with a total of 40.2 million visitors to all facilities. 
Museums organized 2.7 thousand regular exhibitions 
and 5.0 thousand temporary exhibitions in Poland. 
The number of visitors to museums per 1000 people 
amounted to 1048 people. Among all the museums in 
Poland, 77.1 % belong to the public sector and they are 
managed by local self-governments. The characteristics 
of museums in Poland are presented in Figure 1 [1].

Many countries are actively pursuing tourism-
oriented policies to boost their economic growth [2]. 
Tourism means different things to different people 
[3]. The military tourist institutions have a significant 
capacity regarding both room and board services and 
non-accommodation services at their disposal what 
makes an important factor relevant to any adequate 
positioning in both domestic and foreign tourist market 
[4]. Military tourism is a segment of the tourism 
industry that has been attracting increasing interest in 
Poland and throughout the world in recent years. The 
growing popularity of military tourism can be attributed 
not only to a large number of historic military sites, 
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literature emphasize the cultural value of tourist 
destinations, which cater to the demand of visitors 
who have a specific interest in the military history of 
a given region. According to Jedrysiak and Mikos von 
Rohrscheidt [16], military culture tourism involves travel 
undertaken for self-education and personal experience, 
where visits to defensive structures and historic sites 
related to military conflict, the armed forces, weapons 
and military equipment are an important part of 
the tour program. Tourists visit fortifications, historic 
battlefields, areas connected with famous military 
leaders, military factories, museums, military shelters, 
bunkers and other defensive structures and they attend 
military-themed events and shows [17].

Tourists also have a growing interest in facilities 
and centers that plan military operations, former 
military factories, current and former military training 
areas, areas connected with famous military leaders, 
battlefields and military cemeteries. Lawin and Stasiak 
[18] identified the following categories of military-
themed attractions: defensive structures, battlefields, 
military museums, other museums with large collections 
of military artefacts, battle memorials, monuments 
commemorating historic events, areas connected with 
famous military leaders, war graves, military cemeteries 
and military events. Examples of military sites and 
objects presented in the article are nowadays also used 
as tourist and recreation areas.

According to Kowalczyk [13, 19], heritage tourism 
and military tourism have the following functions: 
historical, educational, martyrological, political, 
ideological, cultural, entertainment, recreation, sports 
and adventure. The cited author also classified military 
tourism attractions into those that are and are not 
directly related to a specific geographic location (and 
involve objects of material and non-material culture). 
Kowalczyk defined historic military tourism as all the 
forms of tourist activities that are undertaken - as 
the primary or secondary goal - to visit historic sites 

and north-eastern Poland, which abounds in military 
attractions on account of its rich history and strategic 
location. Throughout centuries, the Polish borders have 
been shaped by foreign powers. Numerous battles were 
fought and defensive structures were built in these 
Polish regions. The examples of military sites and 
objects presented in the article are nowadays used as 
tourist and recreation areas, as well.

The current state of research on military tourism 
in Poland is still insufficient, therefore this study aimed 
to indicate the possibilities of development of military 
tourism in northern and north-eastern Poland, inter 
alia, through analysis of tourist traffic in selected 
objects related to military heritage and on the example 
of a selected outdoor event. An important aspect of the 
research was also an attempt to answer questions about 
the current position of military tourism among other 
forms of tourism and whether maintaining the current 
trend of interest in military tourism would provide 
a chance for its development in Poland. The findings 
obtained as a result of the analyses would allow an 
assessment of the current functioning of the facilities 
and should indicate the desired direction of promotion 
and creation of appropriate tourist offers.

As a part of this study, research on the tourism 
movement of military facilities was carried out to 
indicate the further development of a relatively new 
form of tourism, which is military tourism.

