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FOREWORD TO THE FIFTH INTERNATIONAL CONFERENCE  
TIL 2014 

 

 

In 2003, the Faculty of Mechanical Engineering, University of Niš, began to introduce multidisciplinary sciences by 
establishing the studies in engineering logistics. Multidisciplinarity is based on the scope of natural sciences studied within 
transportation engineering. The width of that educational scope is provided by classical mechanics of solid and
compressible continuum, theoretical and experimental analysis of structures, sciences concerning processes such as
stochastics, planning theory, simulation theory, economic theory, material flows, process optimization and information 
Internet technologies. This wealth of scientific values opens a path toward an easier acceptance of modern tasks in the
wider engineering activity, which is one of the goals of academic work. Process studies within the area of industrial 
transportation are the scientific domain of modern engineering logistics. The Faculty of Mechanical Engineering,
University of Niš, is the home of the Department of Transportation Engineering and Logistics which expands its knowledge 
on the Western European model of engineering logistics. These modern disciplines have been introduced through study
visits by professors and assistants at the technical universities in Magdeburg, Dresden, Karlsruhe, Munich, Berlin and
Vienna, as well as the visits of renowned European professors at the University of Niš, which have been taking place for
the last 35 years. 

The Fifth International Conference of the Faculty of Mechanical Engineering in Niš entitled Transportation and Logistics, 
TIL 2014, nurtures the disciplines of technical design of transportation machines and logistics directed toward the
processes of exploitation of transportation systems. The Conference TIL 2014 has five topics: Plenary – shared, business 
logistics, transportation engineering, logistics of traffic engineering and industrial technology. The Program Committee
has accepted 37 research papers as a thematic background for the dialogue. Current and logic ideas have attracted a
number of scientific workers, students and professional experts to this scientific conference, which, above all, allows for the
emancipation of the understanding of logistics and its introduction to the domestic educational and economic activity. 
Therefore, the Fifth International Conference includes thematic presentations by professional experts on current topics in 
Logistics, which take place on the second day of the Conference. 

This and the previous conferences: TIL 2004, 2006, 2008, 2011, belong to the times of change in the economic model of
national commerce from the socialist model to the liberal-capitalistic one. This process requires new knowledge and new
professional structures which can enable the functioning of the market economy of the developed world. The professors of 
the University of Niš and Serbia believe that the need for more efficient work and new professional knowledge will be
easily fulfilled by introducing new scientific disciplines and research. Moreover, new knowledge will lead to the new
awareness in the people, and the return of the sensation of the beauty of being. The Faculty Board of the Faculty of
Mechanical Engineering in Niš, by this act of dialogue and the support for the scientific conference TIL 2014, contributes
to the changes in Serbia. 

The help for the changes in the domestic educational system has continuously been provided by the Ministry of Education 
and Science of the Republic of Serbia and the sponsors of the Faculty of Mechanical Engineering who understand the times
that we are living in. The Program and Organizing Committee of the Conference TIL 2014 would like to use this 
Conference Proceedings to extend their gratitude to the professors-founders, authors of papers, ministries, sponsors, the 
Serbian Logistics Association, the City of Niš and all other friends who have endorsed the previous conferences, thus 
contributing to the well-being of the future society. 

 
Niš, 22 May 2014   President of the Program Committee TIL 2014

Professor Miomir LJ. Jovanović

 



 



 

 
 
 
 
 

Dr Zoran Marinković, a Full Professor at the Faculty of Mechanical Engineering, University 
of Niš, was born on 27.07.1948 in Beloljin, Prokuplje, Serbia. He finished elementary and high 
school in Prilep, Macedonia. He started studying mechanical engineering at the Technical 
Faculty in Niš in 1967. He graduated on 27.06.1972 with the grade point average 8.28 and a 
diploma thesis in the field of transportation engineering with grade 10. For the results achieved 
during the study, he received a university award for the best achievement in the third year of 
study at the Technical Faculty in Niš, Mechanical Engineering Department, as well as the Best 
Graduate Student of the Year 1971/72 Award at the Faculty of Mechanical Engineering in Niš. 
From January to December 1974, he worked as a production engineer in the Factory of cranes 
and steel structures, MIN Niš. This is how our colleague, Dr. Zoran Marinković, began a 
successful career in the scientific field of transport systems, to which he remained dedicated for 
the following 40 years. In 1975, he enrolled in postgraduate studies at the Faculty of Mechanical 
Engineering, University of Belgrade, where he studied the field of mechanization. He completed 
the studies with GPA 8.95 and successfully defended the magister thesis entitled A contribution 

to the analysis of influential factors in determining the lifetime of drive mechanism in the development design of moving 
electric winch family on 17.03.1983. He was fully employed at the Faculty of Mechanical Engineering in Niš from December 
1974 to September 2013, starting at the beginning as a Teaching Assistant. In the year of 1986, he spent a three-month study 
period at the Department of Transport Technique of the Ruhr University in Bochum and in 1988 a two-month study period at 
the Department of Transport Technique of the Technical University Darmstadt. During these study visits, he studied the 
lifetime of crane drive components. The aim of these study visits was to provide the staff members of the University of Niš 
with adequate knowledge so that the industry in the region could be better developed. In this field of research, our colleague, 
Dr. Zoran Marinković, defended the doctoral dissertation entitled Probabilistic - statistical model for lifetime calculation of 
crane drive mechanisms on 05.07.1993 at the Faculty of Mechanical Engineering in Niš. In November 1993, he was appointed 
Assistant Professor at the Faculty of Mechanical Engineering in Niš in charge of the subjects Transport Machines and 
Machines of Discontinuous Transport. This is a period of his extensive professional scientific work characterized by the 
research of transport machine drive systems. In December 1998, he was appointed Associate Professor at the same faculty in 
charge of the subjects Transport Machines and Machines of Discontinuous Transport. Since 2001, in accordance with the new 
scientific requirements, Dr. Zoran Marinković has broadened his work in the field of transport and begun teaching subjects 
Internal Transport and Storage and Container Transport. In 2003, the Department of Transport Technology and Logistics was 
established at the Faculty of Mechanical Engineering, giving Dr. Zoran Marinković a great opportunity to fully express his 
knowledge: he took part in establishing the Department and the development of the first academic curricula for the new study 
profile. These first years of the novel study profile Transport and Logistics are characterized by 16 brand new courses, and 
Professor Dr. Zoran Marinković took a great part of the burden of a decade long activities until a steady educational activity in 
this area has been established. Apart from the aforementioned courses, Dr. Zoran Marinković introduced the subject Storage 
Technique and Storage Logistics and taught the Technical Logistics starting 2006. To be appointed a Full Professor at the 
Faculty of Mechanical Engineering in Niš, Dr. Zoran Marinković filed 125 scientific and professional papers, 22 strategic 
scientific projects, 30 projects conducted for the needs of industry, 5 published textbooks, 1 study and 1 research monograph. 
To date, the number exceeded 275 references which include 10 papers in the SCI list - Thomson Reuters categorization. It 
stands to reason that such great work would elicit recognition for the achievements and Dr. Zoran Marinković received 
Plaques in 1985 and 2011 from the Faculty of Mechanical Engineering in Niš for his contribution to the development of 
modern mechanical engineering studies. However, another significant contribution of our professor is related to the modern 
dynamics of transport machines, which he studied theoretically, by means of simulation, and experimentally. As a result of his 
work, the first industrial standards for transport machine drive mechanisms in Yugoslavia, based on the probabilistic - 
statistical lifetime model, were created between 1982 and 1988. This ended the period of inadequately designed transport 
machines with uneven lifetime of components. Through plenty of projects for the industry of southern Serbia, the modern 
mechanical engineering was elegantly introduced – essentially via products. Another important part of Professor Dr. Zoran 
Marinković’s opus is his supervising work with students of mechanical engineering. He was a supervisor of two magister 
theses, more than 100 diploma (graduate) theses, and is now a supervisor of two doctoral theses. He has left the Department 
for Transport Technology and Logistics a legacy of the activities to which he has been dedicated all his life and the people who 
will continue his work. Today, after his retirement, he is still active in the field of technology of transport machines and works 
with students of master and doctoral studies. I strongly believe that the professional work of Dr. Zoran Marinković passed on 
to the Serbian academic and economic spheres is work based on optimistic and idealistic outlook on life. 
 
 

May 2014                   Members and associates of the Department for material handling systems and logistics 
 
 



 

 



 

 

 

 

 

The Tenth Anniversary of the Department  for 
Material handling systems and Logistics 

 
Professor Miomir Jovanović, Faculty of Mechanical Engineering Niš 

June 2013 marked the tenth anniversary of the establishment of the 
Department for Material handling systems and Logistics at the Faculty of 
Mechanical Engineering in Niš. During that period, 12 researchers had 
actively worked on the betterment of the Department and the development of 
new curricula and a new educational profile unlike any other in Serbia. 
Those ten years saw the subjects evolve into modern teaching disciplines, 
accredited and reaccredited. By educating young people in the country and 
abroad, a staff base was formed to pursue the fundamental scientific 
disciplines which are the backbone of the Department profile. The projects 
that were carried out in the last ten years resulted in over 200 scientific 
references and 15 papers on the SCI list. The adequately directed 
development of staff led to the preservation of the educational and scientific 
quality within the field of classical transportation engineering and the field 
of traffic and logistics. During the period of transformation of the 
educational system in Serbia, the technology and knowledge related to 
experimental and IT activities were retained. In that area researchers 
conducted interesting scientific experiments using the entire available 
experimental technology. The attractiveness of educational contents was 
expressed in the number of students who had applied for the module of 
Traffic Engineering, Transportation and Logistics. In the previous years 
(2002-2013), the Department profile was attended by 201 students 
(164+37), with 83 graduate engineers and 5 graduate managers. Five 
master's theses and one doctorate helped preserve the expert and scientific 
identity of the Department and the professional engineering degree awarded 
to the students. The fifth scientific conference represents the effort to 
organize a scientific dialogue at this Department and bring in the people 
from the practice and with academic knowledge of theoretical sciences. 
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Abstract 

 
The paper is dedicated to an actual understanding of 
logistics as a scientific discipline with cornerstones recently 
defined clearly, and the standing of technical logistics, 
particularly, in the science domain. The recent surveys on 
the trends in logistics and logistics research as well as the 
needed logistics taxonomy are discussed. After a brief 
presentation of the evolution in the university education in 
logistics, the actual trends for the development of curricula 
and the restrictions for the further growth of the discipline 
are argued 
 
Keywords: logistics, logistics research, logistics education 
 
 
1. INTRODUCTION 
 
Logistics is an integral part of the world economy. Logistics 
costs are estimated to make between 9% of the Gross 
Domestic Product (GDP) in USA, 12% in EU and Japan, 
15% in China and to 17% in Asia [1]. “Material handling and 
logistics are the backbone of the U.S. economy, Everything 
in our homes, businesses, malls and everything in between 
got there because of material handling and logistics” 
[2].“Logistics is the backbone of modern society. Logistics 
makes our world. ” This was the motto of the first 
International Logistics Science Conference (ILSC), on 
September 4th, 2013, in Dortmund/Germany. Logistics 
science is a recognized research area, which covers the 
different inquiry perspectives in its domain. Contrary to the 
expected maturity and stability of developments within such 
a broad area, over the last decade a considerable dynamics 
has been observed both in the fundamental issues of logistics 
as a discipline, and in the directions of research and teaching. 
As I was invited to present our point of view on the recent 
development in the area of technical logistics research and 
university education the first problem was, how to confine 
the subject in the variety of definitions of logistics. 

Consequently, the first section of this paper is dedicated to 
the comprehension of the Logistics, Logistics Engineering 
and Technical Logistics, in particular. The second one deals 
with global trends and their impact on logistics and research 
developments.  Finally, the university education in Logistics 
Engineering and the obstacles standing in its way are 
represented, on the basis of our experience in the introduction 
of the Bachelor and Master’s degree courses in “Logistics 
Engineering” at the Technical University of Sofia in the last 
decade. 
 
2. PROGRESS IN THE DEFINITION OF 

LOGISTICS 
 
In 2010 Peter Klaus, editor-in-chief of Logistics Research 
commenced his editorial [3] with the rhetorical question: 
„ A science of logistics’: Is there any? And if so, is there 
one - or two, or even several? To answer these questions is 
not easy. We know that different members of the large 
worldwide logistics community … would have very 
different views” 
The good old and very common understanding about 
logistics as “the art and science of moving things from one 
point to another and storing them along the way” , is akin to 
the definition of Materials Handling as „the art and science 
of moving storing, protecting and controlling materials“, 
but is unfortunately incomplete nowadays. 
Logistics has a numerous different definitions because if 
the broad points of views on its activities. On the other 
hand, “these various definitions of logistics and their 
application in a particular environment demonstrate quite 
cleary the lack of general consensus among practitioners on 
what constitutes the exact nature of the discipline” [4]  
The well-known “process definition” given by the Council 
of Supply Chain Management Professionals, cited by [5]:  
“Logistics is that part of the supply chain process that plans, 
implements, and controls the efficient, effective forward 
and reverse flow and storage of goods, services, and related 
information between the point of origin and the point of 
consumption in order to meet customers’ requirements.” 
A resent common “scientific definition” was presented [6] 
on the results of an ambitious project by a working group of 
the Scientifically Advisory Board of German Logistics 
Association (BVL)1  : 
“Logistics is an application-oriented scientific discipline. It 
models and analyses economic systems as networks and 
flows of objects through time and space (specifically goods 
information, moneys, and people) which create value for 
people”.  Five cornerstones are defined to an understanding 
of logistics as a science and its identity as an academic 
discipline: 
1) The object of enquiry: flows in networks; 
2) Logistical inquiry on consecutive levels of aggregation; 
3) Interdisciplinary of logistics; 
4) Unity within a variety of terminological, conceptual and 
methodological foundation through the network model; 
5) Application orientation of logistics science. 
 
“The fundamental principle is that the  logistics takes a 
holistic view of all the activities, that belong to its domain 
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[7] - inbound and outbound transportation, fleet 
management, materials handling, order fulfilment, logistics  
network design, warehousing,  inventory management, 
supply/demand planning, and management of third-party 
logistics services providers, but also packaging, forecasting, 
procurement, return goods management, reverse logistics and 
global logistics. 
Obviously, the logistics is an interdisciplinary applied 
science, with technical, information and business 
backgrounds and should not be observed as a bundle of 
engineering, business, information etc. logistics sciences. 
However, how much “business” and how much 
“engineering” remains vague. Marc Goetschalckx [8] claims 
that:  
“Engineering logistics uses scientific principles, 
mathematical models, and information technology as 
fundamental tools to design supply chains, plan logistics 
processes, and operate logistics systems 
Engineering logistics and business logistics are 
complimentary but fundamentally different. Business 
logistics is more focused on how to manage logistics 
processes and relationships. Practice assessments, 
behavioural propositions, and management concepts are 
typical outputs from business logistics research, while design 
concepts, decision support models and computer software are 
typical outputs from engineering logistics research. 
Educational programs for engineering logistics have evolved 
primarily in Industrial Engineering departments while 
educational programs for business logistics have evolved 
primarily in marketing departments. As a result, the two 
disciplines have traditionally approached logistics from very 
different perspectives.  
Since 1990, there has been a dramatic increase in the 
implementation of information technology to support 
logistics functions. This has created a critical demand for 
new decision technology to take advantage of the increased 
information. It has also created a demand for people with 
both the engineering knowledge necessary to integrate this 
new technology into seamless logistics systems and the 
business knowledge needed to integrate this new technology 
with business practices. Hence, there is a need for business 
logistics and engineering logistics to coalesce around 
decision and information technology”. 
 
Logistics Engineering and Technical Logistics are often 
considered as synonyms.  In accordance with the Charter of 
the German Science Society of Technical Logistics (WGTL)2 
“the Technical Logistics is the engineering science of 
planning, management and control of flows of materials, 
people, energy and information in  systems. It covers mainly 
the task levels of planning and simulation, design and 
product development, automation, and operation and 
management.  The annual colloquiums treat the following 
topics: Construction and mechanical design; Control and IT 
systems; Management, Organization and operations; 
Planning, analysis and simulation of logistics system 
Therefore, Technical Logistics “expands” Logistics 
Engineering towards the areas of design, product 
development and automation of materials handling 
equipment.  So Technical Logistics is also the study of the 
development, construction and the implementation of 
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devices and equipment for moving and storage of goods 
and for the transport of persons (when the moving and 
transport take place over considerable distances within 
facilities). This is confirmed also by the numerous 
publications in the electronic magazine Logistics Journal, 
published by WGTL over the recent years. 
 
3. GLOBAL TRENDS AND THE LOGISTICS 
RESEARCH 
 
Global trends are a broadly discussed topic irrespective of 
their impact on logistics. Out of more than twenty global 
trends quoted in the literature, separate surveys use different 
sub-sets. The most frequently debated topics by the logistics 
community are: 
Globalisation – A ten-fold increase of production in the last 
60 years, with 30-fold increase of international trade at a 
drastic reduction of transport expenses - for instance, to 
deliver a bottle of wine at the price of 7.50 € from Australia 
to Europe, the transport expenses are calculated to be 12 euro 
cents. 
Urbanisation – According to the United Nations forecasts in 
2030 two-thirds of the population will be living in cities, 
whilst in the developed countries the reached boundary of 
75% has been already crossed over and in them the 
percentage of city dwellers is expected to rise to more than 
85% in 2050. 
Climate change - Arctic Sea ice loss of more than 40% over 
the past 30 years, increasing greenhouse gases.   
Demographic changes – Now over 20% of the European 
population is older then 60 years, with a forecast for 33% in 
2050. 
Technological Innovation and Digitalization 
Sustainability - “development that meets the needs of the 
present, without compromising the ability of future 
generations to meet their own needs” (UN) 
 
The much too broadened subject area of logistics presumes 
differentiation of the nature of impact of separate global 
trends on the different logistics prospects In [9] other subset  
of  global trends is  picked as most significant for 
intralogistics – Urbanisation, Individualisation, 
Demographic change, Climate change and environmental 
impact and  Ubiquitous intelligence 
 
Analysis, surveys and forecasts are conducted in industrial 
corporations, professionals’ organisations (such as BVL in 
Germany and CSCMP in USA), in research institutes and in 
the universities – in scientific publications and PhD Thesis 
e.g. [10], [11]. 
The forecasts linked with the technical aspects of logistics, 
can be grouped in 2014 with respect to the time horizon 
they have set as: 
Long-term – over 20 years [12], [13] 
Mid-term – over 10 years [2] 
Operational - 5-10 years. [14] [15] [16] 
 
Long-term forecasts 
 
The long-term forecasts deserve particular attention 
because they are not frequently discussed in the 
publications. А recent study [12] give a global long term (to 
2050) forecast about the future environment for the 
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logistics. The identified megatrends, as commented from 
the point of view on the logistics research challenges [13] 
are partially quoted below: 
 Resource shortage and sustainability – e.g. supply 

chains coping with oil prices up to US$1000 per barrel 
have to be designed and implemented; 

 Urbanization and new importance of urban 
logistics systems – Logistics is expected to contribute 
to dies development e.g. by new city logistics and e-
commerce distributions concepts, as well as new 
transportation systems) cargo streetcar, cargo bikes, 
parcel stations etc.); 

 Security concerns and problems within 
international transport systems – will be a further 
major task and innovation expectation toward logistics 
– e.g. trough increasing technology implementation 
such as GPS tracking &tracing etc.; 

 Importance of demographic changes and 
knowledge management concepts – the logistics 
systems will have to adapt sharply to such changes 
and implement rigorous qualification and training 
schemes as especially in developing countries, there 
are significant gaps; 

 Technological innovation as e.g. RFID and GPS 
implementation as well as the Internet of Things with 
new steering mechanisms for logistics systems.  

 
It is remarkable, that the German research cluster 
EffizienzCluster LogistikRuhr has defined the future major 
topics (project packages) in respect to identified global 
trends [13], as Changeable Logistics Systems, Logistics-as-
a-service, Urban Logistics Systems, Transport Systems 
Management, Sustainable/Green Logistics, and Logistics 
Competence. This ambitious investigation initiative enclose 
124 companies and 18 research and educational institutions 
with a project volume of € 106 million, with the objectives: 
the development of 103 products, patents and innovation, 
achievement of 25% saving of the logistics cost, the 
establishment of 4000 workplaces and generation of two 
billion euro market potential. 
 