2 Literature review

Military tourism is an atypical and relatively new 
form of tourism, which is also referred to as military 
culture tourism, war tourism, battlefield tourism and 
armament tourism [13-14]. Generally, one can define 
“military tourism” as a typical recreational and tourist 
program of visual, cultural and material consumption 
[15]. The definitions of tourism proposed in the Polish 

Figure 1 Museums and museum branches in 2019 [1]
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to blood tourism and dark tourism were described by 
Biran and Hyde [32]. Raine [33] listed several factors 
that motivate individuals to visit military heritage sites. 
Magee and Gilmore [34] identified three categories of 
tourists who travel to military sites:
• visitors for whom military heritage sites have 

personal and emotional significance and carry 
a feeling of being connected to their heritage,

• ordinary tourists who do not have personal links 
to military heritage sites and view them merely as 
a leisure activity. These types of tourists primarily 
seek education and knowledge,

• ambivalent tourists who visit military heritage sites 
to “see it to believe it” [35].
Publications exploring the historical background of 

military events, such as Military Pomerania between the 
12th and the 21st century [36] and Military Artefacts of 
Pomerania [37] play an important role in the literature on 
military tourism in northern and north-eastern Poland. 
Other notable publications in this field of research 
include “Squandered Opportunities” by Pradzynski [38], 
Military Artefacts of Polish Military Formations and the 
Polish Army from 1914-1922 [39], Military Museology 
[40-41], Underwater Military Vehicles and Artefacts 
in the Gulf of Gdansk [42], as well as articles by 
Piatek [43], Jurga [44], Lamparska and Malik [36] and 
Jarosz [37]. Encyclopedia of Military Technology [5] and 
Military Artefacts of Pomerania from the 19th to the 
20th century by Drzewiecki and Rozycki [45] also make 
valuable contributions to the literature on military 
heritage.

Although military tourism is slowly gaining 
popularity all over the world, as evidenced by quite 
a rich literature on the subject, in Poland it is still niche 
tourism. Even though there are quite a lot of studies on 
military heritage sites, so far there has not been enough 
research on the state of tourism in these sites. Most of the 
research includes historical or architectural analyses. 
Bearing in mind the above-mentioned premises, the 
authors hope that this article will expand the knowledge 
on possibilities of growth and possible development of 
tourism in tourist facilities of military importance, or 
even greater interest in the participation of tourists in 
military outdoor events.

3 Materials and methods

Research methods and techniques for this study had 
to be carefully selected to address the unique character 
of the research problem and the relevant scarcity of data 
sources. The research methodology of this study included 
several stages:
1)  Research project and case selection (objects, events)

In the first stage of the research, the objects and 
events related to the military heritage located in 
northern and north-eastern Poland were analyzed. An 
important determinant was the availability of tourist 

and locations connected with military activity and the 
military culture [20].

According to Lawin and Stasiak [18], military 
tourists have an interest in defensive structures such as 
strongholds, fortresses, citadels, bunkers, fortification 
lines (accessible or not accessible to tourists), battlefields, 
military museums, battle memorials, war graves and 
military cemeteries. Tourists also attend military-
themed events, such as military picnics, military fan 
conventions and reenactments of historical battles.

Interestingly, the concept of military tourism 
emerged in Polish literature only towards the end of 
the first decade of the 21st century. In their monograph, 
Lijewski, Mikulowski and Wyjrzykowski [21] referred 
to local history tourism, exploratory tourism, as well 
as man-made attractions such as historic and military 
sites and monuments, but they did not identify military 
tourism as a separate category of tourism. The cited 
authors remarked that one of the objectives of local 
history tourism is to provide visitors with an opportunity 
to experience sites associated with patriotic events. 
The Polish history and landscape abound in national 
memorials and areas where battles for independence 
were fought. These sites became widely available to the 
public only after the end of the Communist regime in the 
early 1990s. They can be expected to become important 
destinations for exploratory tourism shortly. Poczta 
[22] reported on the growing popularity of individual 
tourism, including adventure tourism. The above study 
also revealed an increase in the demand for active 
tourism, which enables visitors to experience pristine 
nature and unspoiled landscapes. Military tourism is 
an unconventional form of active tourism. In Poland, 
research into military tourism was also conducted by 
Chylinska [23], Cynarski [24], Stach [25], Stach et al. 
[26] and Zglobicki [27].