Mid-term forecasts 
 
The, trends, followed in the recent MHI Roadmap for the 
next eleven years [2] closely correlate with the presented in 
the DHL survey, adding a few other technological aspects: 
 The growth of e-commerce 
 Relentless competition 
 Mass personalization 
 Urbanization 
 Mobile and wearable computing 
 Robotics and automation 
 Sensors and the Internet of Things 
 Big Data and predictive analytics 
 The changing workforce 
 Sustainability 

 
The forecasts are grouped in 10 distinct organizational and 
technological groups and one educational domain:  TOTAL 
SUPPLY CHAIN VISIBILITY, STANDARDIZATION, 
SENSORS AND THE INTERNET OF THINGS, 
PLANNING AND OPTIMIZATION, E-COMMERCE, 

HIGH-SPEED DELIVERY, COLLABORATION, URBAN 
LOGISTICS, TECHNOLOGY AND AUTOMATION, 
SUSTAINABILITY and PROFILE OF THE MATERIAL 
HANDLING AND LOGISTICS WORKFORCE. 
A considerable part of the forecasts represent аn ambitious 
road map for a present and future technical logistics 
research: Thus, for instance, the estimates for 2025 in the 
“Technology and automation” expectations are as follows: 
„Significant new systems for storage, handling and order 
picking should be developed that allow companies to 
reconfigure their systems rapidly to accommodate changes 
(both up and down) in throughput, SKU velocity and product 
mix; 
Significant advances in scalability should have been made in 
storage, handling and order picking systems; 
Affordable robotic order picking systems should be available 
that support high-throughput, single-piece picking. These 
systems should be available in both part-to-picker and picker-
to-part configurations; 
Control and execution systems featuring wearable computing 
devices should be developed and widely deployed in 
transportation, warehousing and manufacturing; 
Highly productive systems employing interactive computing 
devices and robots should emerge in the industry, particularly 
in order fulfilment and manufacturing systems; 
Economical, high-speed automation to load and unload 
trucks should be available both at the carton and pallet level”;  
 
Operational forecasts 
 
Assessing the worlds megatrends (continuing globalisation, 
global uncertainty, demographic changes and urbanisation, 
sustainability, changing competitive landscape, 
digitalization etc.)  with the challenging new technologies 
(next-generation mobiles, hybrid IT &cloud computing, 
Encryption & Cryptography, Embedded technology etc. ) a 
working group from DHL Solution & Innovation in 
cooperation with Detecon Int. Consulting derive ten key 
midterm trends for the logistics [14]. From point of view of 
Technical Logistics, the key technological trends of 
particular importance are: 
 

Technology Trend Impact Relevance 
Big Data/Data-as-a-Service High <5 years 
Cloud Computing High <5 years 
Autonomous Logistics Medium >5 years 
3D Printing Medium >5 years 
Robotics & Automation Medium <5 years 
Internet of Things Medium <5 years 
Next-generation Telematics High <5 years 
Quantum Computing Low >5 years 
Augmented-reality Logistics Low <5 years 
Low-cost Sensor Technology Medium <5 years 

Table 1 Key technology trends [14] 

Big data analytics allows the use of immense amount of 
unstructured data and enables real time analytics e.g. for the 
real time routing or real time pick-up.  
The paradigm of cloud computing and cloud-based services 
provide a new concepts of the logistics services for a 
globally distributed logistics networks and enterprises [17] 
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Autonomous logistics enables unmanned autonomous 
transfer of load units with such a devices as cellular 
transport systems, self-steering vehicles, etc. 
3D-Printing is able to change dramatically the future 
logistics by involving new networks for materials delivery;  
Robotics and automation gain new roles in the intralogistics 
e.g. with self-learning and adaptive systems  
Internet of Things technologies (such as RFID) enable 
physical objects to interact in an Internet-like structures, 
enabling self-steering processes and new services such as 
event-driven solutions. 
The next generation of telematics use real-time date and 
enable new solutions for dynamic routing and flexible 
delivery offerings 
Quantum computing offers operational speeds far 
exceeding those in conventional computing; The quantum 
cryptography can make the information exchange more 
secure 
The augment-reality-logistics adds virtual visual layers with 
specific information and provide new opportunities for the 
logistics planning, process execution, and visual analytics. 
Low-cost-sensors reduce the investments and can provide a 
new sensitivity for the material handling equipment end for 
the control and management of a complex logistics 
networks. 
The results from a Delphy-Survey [16] concerning the 
technological trends for the logistics till 2020 show that the 
"use of telematics applications" and “Fusion of logistics 
with information and communication systems "are seen by 
the respondents as most expected. 
 

 A B C 
Deployment of telematics applications 1 2 4 
Fusion of logistics and information 
systems 

1 3 3 

Application of the GPS satellite 
navigation system 

2 7 7 

Traffic information systems for real-
time routing control 

3 3 5 

electronic marketplaces for transport 
services 

3 6 8 

Networking and integration with IT 
systems 

4 1 1 

Real-time capability of traffic 
information systems 

4 3 2 

Use of Mobile Computing 5 8 9 
Use of simulation models and 
techniques 

6 5 6 

Traffic information systems for the 
reduction of gas emissions 

6 4 7 

Table 2 Technological trends in the logistics [14] 
A-feasibility; B-desirability; C-impact 

Matter for reflection 
 
The invariable positivism of many forecasts in the area of 
logistics evokes an air of boredom. Who remembers the 
forecasts defined prior to 2000 and were there any analyses, 
which of these are realized, to what extent, and more 
importantly, “why?” – There remain unanswered questions. 
The lack of sound scepticism and criticism is the salient 
characteristics of the projects of the science from that of 

business, where there is a clear-cut distinction – which 
enterprise is profitable and which is losing money. 
The lack with respect to feedback is fundamental – whether 
the ambitious forecasts are realized in the expected terms, 
why are they changing, or the forecasts remain utopia, what 
is the contribution of research to our knowledge in the 
future, or the new realities in logistics have taken us aback 
with their emergence. Regardless of the fact that fusing 
informatics with logistics is the outstanding tendency in all 
investigations, even its evolution in the course of logistics 
development is not unequivocal. If we sought publications 
on the topic of cloud computing and its effect on the 
development of logistics some ten years ago, the answer 
would be obvious – there are none, but today we expect 
soon fundamental changes in the information environment 
of logistics. Fifteen years ago a lot of hope was allotted to 
the topic of RFID, but “the number of consumer goods 
manufacturers doing anything meaningful with RFID is still 
just a handful” [5]. Regardless of the efforts of GS1, the 
introduction of EPC on a world-wide scale is left to the 
future. The topic of Electronic Data Interchange has been 
enthusiastically commented over more than 30 years, yet 
the real introduction of exchange of ten/twenty messages in 
heterogeneous IT logistics environment is still a problem 
beyong separate industry sector.    
A feedback is necessary as regards the forecasts, so that the 
direction of research can become pragmatically operative. 
A plausible example in this view are the forecasts by [18] 
[19], in which is seen an assessment of the progress with 
respect to the ambitious trends. 
Endorsable are the recommendations of [5] about the 
necessity of feedback in scientific publications, which is 
worked out in parallel to the forecasts and state-of-art-
surveys in the specialized scientific journals on the basis of 
the standardized taxonomy for logistics research which is 
still missing. 
 
4. LOGISTICS ENGINEERING EDUCATION 
 
A new dynamics is observed on a world-wide scale as 
regards the relatively conservative university education  
After The Chinese government has identified logistics as 
one of the pillar industries to support economic growth, the 
number of schools that offer a major in logistics and the 
number of logistics programmes has increased steadily. 
Today there are about 280 universities offering logistics 
management majors  and 60 universities providing majors 
in logistics engineering” [20]  
Undergraduate, Graduate and doctoral level programs in 
logistics are offered on different structural levels – from 
University level (e.g.  US Army Logistics University3 in 
Fort Lee, Virginia, USA, Molde University College, 
founded in 1994;Norway),   faculties  ( е.g.  Logistics 
faculty4  in Ohio-State-University, Ohio, USA,  Logistics 
Faculty5, Higher School of Economics, Moscow, Russia,  
Faculty of Logistics and Transport of St. Petersburg State 
Economics University  and others) or hundreds of logistics 

                                                 
3  http://www.alu.army.mil/ 
4 http://fisher.osu.edu/ftmba/academics/faculty/operations,-
logistics-and-supply-chain-management/ 
5 http://logistics.hse.ru/ 
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institutes – as major , as a core stud , as well as separate 
courses. 
Despite the booming educational market in China in the last 
decade, the logistics education is driven mainly by the 
universities in USA and Europa. 
With reference to USA, in 2000 Prof. Tully [4] realized that 
the logistics education has matured significantly over the 
past 40 years. The majority of the degree programs are in 
the area of business logistics U.S. News and World report 
ranks the top logistics degrees in the USA. In top ten are 
included: the Michigan State, the MIT, Arizona State, Ohio 
State, Pennsylvania State, Purdue University, University of 
Tennessee, Carnegie Mellon etc.  
There are no overall statistical data about the university 
education in separate specialities in which Logistics is 
studied as a major. As a milestone can serve the data, 
provided by AASCB International from more than 600 
universities [21] given in Table 3.  
 

Logistics Education in 
Business Universities  

2012-2013 Estimated 
number 

Bachelor Degree Programs 13,3% from 
638 

~85 

MBA  5,2% from 
671 

~35 

Specialized Master Degree 
Programs  

10,9% from 
503 

~55 

Doctoral Programs  5,1% from 
293  

~15 

 
Table 3 Logistics programs offered in 2012/13 

The data obviously do not reflect the current situation in 
China and Europe 
 
Logistics education in Europa  
 
The range and the distribution of the logistics education in 
Europe nearly logically follow the volumes of the logistics 
market in the separate countries in Europe (Fig.1) .  With a 
total logistics market size of approximately € 228 billion. 
and a transport volume of more than 3.4 bln. Tons in 2012, 
Germany is the largest logistics market in Europa [22].  The 
first seven countries cover 70% of the overall logistics 
turnover. 

 
 

Fig. 1 Logistics Market in Europa 

 

The extensive systematic survey about the logistics 
education programs in Europe was conducted within the 
framework of the project BESTLOG (www.bestlog.org)   in 
the time February 2006 until May 2010, funded by the 
European Commission under the 6-th Framework 
Programme, collecting information from 27 EU Countries+ 
Switzerland, Norway, Russia and Turkey.  Till 2008 there 
have been collected 866 educational programs [23].  In the 
survey are collected data on courses in vocational, 
undergraduate, postgraduate and executive levels, 
conducted in universities, universities of applied science 
and colleges of cooperative education. Trendsetters in the 
logistics education are the economically leading countieres.  
 

 
 

Fig. 2 Logistics Programms in Europa (on [23]) 

From collected in BESTLOG –Database programs 418 are 
classified as undergraduate, 262 as graduate, 54 as 
executive and 132 as vocational programs. 
In the survey Germany take a leading position. In 2007 in 
Germany a total of 11600 students completed their studies 
with logistics background – 1300 with Major, 3500 with 
core study and 6800 with degree courses [24]   
In Germany in  2007 a total of 11600 students completed 
their studies with logistics background – 1300 with major , 
3500 with core study and 6800 with degree courses  [24] 
From the majors offered in Germany only 7% are in 
universities, 77% in universities of applied science and 16 
% in colleges of cooperative education. The same resource 
shows the dynamics of the introduction of logistics 
specialities. Whereas in 2000 ten such specialities were 
offered, in 2007 they were 31, distributed in 7 universities, 
18 universities of applied science и 6 colleges of 
cooperative education. Most of the degree programs are in 
the area of Business Logistics, followed by Logistics 
Engineering. 
 
By comparing the results from different sources is seen 
some uncertainty. For example in BestLog for United 
Kingdom are identified 54 undergraduate and 35 
postgraduate programs. But [25] reports 16 universities 
with 23 programs. Recent survey from 2013 [26] finds 41 
postgraduate programs form 35 universities. 
The overall number of programs in the survey is probably 
underestimated. So for “countries like Denmark, Italy and 
Greece seem to be somewhat underrepresented up to now in 
the bestLog-database” [23] Indeed, Dallarri reports in [27] 
about 4 undergraduate programms (Bolzano, Genova, 
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Napoli, Roma), 5 two-years postgraduate programs 
(Catania, Genova, Pisa, Roma, Trieste) and additionally 9 
others one-year postgraduate programs. 
Despite some inconsistencies, the creation of the common 
data base for the logistics majors in Europa is a significant 
step for the assessment of the evolution in the logistics 
education. These strongly indicate the need for systematic 
maintained statistics at the European level. Since the 
beginning of BESTLOG-Project the European logistics 
Association (ELA) has been engaged as a partner. 
ELabestlog website (www.elabestlog.org) was launched in 
2010 as “emerging european platform for sharing best 
practice in logistics”, unfortunately with modest activity.  
 
In Bulgaria the logistics education as a Major is conducted 
at the Technical University of Sofia (Logistics Engineering 
- Bachelor and Master Level), Business University in Sofia 
(Business Logistics – Bachelor and Master), University of 
Shumen (Bachelor and Master). There are additional 
Supply Chain programmes at Sofia University, and in the 
High School of Transport.  
The Technical University of Sofia introduced education in 
Bachelor and Master’s degree courses in “Logistics 
Engineering” in the last decade. On average there are ca. 30 
students registered on the Bachelor level and 15 on Master 
level.  In collaboration with the University of Karlsruhe a 
core study in Logistics is provided in the German Faculty at 
the Technical University in Sofia.  
The introduction of Engineering Logistics education would 
not have been possible in Bulgaria without the longstanding 
co-operation with, mainly, the Institute for Materials 
Handling and Logistics Systems (ILF), KIT-Karlsruhe, as 
well as the international cooperation with other universities 
from Central and Eastern Europa. 
 
Obstacles in the logistics education 
 
Many authors [26], [28],[29] discuss the obstacles to the 
growth of the discipline in the university education. The 
main of them can be summarized in 1) Lack of student 
awareness about the discipline; 2) Shortage in educators; 3) 
Disagreement with industry concerning an appopriate 
curriculum; 4) Lack of common standard guidelines for the 
logistics education. These topics are discussed briefly 
below.  

1) Lack of student awareness about the discipline 

In [25] was reported “At graduate levels, there are 10 
degree programmes that have a direct logistics focus. 
However, it is reported that higher education institutions 
find it difficult to fill student places due to the poor image 
of the sector and lack of promotion of logistics as a career.”  
In the USA “from the schools that offer degrees in logistics, 
less than one-third require a course related to the discipline 
as part of the business core for all students … It is likely, 
therefore, that nearly 90 percent of business graduates leave 
their programs with little or no understanding of an area” 
[28] 

2) Shortage in Educators 

The research into logistics education [28], focused on the 
business area, indicate that:  

„Since most programs are housed within departments with 
a larger program, the number of faculty with expertise in 
logistics/SCM usually is a small percentage (frequently 
about one-third or less) of the total number of faculty in the 
department. Many programs have only one or two 
professors devoted to the discipline, and even the larger 
programs are small relative to the host discipline. For 
example, the Ohio State University's logistics major, one of 
the largest and oldest logistics programs, is housed in the 
Department of Marketing and Logistics. That department 
has 17 tenure track faculty members: 11 (65 percent) in 
marketing and six (35 percent) in logistics. At the 
University of Arkansas's Walton College, there are 14 
tenure track positions in the Department of Marketing and 
Logistics. Ten of those faculty positions are in marketing, 
and only four are assigned to logistics, less than 30 percent 
of the total. The same is true in most of the other programs, 
but often the number of (logistics) faculty is even smaller 
… Of the 27,676 full-time faculty in the United States, only 
309 (1.1 percent) are in the field of supply chain 
management/transportation/logistics” 
From European (and particularly from German) point of 
view, Professor ten Hompel makes in [30] a very 
impressive comparison of the academic situation in 
logistics with this in computer sciences. So “in the 
(German) industry almost €220 billion - from workforce of 
2.7 million people- are generated from the logistics, and 
there are 59 university logistics departments, additional 90 
departments in the universities of applied science. 
Comparing this with the computer science ( €148 turnover, 
0,85 million employees) one comes to the conclusion that 
there are 36 faculties and 28 departments with 961 
professors. This discrepancy is not acceptable for the 
interdisciplinary field of logistics and Professor ten Hompel 
puts forward the establishment of a new European research 
centre for logistics. Similar ideas can be found in the U.S. 
Roadmap –“ By 2025, there should be a Material Handling 
and Logistics Research Council with significant funding for 
academic research that has a strong potential to affect the 
industry” [2]. 

3) Disagreements with industry concerning a curriculum 

Through a survey [31] 147 logistics professionals in 
Australia were asked how education programmes should be 
developed and conducted for the next 10 years. ”the 
majority of responses (from the list of options provided) 
indicated that the industry should be involved in this 
process. In other words, providers should develop and 
conduct these programmes in consultation with logistics 
associations. In addition, respondents suggested that the 
development and execution of logistics education 
programmes should be supported by other business 
associations and that the educational programmes of other 
international universities should be consulted.” The needs 
of coordinating bodies are recognized in the U.S. Roadmap 
too – “By 2025, a material handling and logistics education 
consortium should be actively working with 
community/technical colleges and four-year schools. This 
should expand the number of schools offering degrees, 
increase the number of core courses and the total number of 
graduates” [2] 
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4) Lack of common standards for the logistics education  

“No studies have been undertaken to provide a framework 
for logistics higher education to help logistics educators to 
design, assess and improve their programms” [32].  
The attempts for synchronization of Logistics education have 
been known for quite some time. Examples of direct transfer 
are Dual educational programs, such as:  
„Atlanta – Singapore”: Dual master program in logistics, 
established in 1998 with a research emphasis between the 
National University of Singapore (NUS) and the Georgia 
Institute of Technology (GT) Atlanta, USA; 
„MIT-Zaragoza” (The MIT-Zaragoza Masters of 
Engineering in Logistics and Supply Chain Management, 
created in 2004 between MIT and Zaragoza Logistics Center, 
Spain, held in Spain and English,  dual degree within 
international MBA; PhD, engineering systems division), 
,Karlsruhe – Sofia  (Dual bachelor and master program in 
Mechanical Engineering - with core study in Logistics 
Engineering- established in 1990 between  the University of 
Karlsruhe (KIT) and  Technical University of Sofia (TUS) , 
held in German, PhD, Engineering System Division). 
„Berlin-Shnghai“ Established in 2009 dual post graduate 
programm in Master in Industrial Engineering 
(Logistics/SCM) between TU Berlin and Tongji University 
Shanghai. PhD dual promotion is provided. 
Another alternative is through join educational projects e.g. 
in TEMPUS framework. In 2003-2006 within the framework 
of TEMPUS-Project JEP 17019-2002 „Development of new 
curricula in the Technical Logistics in University Nis, 
Serbia” carried out in collaboration among the universities of 
Magdeburg, Dresden, Munich, Karlsruhe, Vienna and Sofia 
with the Serbian universities in Nis and Novi Sad. The 
cooperation between the Technical University of Sofia and 
the University of Nis  in the TEMPUS – Framework 
continues in further projects nowadays – e.g. in the project in 
progress 530577-TEMPUS-1-2012-1-RS-TEMPUS-JPCR, 
dedicated to improvement of Product Development studies. 
Noteworthy mentioning are also attempts at synchronisation 
of logistics education within the framework of University 
Logistics Networks, e.g. EUNiL, established in 1994 as a 
forum for universities interested in logistics education, which 
primary involved universities from Cardiff (United 
Kingdom), Dortmund (Germany), Eindhoven (The 
Netherlands), Lausanne (Switzerland) and Linköping 
(Sweden) [33] and European Logistics Association. 
The lack of common standards can be overcome after the 
collaborative work on strong definitions of the desired skills. 
In this respect the idea of Prof. ten Hompel about the 
establishment of a new European Research Centre for 
Logistics deserves considerable attention and discussion in 
the logistics community. Similar idea for the USA is given in 
[28] – “The federal government should establish a national 
centre to advance logistics and supply chain education”.  The 
centre should establish common European recommendations 
for the university logistics education. Perhaps it is necessary 
to synchronise the establishment of common standards with 
the standardisation of the desired skills in Logistics, based on 
the European Qualifications Framework (EQF), e.g. ELAQF 
Standards of competence, that lead to the ELAcertification., 
despite the fact that the EQF is seen as independent from 
higher education development. 
 

4. IMPLICATIONS 
 
Following inplications can be derived from the study: 
 
1. “While there are valid and legitimate reasons for 

fractionalizing logistics programms into ... Business 
Logistics, or Logistics Engineering (or Technical 
logistics) , but there are many areas of mutual concern 
that transcend these parochial perspectives” [4]. The 
hosistic and global backbone of the logistics should 
not suffer from  the fragmentation and regionalization 

2. Despite the rapid development of the logistics science 
in the last 40 years,  the work on the well-formed 
content structuring is not competed yet. It is esepcially 
evident in the area of Logistics Engineering.  

3. A common taxonomy for the logistics research is still 
missing. 

4. The academic logistics comunity needs a framework 
for coordination, which gives a systematic guidelines 
to support the educators in the development of the 
local curricula, and for a common policy on 
overcomming the identified obsacles. 

5. Unanswered question remains - how to ensure the 
continuity in the implementation of results, 
respectively subsequent development  for important 
expired projects, such as Bestlog. The stability can be 
achieved at common institutional level. 

6. The academic logistics community comes to maturity 
to launch a constructive debate on the creation of a 
future European Logistics Institute.  