In foreign literature, the first studies on military 
heritage tourism were undertaken in the early 21st 
century [28]. Military heritage tourism was defined as 
a subset of heritage tourism that enables individuals to 
experience feelings of appreciation, awe, nostalgia and 
emotional attachment through contact with past events, 
culture and shared history. The growing popularity of 
military heritage sites worldwide was highlighted in 
a paper entitled “Commercial tourist attraction” [29]. 
Lemelin, Whyte et al. [30] analyzed military tourism 
from the indigenous perspective in areas where colonial 
conquest took place (Battles of Isandlwana, Rorke’s 
Drift and Blood River). Logan and Reeves [15] remarked 
on the growing popularity of heritage sites related 
to dark events and traumatic memories, both at the 
national and international level. Military tourists have 
an interest in places and institutions that represent the 
legacy of painful periods in history, such as massacre 
and genocide sites, former prisons, places of military 
internment and battlefields.

Military heritage tourism was explored by Huh [11] 
and Chhabra et al. [31], whereas the experiences related 



I N C R E A S E D  I N T E R E S T  I N  M I L I T A R Y  T O U R I S M  O N  S E L E C T E D  E X A M P L E S  F R O M  T H E  A R E A . . .  G41

V O L U M E  2 3  C O M M U N I C A T I O N S    4 / 2 0 2 1

44th Naval Air Base in Siemirowice, provided highly 
valuable insights. The observations and an interview 
with the press officer of the Gdynia Navy Airborne 
Brigade on 1.06.2018 allowed authors to determine 
what properties of the objects and events proposed for 
research are of interest to military tourists. Designed in 
the research and then placed in the study photographs 
of selected objects and phenomena are intended to show, 
on the one hand, the diversity and attractiveness of the 
above-mentioned places and, on the other hand, help to 
quickly estimate the number of tourists located in the 
area. They also prove the interest of the audience in 
particular elements of shows/exhibitions/buildings. Of 
course, due to lack of space, this article contains only 
a few illustrations showing only selected cases.

The authors also relied on the Google Trends website 
to analyze the popularity of search queries for the Wolf’s 
Lair in Gierloz across geographic locations. The second 
advantage of this method was the possibility to estimate 
the amount of general interest in the selected tourist 
attraction on a global scale.

4  Results

4.1  Development of military tourism  
on the example of the Naval Museum  
in Gdynia

According to Jedrysiak and Mikos von Rohrsscheidt 
[16], attractive museums exert a direct impact on 
the way visitors perceive reality and influence tourist 
traffic. Museum visits have become a popular pastime 
for millions of people. Military museums play a very 
important role in a civic society by creating a direct 
link to the past, acting as repositories of knowledge 
and by preserving historical resources and memories of 

traffic statistics in the above-mentioned objects and the 
possibility to visit these places in person.
2)  Review of literature in the light of the state of 

development of research on military tourism
To determine the research subject matter of the 

presented article, an analysis of the literature was 
undertaken in terms of issues related to military tourism. 
This allowed for the initial systematization of knowledge 
describing phenomena related to this type of tourism.
3)  Collection and analysis of source data

A very big challenge is to obtain information on 
museum resources and statistical data for monitoring 
the volume of tourist traffic. There is no unified system 
for managing museums and historical events. Obtaining 
information relies on direct contact with museum 
directors. There are no standards for storing and making 
tourist data available. This causes very high difficulties 
in managing the tourism sector.