 
 
5. CONCLUSIONS 
Evidently there is no stagnation in the logistics research and 
logistics education. The last decade has seen some progress 
in the definition of logistics and its subject as a science. The 
impact of global trends onto separate perspectives in 
logistics is a hot topic both in scholarly research and in 
industrial studies. The expected trends in innovation over 
the next decades are basically influenced by the fusion of 
informatics and logistics. University education in the area 
of logistics has been expanding over the last ten years. The 
basic challenges and obstacles to its development are in the 
lagging availability of academic resources, alignment of 
educational programs with the requirements of the changing 
world and in the necessity for synchronization of its 
contents on European and world-wide scale.  
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Abstract 

 
Transportation has always been one of the main impetuses to 
engineers by giving them a challenge to move the objects 
easier and faster. The challenge breaks down to very simple 
requirements, such as: make it lighter, stronger, more reliable 
and comfortable, safer, more robust, less expensive. These 
requirements have driven the development of novel structural 
materials and designs in the field of transportation, thus 
enabling solutions that classical structural materials and 
design could not comply with due to the imposed limitations. 
Advanced fiber-reinforced composites, as materials that offer 
the highest potential for weight reduction of traffic carriers, 
are in the focus of this paper. Reliable experimental testing, 
numerical simulation and characterization of these materials 
are discussed. Their potential is demonstrated on an example 
involving large deployable booms of concrete boom pumps. As 
a next level in structural design and behavior, the application 
of multifunctional materials with the idea of rendering 
structures active/adaptive and thus highly robust is elucidated. 
Some examples from the field of transportation are given. 

 
Key words: structural design, transport, concrete boom 
pumps, composite laminates, active structures, crane 
 
 
1.  INTRODUCTION 
 
Transportation as an engineering discipline has always been 
one of the major impetuses to engineers by giving them a 
challenge to make the structures and goods easier and less 
costly to move. The challenge breaks down to very simple 
requirements, such as: make it lighter, stronger, more reliable 
and comfortable, safer, more robust, less expensive. 
Mass reduction for the improvement of energy consumption 
and emission as well as to meet certain legal regulations is 
one of the principal drivers in material selection for 

transportation. Over the past few decades, the use of 
composite materials in designs has seen enormous progress. 
It has opened new frontiers in optimization of structural 
design. The advantage of composites lies in their high 
strength to weight ratio, good stiffness and functionality as 
well as non-corrosive features, among others [1]. As a rather 
illustrative example of transport machinery, at which 
application of composite laminates has enabled to redefine 
the operative range, truck-mounted deployable concrete 
boom pumps are addressed in this work. This paper considers 
the aspects of design, simulation and testing of a boom 
section of concrete boom pumps made of composite 
laminates. Particularly, with regard to show that FE 
simulation is in the very heart of layout of the structure even 
for the manufacturing preparation. However, the main 
objective of a structural design of ensuring that a structure 
remains fit for the purpose and can sustain all loadings 
without failure makes testing still an indispensable element 
of the development of such parts. 
As a next level in structural design and behavior, the idea of 
active/adaptive structures is considered. Adaptive structures 
have attracted a great deal of attention over the past two 
decades, with many researchers dedicating their work to this 
enticing field of research [2] – design of adaptive structures, 
their modeling, development of control laws, etc. Adaptive 
structures are characterized by the presence of sensors and 
actuators within the structure, coupled with each other by a 
controller that implements the control law, i.e. the strategy of 
structural behavior. The major application of adaptive 
structures is in the field of dynamics. Suppressing structural 
vibrations significantly increases safety and robustness of 
structures as well as the efficiency of machineries. The 
feasibility of adaptive structure approach will be 
demonstrated in this paper on the example involving 
vibration suppression of a tower crane’s truss structure.  
 
 
2.  DEPLOYABLE CONCRETE BOOM PUMPS 
 
Due to their high efficiency, flexible deployable concrete 
boom pumps belong to the essential items of heavy-duty 
equipment for the building industry, mining and tunnel 
construction and other major industrial projects [3]. Apart 
from many other criteria, which also include the adaptability 
to complicated construction site conditions, particularly the 
effective reach and coverage of the concrete distributor masts 
is a deciding competitive factor. Today concrete distributor 
masts provided with five or even six arm-segments and large 
operating range meet all expectations and requirements in 
civil engineering. Deployable booms are essential parts of 
concrete boom pumps. The overall length of the boom 
structure is a competitive edge because it commonly defines 
the area of operation (see Fig. 1). In particular with six boom 
segments, due to the relatively short lengths of each boom, 
the mast can be optimally adapted to an existing clearance of 
a structural level. The mast length available is converted by 
its flexibility at the same time without losses in reach and 
coverage depth. On the other hand, another very serious 
limitation must be considered. That is the axle load permitted 
on roads by legal rules, because the concrete boom pumps 
have to drive on the roads to get to the building sites. Hence, 
the restrictions in the registration approval make weight 
reduction of the overall equipment absolutely necessary. 
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Fig. 1.  Mobile concrete boom pumps in operation 

Along with optimal performance characteristics it places high 
demands on the design quality of such machines. If this 
industry would not place emphasis on further innovation, then 
the growth of the mast length would approach its ceiling. To 
get an increased boom length under these contradicting 
demands requires optimal lightweight construction based on 
extensive FE simulation. The use of high-alloy steels brought 
some potential for the boom design. For further substantial 
weight reduction as a pre-requisite for larger boom structures, 
a material with high stiffness to weight relation has to be 
sought. To that purpose carbon-fiber reinforced composite 
(CFRC) materials seem to be a suitable alternative. 
 
 
3. COMPOSITE LAMINATES – MODELING, 
SIMULATION AND TESTING 
 
The first priority in performance enhancement of concrete 
boom pumps is given to the increase of operational range and 
loading capacity along with an increase in speed of 
positioning and positioning accuracy and discharge of 
concrete with simultaneous improvement of stability against 
overturning. At present, the material steel takes for various 
reasons undisputedly the top position among all imaginable 
construction materials and will remain for most of the design. 
However, at somewhat lower stressed areas near the mast tip, 
strength problems have taken a back seat compared to 
stability problems. Adequate solution for this problem 
requires application of innovative materials. Outstanding 
examples of innovative materials are the various fiber 
composite materials based on carbon fibers, glass or aramide 
fibers to the natural fibers. Through the years, the use of 
composites materials in design has seen enormous progress. 
The advantage of composites lies in their high strength to 
weight ratio, good stiffness, functionality, non-corrosive 
features. Laminates represent a common form of CFR 
composites that offers many possibilities for tailoring the 
material properties. 
 
3.1 Modeling of composite laminates 
Quite generally speaking, composite materials are formed by 
combining two or more already existing materials with 
different properties. The aim is to form a material with unique 

 
 

Fig. 2.  CFRC laminate with unidirectional layers 

new properties, which are actually a combination of 
advantageous properties of the constituents. The most 
common architecture of carbon fiber reinforced composite 
materials is laminate, which consists of a number of layers 
with different orientations of fibers and certain sequence 
(Fig. 2). 
For the simulation of the global behavior of composite 
materials, homogenization methods are used. They allow 
the calculation of composite effective properties knowing 
the topology of the composite representative unit cell. In 
this manner, the composite material is modeled as 
“equivalent” homogeneous medium to resolve the global 
behavior. However, in performing homogenization, it has to 
be taken into account that, due to manufacturing process, 
there are uncertainties in material properties of a composite. 
For this purpose, an approach has been developed [4] for 
spatially correlated simulation of parameter distribution 
owing to the process of manufacturing or other causes, which 
is suitable to be included in the FE analysis. Such 
descriptions (generations) employed within the FE modal 
analysis are for example the central part of Monte-Carlo-
Methods. A Variogram type material property model has 
been introduced to predict the spatially distributed material 
properties (like Young’s modulus) over the entire structure. 
Effective modeling and simulation of thin-walled structures 
made of fiber-reinforced laminates are driven by the 
recognition that the nature of their general behavior allows 
the condensation of the complex 3D-field to the essential 
ingredients of the structural response described by a 2D 
approach. Two major first-order theories are used: the 
Kirchhoff-Love and the Mindlin-Reissner theory. Without 
going into details of the theories, it can be said that the 
essential difference between the two is in the consideration 
of transverse shear stresses. Modern finite element (FE) 
software packages offer rich element libraries and, thus, the 
engineers are provided with appropriate choice of elements 
implementing one of the two theories and sometimes even 
some theories of higher order. This reduces significantly the 
effort required for the modeling process and improves the 
efficiency of the model. The appropriate choice is a matter 
of engineering judgment. 
 
3.2 FEM modal analysis of a CFC arm segment 
The finite element method (FEM) has imposed itself as the 
state of the art method in the field of structural analysis. FEM 
simulations are supposed to reduce the overall manufacturing 
costs by providing the possibility to reach the suitable design 
much faster and with less need for testing. This is particularly 
valid for structures with composite laminates involved as a 
structural material. A great number of possible material 
combinations and layer sequences render testing of all 
possible solutions prohibitively expensive. For the purpose of 
simulation, we use commercially available finite element 
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software packages, such as ABAQUS, NASTRAN, etc., but 
we also have developed our own finite element codes that 
provide certain features typically not included in commercial 
packages [5]. The aim of this subsection is to exemplify the 
FEM simulation for the investigated type of structures. In 
order to do that, an arm segment of a mobile concrete boom 
pump is considered.  
Modal analysis is of utmost importance in structural analysis 
and, furthermore, for our method of non-destructive detection 
of failures in composites. Therefore, a FEM modal analysis 
has been conducted in this work. The considered arm web 
segment (Fig. 3) is made of a CFRC laminate consisting of 70 
layers and has an overall thickness of 1.65 cm, with the total 
length of the arm web segment of approximately 1.6 m. Each 
layer is made of the same CFRC material with long 
unidirectional fibers, but the orientation of fibers, as well as the 
thickness of layers differs from layer to layer. It was necessary 
to introduce three local coordinate systems in order to define 
the sequence of layers in three different areas of the arm web 
segment. The areas are distinguishable on the right-hand side 
of Fig. 3, where the discretized model with approximately 
1000 quadratic shell finite elements is depicted. 
 

 
 

Fig. 3.  Arm web segment of a concrete boom pump 

Besides the accurate description of geometry and material 
properties, for high quality modal analysis it is also 
necessary to include all the attached masses in the model, 
since the eigenmodes and eigenfrequencies are significantly 
affected by them. As seen in the middle of Fig. 3, there are 
metal bushings placed at the holes. Their mass is included 
in the model as distributed mass around the holes. As for 
the boundary conditions, the edge of the upper hole is 
considered to be clamped, since this was the closest match 
for the actual boundary conditions applied in the test. 
 