In the presented study on the issue of military tourism, 
methods based on the secondary information contained in 
lists and registers provided by the institutions were used: 
Naval Museum in Gdynia, Centre for Historical and 
Natural Education “Wilczy Szaniec” of Srokowo Forest 
District and data of Gdynia Naval Aviation Brigade. The 
scope of collected and analyzed statistical data included 
information on the volume of tourist traffic in the years 
1996-2019 (in the case of “Wilczy Szaniec” only the period 
2017-2019, which is related to the change of ownership 
of the facility and the lack of data for earlier years) and 
in the months January-February 2018 in the case of the 
Naval Museum in Gdynia.

Observations, interviews and photographs were 
highly valuable sources of primary information. Due 
to considerable variations in behavior of individual 
tourists and the general scarcity of statistical data, 
field observations and interviews conducted during the 
military-themed events, such as the Open Day at the 

Figure 2 ORP Blyskawica in Gdynia
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types of tourism and the growth of tourism in general. 
Analyses of the seasonal distribution of tourist traffic 
provide valuable insights for tourism operators, for 
example by identifying the most profitable months for 
organizing mass events such as military-themed shows.

The data presented in Figure 4 indicate that 
the Naval Museum in Gdynia and ORP Blyskawica 
attract the highest number of visitors between May 
and September. Considerable differences in the volume 
of tourist traffic can be observed between months with 
the lowest and highest numbers of visitors. In 2018, 
monthly tourist traffic ranged from around 500 visitors 
in February (0.9% of annual traffic) to around 14,000 in 
July (28.4%) in the Naval Museum in Gdynia and from 
0 visitors in February-April to around 15,800 in July 
(28.3%) in ORP Blyskawica. Combined tourist traffic 
in both sites was the lowest in February (500 visitors, 
0.3% of annual traffic) and the highest in July (39,800 
visitors, 28.3%).

The study also revealed that ORP Blyskawica 
attracted more visitors (by 42,500) than the Naval 
Museum in 2018. This difference could be explained by 
the ship’s convenient location along the main promenade 
in the Gdynia harbor, as well as the novel experience of 
touring an authentic warship.

4.2 Military tourism in the Wolf’s Lair Bunker  
in Gierloz

The Wolf’s Lair in Gierloz is unquestionably 
one of the greatest tourist attractions in the Mazury 
and Suwalki Lakeland in northern Poland [49]. The 
bunker served as one of Adolf Hitler’s first military 
headquarters on the Eastern Front. It was built near 
the village of Gierloz, 9 km away from the East Prussian 
town of Rastenburg (Ketrzyn), on the territory of 
present-day Poland. The Wolf’s Lair is one of the best-

the past for future generations [27]. Military museums 
amass collections of armor and weapons spanning 
many centuries, where some collections are dedicated 
to specific battles fought in the remote past [15 ,42]. 
According to Jedrysiak [17] and Rottermund [46], 
museums play a special role in social life due to their 
continued existence, as well as the fact that the esthetic 
and educational value of the displayed objects has been 
scientifically substantiated [14, 16]. The Naval Museum 
in Gdansk is one of such facilities. Its collection consists 
of around 50,000 objects divided into several categories, 
including military artefacts, models, memorabilia, art, 
ship equipment, archives and photographs. Ship models, 
flags, streamers, vessel names and symbols on ship 
hulls, ship bells and other naval objects are among 
the museum’s greatest attractions. One of the most 
highly prized objects in the museum’s collection is ORP 
Blyskawica (Lightning), a destroyer ship that served 
in the Polish Navy during World War II. The ship was 
converted into a museum in 1976 and it is open to the 
public in the Kosciuszki Square in Gdynia (Figure 2). 
The ship boasts a vast collection of military equipment 
and memorabilia linked to crew and history during World 
War II. ORP Blyskawica serves representative functions 
during the national ceremonies and conferences [16].