3.3 Experimental modal analysis of the CFC arm segment 
An experimental modal analysis of the investigated 
composite web structure is performed with a state of the art 
laser scanning vibrometer (Polytech). For this purpose, the 
structure has been excited by means of a shaker within 
certain frequency range. The scanning-software provides the 
results in the form of frequency response diagrams, from 
which eigenfrequencies and modal damping can be extracted. 
It also provides structural vibration forms to each of the 
excitation frequencies and therewith also the eigenmodes.   
Although the laser scanning vibrometer facilitates the 
extraction of modal data, its usage brings also certain 
problems for further processing. The scanning-software 
defines its own mesh of measurement points over the real 
structure. For processing and comparing the measured and 
numerical modal data, the measurement points should be 

 
 

Fig. 4.  CFC arm: a) real structure with scanning mesh 
b) FEM model with matched scan points  

ideally coincident with nodal points within the FE model, 
which is in practice not always easy to achieve. Furthermore, 
the number of scanning points is limited. Fig. 4a depicts the 
real test object with the generated scanning mesh (as generated 
and taken by the scanning vibrometer). In comparison, Fig. 4b 
shows the FE model, with its much finer mesh, whereby the 
marked points depict the FE mesh nodes that closely match the 
measurement points. For determination of those FE nodes, 
originally developed software has been used. 
 
3.4 Comparison of simulation and experimental results 
The measured modal data and those from the FE simulation 
have shown good agreement, although some differences are 
notable. This is expectable due to the idealizations included 
in the computational FE model. The real boom web does 
not have exactly constant thickness over the length as it was 
laminated by hand. Furthermore, as seen before, the metal 
bushings are only tackled as secondary components in the 
FE model. Finally, on the upper bushing, the structure is 
fixed during testing, but this is definitely not an ideal clamp 
of the structure, as considered by the FEM-model. 
Fig. 5 shows the second (top) and third (bottom) measured 
and calculated eigenmode, with two-colored representation 
chosen to clearly depict the nodal lines of the modes (lines 
with zero amplitude). The allocation of the measured and 
computed modes is done by Modal Assurance Criterion 
(MAC) analysis, which compares calculated ith mode, ci, 
with experimentally determined jth mode, ej (Table 1): 

 
  ej

T
ejci

T
ci

ej
T
ci

ijMAC



2

    (1) 

Despite the idealizations implemented in the model, one may 
notice high values of MACs for the considered frequency 
range. Not for all of the modes calculated by numerical 
simulation (A-modes in Table 1) corresponding experimental 
modes have been determined. This is attributed to the 
position of the shaker during the experiment. Later analysis 
revealed that the shaker position was quite close to the nodal 
lines of the experimentally undetected modes. Obviously, 
those modes could not be excited by the shaker. Table 1 
gives only the first several experimentally determined (first 
row) and numerically computed (first column) modes and 
their correlation by means of MACs. 

a) b) 
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Fig. 5.  Eigenmodes – experimental (left) and simulation 
(right) results 

Table 1 Modal Assurance Criterion (MAC) 

 Measurement 

F
E

M
 c

al
cu

la
tio

n 

MACs 
E-

Mode 1 
7.9 Hz 

E-
Mode 2 
35 Hz 

E-
Mode 3 
97 Hz 

E- 
Mode 4 
182.9 Hz 

E- 
Mode 5 
213.1Hz 

A-Mode 1 
7.25Hz 0.997 0.159 0.207 0.019 0.013 

A-Mode 2 
35.5Hz 

0.191 0.98998 0.045 0.219 0.042 

A-Mode 3 
68.7Hz 

0.058 0.034 0.689 0.009 0.08 

A-Mode 4 
91.9Hz 

0.18 0.05 0.947 0.008 0.092 

A-Mode 5 
94.3Hz 

0.076 0.001 0.0036 0.005 0.0095 

A-Mode 6 
174.3Hz 

0.016 0.25 0.051 0.951 0.023 

A-Mode 7 
217.5Hz 

0.014 0.0003 0.17 0.0029 0.8999 

 
3.5 Detection of failures in composite laminates 
The commonly used techniques for non-destructive testing 
of materials are X-ray and ultrasonic measuring. Those are 
extensive and complex procedures, regardless if they are to 
be applied only to built-in components or they have to 
cover complex structures entirely. The approach we adopt 
is to assume that the detection of potentially faulty areas 
can be obtained with combination of modal data from 
measurement and FE analysis. 

One of the major causes of composite material damages is 
related to delaminating. Delamination may be caused by 
impact loads, fatigue or poor fabrication. If it occurs and if 
the state of the damage has not progressed too much, the 
natural frequencies and mode shapes do not change 
remarkably and can, therefore, alone not be used to detect 
faulty areas of the structure. However, a measurable change 
in certain parameters of vibration motion according to 
different modes is expected to be observed. 
The presence of damage in a composite laminate gives rise to 
certain nonlinear effects in structural vibration. Hence, 
investigations of the nonlinear response seem to be 
promising for localization and to quantify the size of the 
damage on a global basis. Actually, vibration of delaminated 
composite laminates leads to a non-smooth dynamic system 
due to continuously developing impact-like contacts along 
the delamination. Therefore, the nonlinearity arises from the 
local contact phenomenon – clapping. The delaminated layer 
and the remaining part of the structure periodically strike 
against each other during the vibration and this results in 
visible differences in the frequency response functions 
compared to the same of the undamaged part.  
The general idea of our method is to determine modal 
clapping factors and perform their superposition [6]. This is 
done both by means of the FE-model, which yields a 
reference result for an undamaged structure, and for the 
actual damaged structure by means of experiment. The 
comparison between the obtained distributions of the 
superposed modal clapping factors is supposed to spot 
damage/delamination in the structure. The development of 
this method is still work in progress. 
 
 
4. THE IDEA OF ADAPTIVE STRUCTURES IN 
TRANSPORTATION 
 
Significant attention has been given to active/adaptive 
structures over the past two decades. It is their intrinsic 
property to mimic the behavior of natural systems that 
serves as an impetus for researchers to steadily broaden the 
area of application of adaptive systems [2]. The general 
idea consists in using advanced multifunctional materials in 
order to design and integrate active elements, i.e. sensors 
and actuators, into structures and thus provide the means 
for their active behavior. Active elements can also be added 
as additional devices, if such a design better suits the 
structure. A structure with active elements only, i.e. sensors 
and actuators, is denoted as active structure. Sensors 
provide signals that typically contain information about the 
state of the structure. The sensor signals are transmitted to a 
controller that implements the control law, i.e. the desired 
structural behavior. In other words, the controller processes 
the sensor signals and determines what action should be 
performed by actuators in order to produce a desired 
structural behavior. The corresponding signal is then sent to 
actuators. Hence, by coupling active elements, sensors with 
actuators, by means of a controller, an active structure 
becomes adaptive – it can actively react to external 
excitations in order to adapt its response.  
In the case of adaptive car roof depicted in Fig. 6, the 
adaptive behavior of the roof is used to suppress its 
vibrations with the final objective of diminishing noise in 
the car and thus improving driving comfort of passengers.  
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Fig. 6.  Adaptive car roof 

4.1 Adaptive behavior of a tower crane 
Although the adaptive structural behavior can be used with 
many different objectives, vibration suppression belongs to 
the most common ones. It improves many aspects of their 
dynamic behavior, ranging from comfort to robustness and 
safety.   
To exemplify the general idea of adaptive structural 
behavior, the truss structure of a tower crane depicted in 
Fig. 7 is considered. Without going into details of possible 
solutions for sensors and actuators, they will be idealized 
here simply by assuming that the sensors can measure 
desired quantities related to truss elements and that the 
actuators can produce desired forces that act along truss 
elements. To meet the observability and controllability 
conditions [2], it will be assumed that the coupled sensors 
and actuators are collocated, i.e. positioned in the same 
truss elements.  
 

 
 

Fig. 7.  Truss structure of a tower crane 

A very simple logic will be applied to achieve vibration 
suppression. It is for a good reason that damping, although 
being a rather complex effect, is quite often modeled in 
dynamics as viscous, i.e. velocity proportional. Since 
velocity proportional forces bring structure to rest (when 
acting in opposite direction to velocity) the idea is to use 
sensors to determine the strain rate of selected truss 
elements and then the corresponding actuator force that acts 
along the very same truss element so as to damp the 
vibration out in them. This should further suppress the 
vibration of the whole crane structure. 

The optimal position of active elements is a very important 
aspect. There are different approaches depending on the 
objective of adaptive behavior. As already elaborated, the 
objective in this specific case is vibration suppression. 
Control of complex systems with a large number of degrees 
of freedom is a prohibitively expensive task. An elegant 
idea to resolve the problem is to perform control within 
specific frequency range and, in doing that, to put focus 
onto the structural eigenmodes, which are then regarded as 
degrees of freedom to be controlled. The optimal position 
of active elements is then determined as locations with the 
largest strain energy density. Hence, the strain energy 
density is determined for each eigenmode. Furthermore, the 
eigenmodes are given weight factors according to their 
importance in the overall structural behavior and control. 
Finally, the weighted modal strain energy densities are 
superposed. This simple procedure reveals in which truss 
elements the control would have the largest impact onto the 
structural vibrations.  
Now, considering the crane structure in Fig. 7, upon 
limiting the number of active truss elements to four and the 
number of eigenmodes of interest to ten, this procedure 
yields the truss elements shown in Fig. 8 as optimal for 
active elements (sensors and actuators).  
 