Tourist traffic and seasonal changes in tourism 
demand are the key indicators of tourism development, 
including military tourism [10, 47-48]. An analysis of 
tourist traffic in the Naval Museum in Gdynia revealed 
that the number of visitors has increased considerably 
from 89,000 in 1996 to nearly 140,400 in 2018 (Figure 
3). Tourist traffic peaked in 2017 when the number of 
visitors was approximately 180,000. These data indicate 
that the popularity of military tourism continues to 
increase each year in Poland.

Seasonal demand for tourism is an important 
measure of visitors’ interest in a given region or tourist 
attraction. These data influence development of various 

Figure 3 The number of visitors to the Naval Museum in Gdynia in 1996-2018, based on data from  
the Register of the Naval Museum in Gdynia
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military institutions were built in the vicinity [44]. In 
2017, the Wolf’s Lair was transformed into the Historical 
and National Education Center of the Srokowo Forest 
District.

An analysis of the site’s tourism attractiveness 
revealed that Wolf’s Lair is characterized by considerable 
functional cohesion due to the presence of nearly twenty 

known high-security historic military sites in Europe. 
It was originally composed of nearly 200 buildings, 
including security bunkers, residential bunkers, air-raid 
shelters, military barracks, two airfields, a power plant 
and a railway siding. The entire complex had access 
to main water, heating and ventilation systems. Other 
military command centers and headquarters of German 

Figure 4 Seasonal distribution of tourist traffic in the Naval Museum in Gdynia in 2018,  
based on data from the Register of the Naval Museum in Gdynia
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and maps that can be purchased on the site. The main 
buildings and attractions are very well signposted, which 
facilitates tourist movement. The Wolf’s Lair attracts 
visitors from various regions of the world and according 
to Srokowo Forest District data, foreign tourists, mostly 
from Germany, generated a third of tourist traffic on the 
site. The number of Google searches related to the Wolf’s 
Lair also testifies to the site’s considerable popularity 
(Figure 6).

An analysis of Google Trends queries containing 
the words “Wolf’s Lair (historic site in Gierloz)” between 
1 January 2010 and 1 January 2020 revealed that this 
military site attracted the interest of Internet users 

attractions, extensive access to tourist information, 
guided tours, restaurants and a car park [10]. The Wolf’s 
Lair enjoys growing popularity among tourists (Figure 
5). In 2017, it was listed by The Telegraph as one of the 
25 most popular tourist destinations in Eastern Europe. 
Nearly 276,300 tourists visited the site in 2017 and the 
number of visitors increased by more than 50,000 to 
nearly 330,000 by the end of 2019.

According to Srokowo Forest District data, nearly 
40% of visitors attended guided tours of the Wolf’s Lair 
and a total of 11,000 guided tours have been held since 
2017. The remaining visitors toured the site individually 
with use of a mobile guide application, printed guides 

Figure 5 The number of visitors to the Wolf’s Lair in Gierloz in 2017-2019, based on the data  
of the Wolf’s Lair Historical and Natural Education Center of the Srokowo Forest District

Figure 6 Geographic distribution of queries containing the words “Wolf’s Lair (historic site in Gierloz)”  
in Google Trends between 1 January 2010 and 1 January 2020, [50] 
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tasks of the 44th Naval Air Base include maritime 
reconnaissance; recognition and indication of targets 
to marine units; search, tracking and destruction of 
submarine warfare; search and rescue missions; and 
environmental monitoring of the Polish Exclusive 
Economic Zone of the Baltic Sea. In the naval air bases 
in Siemirowice and Darlowo, patrol aircraft and rescue 
helicopters are on round-the-clock duty as a part of the 
national surveillance system, the NATO reconnaissance 
system and the national marine and aviation rescue 
system. The base can be visited by members of the 
public on open days and military-themed events and 
shows are held every five years to celebrate milestone 
anniversaries.