 
 

Fig. 8.  Tower crane with active elements 

Over the course of simulation, the strain rate in those 
elements is determined and used to compute directly 
proportional actuator forces by means of a predetermined 
coefficient.  
In the simulation, the crane is exposed to an external impact 
excitation in duration of 0.3 s acting at the tip of the crane 
jib (F in Fig. 8). The vertical displacement of the very same 
point is observed as a representative structural response. 
The internal structural damping is assumed to be relatively 
small. The obtained results are summarized in Fig. 9. Fig. 
9a gives the jib tip deflection without the active control 
applied and the decrease in amplitudes is the consequence 
of internal damping only. On the other hand, Figs. 9b, 9c 
and 9d show the response when the active control is turned 
on 15 s, 10 s and 5 s, respectively, after the excitation. The 
effect of active control, which can be interpreted as active 
damping in this case, is obvious.  
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Fig. 9.  Vertical deflection of the crane’s jib tip: a) no active 
damping; and with active damping started after:  

b) 15 s; c) 10 s; d) 5 s 
 
 
5.  CONCLUSIONS 
 
Transportation as an engineering discipline requires 
innovative solutions that push the leading edge of 
technology and challenge the expected. Innovations in both 
materials and design solutions are performed to meet these 
objectives.  
Heavy-duty operations performed by truck-mounted concrete 
boom pumps make design of their structures a very 
responsible task. The tendency to steadily improve the 
performances of those machines imposed the need for 
application of innovative structural materials. The paper 
tackles the aspects of using state of the art structural 
materials in the design of those structures as well as how this 
aspect is reflected in the need for numerical simulation and 
experimental testing. The paper has demonstrated that, 
despite all the complexities and uncertainties of CFRC 
materials, simulations based on FEM models can be 
successfully performed, resulting in rather reliable and 
accurate results. Tests are quite expensive, in certain cases 

even prohibitively expensive, but are also inevitability that 
provides the ultimate check on suitability of the structural 
design and developed models. Beside the fact that it 
represents the means of model updating, experimental modal 
analysis is also a crucial element of the presented promising 
approach to failure detection in composite laminates.  
Over the past few decades, the idea of adaptive structures 
has progressed from almost an engineering curiosity to a 
new generation of high-performance structural and 
mechanical systems with integrated sensing, actuating and 
control capabilities. Their application becomes wider every 
day covering many areas of engineering, transportation 
being among the most important ones. Their attractiveness 
originates from numerous advantages they offer over passive 
systems. The presented examples are illustrative but certainly 
not exhaustive. Many aspects are idealized in the tower crane 
example with the objective to demonstrate the feasibility of 
the idea of adaptive structures. The current adaptive systems 
are a mere skeleton compared to the anatomy perceived in 
not-too-far future. We strongly believe that they will have a 
great impact on our lifestyles. 
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Abstract 
 
One of the most important activities in science is to find new and 
more effective methods which can offer one or multiple 
advantages in comparison to the traditional methods and 
principles. This paper has a goal to present the main 
characteristics of both methodologies "Tret" and "Screen 
Contact" which were created almost three decades ago, as well as 
their chronological usage in education projects, design and 
development of complex mechanisms used in mechanical 
engineering, with specific projects. The both computer based 
methodologies have considerably different calculation approach 
vie-a-vis traditional methods in mechanics. Their advantages are 
remarkable in the most complex multi-body mechanisms. 

This paper will illustrate the possibility and capability of those 
methods which are intended for analysis of the multi-body 
mechanisms, and also mechanisms of higher kinematical pairs.  

 
 Key words: mechanisms, machines, computer, excavators, 

loaders 
 
 
1. INTRODUCTION  
 
The increasing trends in many areas of the science and 
technology give opportunities for other branches. The most 
considerable development can be seen in computer 
technology and telecommunications. For mechanical 
engineering where complex systems are used, it is of 
essential importance to make structures with best 
performances. So, the new improved methodologies for 
calculation are really required. How these methodologies 
were chronologically used in wide projects, according the 
computer performance levels, and also levels in other 
branches, will be presented in this work.   
The processor speed of a computer, and also graphical 
performances are fundamental for the creation of software 
in which modules based on the "Tret" and "Screen 
Contact" principles are built-in. The projects are actually 
dealing with construction and mining machines like 

excavators, loader, cranes, crushers, as well as common 
systems like chains, gear reducers, hydraulic vane and gear 
pumps, blowers etc.  
 
 

2. CREATION AND USING THE "TRET" 
METHODOLOGY 

 
The best representative of the complex mechanical 
structures which are very difficult to calculate, due to their 
multi-body construction are excavators and loaders. It was a 
great challenge for many engineers and scientists to create 
some method for faster and shorter calculations with 
particular accuracy. It was conveyed with computers, but 
the results in most cases were very low. The animation give 
the best comparisons between the different methods. If the 
animation was smooth (without flicking), it was considered 
as good animation with very fast calculation. Traditional 
methods of theory of mechanisms and machine (which are 
taught on the faculties of mechanical engineering) were 
complex and in different projects very confusing. Computer 
programs based on these methods required very long 
calculation time between the subsequent positions of the 
mechanism. So, this way it was impossible the animation to 
be realized /completed. For this reason computer programs 
which calculate many positions of the mechanism were 
often created, to save these positions in the discs or in the 
RAM arrays, and after that execute the animation (that 
method is usually used in cartoon movies).  
The initial idea for "Tret" methodology was born on 
January 25th 1984. This methodology consists of several 
equations which always appeared in the complex link-bar 
mechanisms (excavators, loader, hydraulic cranes, robots, 
jaw-crushers and many other working link-bar mechanisms 
in mechanization). In the subsequent years, the modules 
incorporated in computer programs for excavators and 
loaders, (in the computer languages Fortran and Basic) 
were created. The methodology was operational for 
working mechanisms of all types, without exceptions (fig.1 
and fig.2), and programs executed very fast. The animations 
were always without blinking. The programs were created 
from 1988 to 1992: 
 
- BAGER (program in Basic, using CGA and later EGA/VGA 

graphics, 1988),  
- HBOL (hydraulic backhoe excavator - trajectory and complete 

working zone, 1988),   
- BAGER 1 to 8 (program in Basic on microcomputer 

Commodore plus/4, 1988-90),   
- DROB (Simulation of jaw crusher, Hercules graphic card, 1990, 

Basic, later rewritten in C),   
- CONV (Chain conveyors simulation - Commodore plus/4, 

1989),  
- HBCK (hydraulic shovel excavator - Basic - PC 286, and 

Commodore plus/4, 1990), etc...  
 
On the fig.2 two common schematics of hydraulic 
excavators are shown, and on fig.3 the multi-body loader 
with grapple used in forestry (Volvo BM L160- Sweden).   
After 1989 almost all programs written in the Basic 
language, were rewritten in the excellent program language 
C (Turbo C). Simultaneously, with the increasing of the 
computer processor frequency and also with the 
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improvement of the graphic resolutions, the programs 
became faster and it was an opportunity to insert additional 
modules (calculation of velocities, accelerations, reaction 
forces etc.).   

 
Fig.1. Concepts of working mechanisms of the loaders 

(complex link-bar mechanical systems) 

 
Fig.2  Working mechanisms of hydraulic excavators  

 
 

Fig.3. One working position of loader Volvo BM L160 
(Program VL160.EXE,1995 based on the "Tret" 

methodologies) 

The next illustrations show some concepts of complex 
working mechanisms in sequences of computer animation. 
The animations were executed with programs which use 
program modules based on "Tret" methodology.  
 

 
 

Fig.4. Loader ROSSI 1600-HDA (Ita)  (DOS Program 
ROSSI.EXE, 1995 based on the "Tret" methodology) 

 

 
 
Fig.5. Two positions of the Loader CAT 943 (USA), (DOS 

Program CAT.EXE,1994 based on the "Tret" .) 

The increasing of the speed (frequency) of computer 
processors enables to include additional modules in 
programs based on "Tret" methodology. So, the computer 
has enough time to execute the additional calculations, for 
example reaction forces, stresses, pressure in hydraulic 
installation etc., without "flicking (blinking) during 
animations. 

 

 

 

 

 

 

16



 
Fig.6. Including additional modules into programs when the processors are fast, doesen't disturb the animation 

 
 

 
Fig.7. Position of working mechanism of a hydraulic excavator Liebherr 922 - Ger,( program LIEB922.exe) 

(Two modules for calculation of the Reaction forces and trajectories are included, animation is normal) 

 
 

3. CREATION AND USING THE "SCREEN 
CONTACT" METHODOLOGY 

 
The "Screen Contact" methodology was created after 
1992. Some of the complex mechanisms are impossible to 
calculate with traditional methods even with "Tret" 
method. The mechanisms which are consisted of 

kinematic group of 3rd class (Triada) in some loaders 
(for example Volvo L120 - fig.8), as well as shovel 
excavators like Tri-Power (for example Orenstein-Koppel 
- fig.9), and others (Caterpillar, Komatsu, etc), all of them 
are able to calculate the position during the work using 
only iterative methods.  
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Fig.8. Loader VOLVO BM L120B (Swe) , consists of kinematic group of 3rd class (triada).  

(Prog.VL120.EXE - based on the Screen Contact Methodology) 

 

 
 

Fig.9.Tri-Power excavator with kinematic group of 3rd class (triada).  
(DOS Prog.TRIPOW.EXE. - based on the Screen Contact Methodology) 
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Fig.10.Animation - computer simulation of working process of gears (prog.ZAP.EXE- windows app.2011, based on 
DOS prog.ZAP2.exe of 1993, use ScreenContact methodology) 

 

The "Screen Contact" is an iterative method based on the 
contact of the pixels (point) of two or more elements of 
the mechanism. This method was used after 1993 in 
GEARS program, a computer simulation of two involute 

spur gears (fig.10.). After that, programs for computer 
simulation of chains on the conveyors, and also vane-
pumps were created.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11.Animation of the chain-sprocket mechanism used in chain conveyors (DOS Prog.VERIGI.EXE (1998) based on 
the Screen Contact Methodology) 
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After that, programs for computer simulation of chains on 
the conveyors, and also vane-pumps were created.  Using 
the "Screen Contact" methodology for position 
calculation f chain-sprocket mechanisms used in chain 
conveyors is shown on the fig.11. [3]. 

 
 
4. ADDITIONAL DEVELOPMENT 
 
Both methods are officially introduced in the dissertation 
[1], where the usefulness of both methodologies on all 
concepts of loaders and excavators was proven. In [1] it is 
also presented a simulation of extremely complex 
mechanism consisted of kinematic group of 4th class.  

After 1996 almost all programs created in program 
language C for DOS operating system, were rewritten for 
Windows operating system in C/C++. 

The period between 1993 and 2000 was marked with the 
creation of new programs which use "Screen contact" 
methodology. Some of those programs used the 
methodology in some different manner. Such program is 
"TMI.EXE", where variants of "Pixel counting on the 
screen" were introduced. The program was able to 
calculate geometrical characteristics of complex cross-
sections of the machine parts, like moments of inertia, 
gravity position etc. Fig.12. [6]. Pixel counting on the 
screen can be used in many different areas (chemistry, 
biology, mathematics etc.). 

 

 

 

Fig.12. Calculation gravity centre, axial, polar and resistance moments of inertia for machine parts with complex cross 
section (prog. TMI.EXE - 1998)
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One of the major features of both methods is to move the 
mechanisms on the projected complex trajectories fig.13 

and fig.14. This is very important for robotics and special 
machines with open structure [2], [4]. 

 

  
Fig.13. Loading manipulator should go through the Projected trajectory   

 
 
 
 

 

 
Fig.14. Excavator bucket tooth should touch every point of projected trajectory    
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5 CONCLUSION 
 
The intention of this overview is to present the diversity 
of usage of the methods "Tret" and "Screen Contact" on 
variety of different projects, and especially in mechanical 
engineering. For some reason, the rapid increasing of 
computer hardware as well as software are insufficient 
signals to make significant improvements in other 
disciplines. For example, heavy machinery in mining and 
farm machinery, robotics and others, is actually improved 
only with additional electronic equipment (computers for 
control of some mechanisms, signalization, security, GPS, 
remote control etc.). Mechanical structures are the same, 
or with a few slight modifications. However, many parts 
of a machine are optimised (less weight, higher speed and 
bigger capacity), but also the prices are higher.  