The Open Day at the 44th Naval Air Base in 
Siemirowice, held on 16 July 2016 between 9:30 a.m. 
and 4:30 p.m., attracted more than 10,000 visitors, most 
enthusiasts of military technology, military aircraft and 
vehicles. The event was organized to celebrate the 60th 
anniversary of the first aircraft landing in Siemirowice 
and the 96th birthday of the Polish Navy. The air show 
(Figure 7) involved presentations of naval aircraft 
such as Mi-14PL anti-submarine helicopter, W-3RM 
Anakonda rescue helicopter, MiG-29 and F-16 jet fighter 
aircrafts and Mi-24 attack helicopter. The aerobatic 

from 60 countries around the world. The highest number 
of searches in the analyzed period was made in Poland, 
Lithuania, Latvia, Germany, Estonia, Czechia, Austria, 
Finland, Slovakia, Luxembourg, Sweden, Denmark and 
Switzerland.

4.3 Open Day in the 44th Naval Air Brigade  
in Siemirowice

Field events and shows are among the greatest 
attractions for tourists with a special interest in military 
heritage. The Open Day and Air Show in the 44th Naval 
Air Base in Siemirowice was one of such events in 2016.

The 44th Kaszuby-Darlowo Naval Air Base was 
established on 1 January 2011 when the 29th Darlowo 
Air Force Squadron and the 30th Kaszuby Air Force 
Squadron were incorporated into the 44th Naval Air 
Base. The naval base comprises the Kaszuby Aviation 
Group in Siemirowice, which operates An-28B1R and 
An-28B1RM Bis patrol and reconnaissance aircraft 
and An-28E environmental monitoring aircraft and 
the Darlowo Aviation Group, which operates Mi-14PL 
anti-submarine helicopters, Mi-14PL/R and W-3RM 
rescue helicopters and Mi-2 helicopters. The main 

Figure 7 Orlik Aerobatic Team flying PZL-130 turboprop trainer aircraft during  
the Open Day of the 44th Naval Air Base in Siemirowice on 16 July 2016

Figure 8 Exhibition of naval aircraft during the Open Day of the 44th Naval Air Base in Siemirowice on 16 July 2016
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relatively good communication accessibility. From 
the research conducted into the location of tourist 
attractions in the geographical space of Pomorskie 
Voivodeship, it can be concluded that the convenience 
of communication, in this case, lies in the proximity of 
transport corridors and hubs of regional, supra-regional 
and international significance. The communication 
accessibility of the above-mentioned museum is 
largely based on the existence of corridors of European 
importance (Baltic-Adriatic Corridor, Northern Corridor/
Northern Seaside Corridor) and the existence of the 
national Lakeland Corridor (based on national road 
No. 22 and railway line No. 203). European conditions 
also include connections within the Trans-European 
Transport Networks (TEN-T) running through the 
Pomeranian Region, including priority lines, i.e.: the 
E65 railway line (Gdansk - Warsaw - Brno/ Bratislava 
- Vienna), A1 motorway (Gdansk - Brno/ Bratislava 
- Vienna), motorways of the sea in the Baltic Sea, 
“Galileo” satellite navigation and positioning system. 
Short sea shipping and small harbors and ports are in 
the immediate vicinity. The TEN-T network priorities 
also include waterways, i.e. the E-40 (Vistula - Bug - 
Dniester) and E-70 (Hohensaaten lock - Oder - Warta 
- Notec - Bydgoski Canal - Brda - the Vistula - Nogat 
- Vistula Lagoon - Baltic Sea). Another possibility is to 
reach the above-mentioned museum with the partial 
use of the sea transport (port in Gdynia and Gdansk). 
In Gdansk’s Matarnia district there is the Lech Walensa 
Airport, which was opened in 1974 and occupied an area 
of 240 ha. It plays the role of a TEN-T network node of 
both national and international importance [10].

Transport accessibility of “Wilczy Szaniec” Fortress 
in Gierloz, located in Warminsko-Mazurskie voivodeship, 
Ketrzyn poviat, Ketrzyn commune, is less developed. 

maneuvers performed by the two Su-22 fighter-bomber 
aircrafts and performance of the Orlik Aerobatics Team 
involving seven PZL-130 turboprop trainer aircrafts also 
attracted considerable interest.

The event also involved an exhibition of military 
equipment, including the Blenda anti-aircraft artillery 
system, armored vehicles of the 1st Mechanized 
Battalion in Lebork and state-of-the-art weapons of the 
Naval Missile Unit (Figure 8).

Open days are usually held every five years, but the 
Naval Air Base in Siemirowice does not keep statistical 
records of these events, which is why the number 
of spectators cannot be accurately defined. However, 
according to the press officer of the Naval Air Brigade 
in Gdynia, the popularity of military-themed events and 
air shows in Siemirowice continues to increase steadily.

4.4 Transport accessibility of selected sites

The most important role of transport in the tourism 
sector is to provide access for tourists to the places they 
visit. Transport is one of the key elements influencing 
the attractiveness of a given area in terms of possibilities 
for development of tourism [21, 51]. The basis for 
appropriate functioning of transport is a sufficiently 
developed network of railways and motorways, as well as 
its good technical conditions and appropriate frequency 
of bus and railway connections between particular 
locations. Nowadays, access to airports and seaports 
is also becoming increasingly important [13, 52-53]. 
A very important aspect in the light of the present 
research is therefore the indication of the communication 
accessibility of the selected ones of military importance.

The Museum of the Navy, located in Gdynia, has 

Figure 9 Overview map with the transport network
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begin with an inventory of resources. Therefore, it is, 
as the first of all, planned to carry out a comprehensive 
survey on the condition of digital cultural resources in 
Poland, which are in possession of the state and self-
government cultural institutions, scientific units and 
other entities collecting digital cultural resources. The 
second task will be to estimate the resources that should 
be digitized. As a result of this work, an IT platform 
will be created that will make it possible to create 
compilations and analyses of the resources held. The 
analyses carried out on selected museums confirmed 
the lack of a uniform system for making data and 
information available [54].

The three discussed examples confirm that narrow 
thematic specialization in the case of museums and 
thematic events can attract a very large crowd Managers 
of museums and historical events should use publicly 
available IT tools (e.g. google trends) to monitor in 
which regions and countries a given event or museum 
attracts the most interest. This will allow choosing the 
right promotional strategies. At the same time, taking 
into account the very high potential of military tourism, 
it would be advisable to set up a consortium or cluster 
to improve recognition and increase the effectiveness 
of reaching tourists. Global trends show that such 
a cooperation improves possible audience reach.

6 Conclusions

Historic military sites and tourist destinations 
in Poland, featuring unique military artefacts and 
weapons, including objects that are related to the 
history of World War II, should drive the development 
of military tourism. The presented examples of military 
heritage sites in northern and north-eastern Poland 
indicate that military tourism is a rapidly growing 
segment of the tourist industry.

The main objective of the research was to indicate 
the possibilities of military tourism development in 
north and north-eastern Poland. The conducted studies 
in this area included an analysis of tourist traffic in 
selected objects related to military heritage and on the 
example of an outdoor event. This made it possible to 
indicate the current trends of interest in this form of 
tourism.

Military museums, including the Naval Museum 
in Gdynia, historic military sites such as the Wolf’s 
Lair in Gierloz, military-themed events and open day 
shows organized by military bases and former military 
facilities are important sources of historical knowledge.

The research conducted in the objects selected for 
analysis shows that currently there is an increase in 
interest in military tourism, which is manifested in the 
increased tourist traffic.

An analysis of the tourist traffic in military heritage 
sites and military-themed tourist destinations points to 
the steady growth of military tourism in Poland. Military 

The main reason for this situation is the peripheral 
location of the province itself, as well as poorly developed 
internal and external communication. Undoubtedly, 
the following factors are responsible for this situation: 
natural environment requiring protection, rather low 
population density, dispersed settlement network and 
low investment attractiveness of the region [48]. One 
of the problems of the voivodship is also the existence 
of numerous objects and post-military areas, which 
require reclamation and introduction of new functions. 
Direct access to “Wilczy Szaniec” is very difficult. The 
site was intentionally built in a place that is difficult 
to access - it is situated far from main communication 
routes, in a forest area that provides natural protection 
for military facilities. The Great Masurian Lakes located 
to the east of the forest are also a significant barrier.

The 44th Naval Air Base, on the other hand, was 
built in Siemirowice, in the Pomeranian Voivodeship, 
Lebork County, in the municipality of Cewice. The 
military facility, where air shows were organized in 2016, 
is generally characterized by good communications, 
although it is approximately 11.8 km from the national 
road S6/international route E28. Siemirowice is 
furthermore located approximately 45 km from the 
nearest airport and seaport. Furthermore, the 44th 
Naval Air Base is located close to the same transport 
corridors of national and international importance as 
the Naval Museum in Gdynia.

In terms of accessibility to particular sites of 
military significance, the general population potential 
is also of considerable importance, as is the presence of 
adequate tourist infrastructure (e.g. hotels, restaurants 
and other facilities) in the vicinity of the listed tourist 
attractions. Figure 9 shows an overview map with 
the location of the studied objects with the transport 
network. 

5 Discussion

The problem related to the management of, inter 
alia, museum resources and information on the increase 
in use of the results of socio-economic research in 
shaping national and regional development policies until 
2028 was noted by the Ministry of Culture and National 
Heritage in Poland. Among other things, the lack of 
statistical data on tourism and tourism resources causes 
difficulties in creating development plans. Examples of 
museums, discussed in the article, represent regions 
that base their functioning, among other things, on 
tourism. To solve this problem of access to information, 
the National Centre for Research and Development has 
announced an ordered project (GOSPOSTRATEG V), 
which includes digital cultural heritage. The project 
envisages the creation of a “National aggregator of data 
on digital cultural heritage”. A diagnosis concerning the 
resources of Polish culture will facilitate its management 
on a national scale. All the development works should 
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the article agree that there is a high probability that 
military tourism may occupy a very important place 
in the structure of tourism forms in Poland because 
it combines the advantages of cultural tourism with 
other forms of tourism and often concerns important 
aspects related to history. It is also possible to 
further increase interest in this form of tourism, 
which may lead to a situation where it will become 
one of the most popular forms. Unfortunately, the 
current epidemiological situation in Poland and the 
world also imposes restrictions on museum objects in 
terms of limiting their activity. Therefore, the present 
research needs to be thoroughly deepened regarding 
further qualitative and quantitative studies of tourist 
traffic and research on the impact of the SARS-CoV-2 
coronavirus epidemic on the volume of this traffic.

The authors hope that this article will expand 
the knowledge on possibilities of growth and possible 
development of tourism in military heritage sites and 
will contribute to the even greater interest of tourists in 
military outdoor events.

bases and historic sites attract growing numbers of 
visitors who have an interest in history and the armed 
forces. These tourist destinations are often linked with 
acts of heroism and they promote patriotic values.

This study revealed an increase in tourist traffic 
in the analyzed tourist destinations. The number of 
visitors to the Naval Museum in Gdynia increased from 
89,000 in 1996 to nearly 140,400 in 2018. In the Wolf’s 
Lair Historical and Natural Education Center of the 
Srokowo Forest District, tourist traffic increased from 
276,300 in 2017 to nearly 330,000 in 2019. The air-show 
during the Open Day at the 44th Naval Air Base in 
Siemirowice in 2016 also enjoyed immense popularity 
and attracted more than 10,000 spectators.

Another aspect of the research was also an 
attempt to answer the question of what place military 
tourism currently occupies among other forms of 
tourism in Poland and whether maintaining the 
current trend in the volume of tourism would be an 
opportunity for its further development. Taking into 
account the statistics presented above, the authors of 
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