Finally, most of the calculation methods used in the past 
as well as those used today are usually traditional, often 
without any innovations. Only the more and more 
complex system of equations is now calculated with 
modern computers with high-speed processors. However, 
methodologies as "Tret' and "Screen Contact" can 
include more additional modules for some complex 
calculation which were impossible to use in case of 
computers with slower processors' frequencies.        
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Abstract 
 
Starting from the Danube Strategy, which states that there 
is 11 times more goods on the Rhine than on the Danube, 
the paper provides conclusions from the DaHar project 
(EU SEE research project). The research included analysis 
of the Danube partner ports from: Austria, Slovakia, 
Hungary, Serbia, Bulgaria and Romania. The results of the 
research are included in the five master plans developed in 
relation to the following five thematic pillars: ports; 
hinterland connections; development of container and 
RoRo liner services; RIS; Navigability and environmental 
protection. As a conclusion of the research related to the 
given five thematic pillars, the paper gives the DaHar 
Policy recommendations to the decision makers, which 
contain the necessary steps to encourage the development 
of logistics in the Danube region.  
 
Keywords: Danube, logistics, master plans, policy 
recommendations 
 
 

1. INTRODUCTION 
 

Danube Inland Harbour Development (DaHar) is a 
transnational project financed by the South East Europe 
Transnational Cooperation Programme. The project brought 
together 13 partners from 7 Danube countries. The DaHar 
partnership represents small and medium sized Danube cities 
with ports and cities of international importance, with an idea 
that economic development and participation in the 
economic circulation of these cities could be enhanced 
through the optimal utilization of port development in the 
frame of enhancing waterway cargo transport on the Danube 
in a transnational context. [1] 
The project is developed on the five thematic pillars: 

- Logistical infrastructure of ports and port operation 
models; 

- Enhancing hinterland connections related to transport 
linkages between inland waterways and road and rail; 

- Integration of ports of small and medium-sized cities in 
the development of Danube container and Ro-Ro liner 
services; 

- RIS related to cargo transport management; 

- Navigability and environmental protection. 

One of the most important outcomes of the project is the 
Integrated Strategy for Functional Specialization of the 
Danube Ports in the Logistic Chain (in further text Strategy). 
The Strategy is a strategic document based on the 5 Master 
Plans developed as a result of the Thematic Groups analysis 
related to the 5 DaHar pillars and a joint vision of the 
logistics development in the Danube region from the point of 
DaHar project partners (PP) view. [3] 
The development of the Strategy started with the problem 
description, having in mind the idea of economy and ports 
development through the introduction of additional, logistics 
value added services, mainly initiated with the goal to attract 
growing container transport. After the problem description, 
based on the five DaHar pillars, suggestions and 
recommendations for the problem solving are elaborated. 
This paper is writen following the structure of the Strategy.   
 
 

2. PROBLEM DESCRIPTION 
 
In an environment of galloping globalization, there is a trend 
of constant increase in cargo flows and demand for long-
distance transport services. On the other side, issue of the 
fossil fuels and environmental protection has become an 
imperative. In that ambient facilitating constantly increasing 
cargo flows by using environmentally friendly modes of 
transport was set to be one of the top priorities worldwide. 
In past two decades, the containerized cargo had the highest 
increase. According to the Review of Maritime Transport 
2012 [5], containerized cargo represents approximately 17 % 
of world seaborne trade by volume and 52 % by value.  
The biggest containerized cargo flows are from Asia to USA 
and Europe, more than two times bigger than the flows from 
Europe and USA to Asia. The containers flows are forecasted 
to increase in the future. Starting from the 13.5 million TEUs 
from Asia to Europe in 2010 and forecasts of annual growth 
of containers throughput given by the Global Insight of 6.1 % 
and 5 %, it is to expect about 22.9 million TEUs on this route 
in 2020, what is an increase of 9.4 million TEUs in 10 years 
time frame.  
The trend of constant growth in maritime transport has been 
becoming increasingly concentrated on just a few major 
maritime hubs, partly because of the increase in vessel size. 
For the future, although experts are generally optimistic 
about the capacity of these ports to accommodate ships and 
about the development of associated services on major 
maritime routes, there is concern of over congestion and 
saturation problems that are steadily becoming more apparent 
in land access to ports, despite the fact that transshipment to 
feeder ships seems to be quite efficient. 
Facilitation of these flows will be primarily realized in the 
European sea ports (North Sea, Mediterranean, Adriatic or 
Black sea ports). Currently, the largest European container 
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port is Rotterdam with 11.9 million TEUs in 2012. 
Compared to this port, the Romanian Black Sea port 
Constanta may still seem insignificant, but its performance in 
the past years has been very impressive. 
Main expectations regarding the development of the 
container transport through the Port of Constanta are based 
on the 4500 km shorter route from Asia to Western Europe 
(Fig. 1). At the same time, this navigable route considers the 
Danube as a hinterland connection of the Port of Constanta 
that provides the Central European landlocked countries 
access to a maritime point, shorter transit times and CO2 
emission reductions. 
 

 
Fig. 1 Asia Europe sea routes (source: Port of Constanta) 

Unfortunately, despite the named advantages, the potential of 
the IWT on the Danube as a hinterland connection of the Port 
of Constanta is not enough exploited. In 2005, the volume 
transported on the Austrian Danube was around 5000 TEU, 
what corresponds to approximately1 % of Austria’s imports 
and exports via sea ports. 
Possible reasons for the low number of container shipments 
on the Danube in the last two decades are:  
 

- The two crises in former Yugoslavia, due to which the 
Danube and the Rhine Main Danube waterway has 
become a trans-European route first after 2000, with the 
bridge in Novi Sad, which is still a problem in the higher 
water levels periods;   

- Nautical difficulties for inland navigation in the western 
direction (long transport times to ARA-ports passing 
through more than 60 locks) 

- Nautical difficulties for inland navigation in the Lower 
Danube section due to the low water levels and periods 
with limited navigation of up to two months per year,  

- Economic difficulties in the transition countries in the 
Danube area; 

- Hinterland logistics in the Danube basin; 
- Logistic competitiveness of the Mediterranean ports and  
- Lacking in liner services that should be supported by the 

comprehensive and reliable logistics services in the 
Danube ports. 

The listed indicates that the incentive for the development of 
logistics of the Danube represents a complex problem, which 
has:  
- Strategic - political dimension, which involves regional 

cooperation of all Danube countries in the field of: the 
maintenance of the waterway and 
the development of the economy and infrastructure;  

- Transitional - educational dimension in pointing to the 
logistics industry that encourages growth and creates jobs. 

EU Danube Strategy is the unique instrument that can bring 
progress on all grounds. 
 
 

3. DAHAR POLICY RECOMMENDATIONS 
 
Starting from the detected problems and their causes, within 
the DaHar project, from the point of the five topics, an 
analysis of the required steps and actions has been carried out 
and resulted with definition of the Policy recommendations 
related to the five issues. The recommendations are listed 
below.  
 
3.1 Logistic infrastructure of DaHar ports and port 
operation models 
 

The EU Strategy for the Danube Region (COM/2010/0715) 
aims at the achievement of higher economy standards, better 
regional development and integration of the countries along 
the Danube River, including: 
- improvement of transport connectivity and access of 

regions from the Danube macro-region, 
- conducting joint policy with regard to the intermodal 

cargo. 
For realizing the first aim: 
Regarding the blue banana phenomenon, distribution 
activities are still centered in the western part of Europe but 
as the Centre of gravity of the EU shifts eastwards logistic 
sector intends to follow.  
Distribution Centers (DCs) in some DaHar countries have 
relatively low population density and existing DCs are built 
to act in mainly road and rail sectors of transportation. IWT 
have to be taken into account when choosing the locations of 
newly established DCs for realizing improved access by 
means of IWT therefore 
Transformation of inland waterway ports into logistics hubs 
(in form of DCs) have to be supported by means of ensuring 
appropriate economic conditions for such investments. 
For realizing the second aim: 
There are different regulations and administrative procedures 
exist regarding the traffic on inland waterways and 
transshipment operations as well as customs and border 
crossing procedures almost in every Danube riparian Country 
nowadays. This situation causes delays in transport times and 
inappropriate working conditions at inland waterway ports 
accordingly it sets backwards the competitiveness of the 
IWT. 
Therefore the initiatives of “Same river –same rules” have to 
be supported by EU regulations or at least in form of EU 
directives in all Danube riparian Country.  
 
 
3.2 Port hinterland connections 
 
The EU policy regarding ports hinterland connection is based 
on: 
- WHITE PAPER - Roadmap to a Single European 

Transport Area, 
- TEN-T - Trans-European Networks and the Railway 

package, 
- IWW - Inland waterways/NAIADES,  
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and can be defined as accessibility by integration over EU 
space and further to neighboring countries. 
Starting from that point of view, it has to be pointed out that 
all Danube ports have at least a road/rail connection but 
often, these connections are not a part of a TEN-T corridor.  
With a few exceptions like Budapest and Bratislava which 
are crossing points for more than one core corridor, the only 
core corridor connections for all DaHar ports is the Danube. 
This is not enough to be integrated into logistic freight and 
passenger flows. That’s why, for these ports, even that they 
are playing an important role for their regions, they will not 
be exploited efficient. 
Therefore, in order to increase accessibility of the Danube 
region: 
- The Danube ports need to be connected by efficient rail 

(double electrified tracks) or road (an express way) to, at 
least, one core TEN-T corridor; 

- The DANUBE financing program should give more 
support to those actions that enable integration of small 
and medium Danube ports into logistic chains, mostly to 
prepare other projects than those included into selected 
priority projects from the TEN-T list; 

- Integrating inland waterways into the multimodal logistic 
chains. 

 
3.3 Container and RoRo liner services 
 

Having in mind that an introduction and sustainability of 
liner services, require fullfilment of high number of 
prerequisits, the Policy recommendations related to that 
subject are rather comprehensive and include eight main 
points:  
1. Ensuring state of technology fairway maintenance and 

operation of locks: 
- All waterway administrations have to ensure and 

guarantee minimum standards in waterway 
maintenance which are 2.5 m fairway depth at 
LWRL; 

- Highest attention must be paid to improve current 
situation due to missing short & mid-term maintenance 
concepts, unclear political will and/or lack of public 
budget; 

2. Elimination of strategic infrastructure bottlenecks: 
- Implementation of defined TEN T projects for 

elimination of shallow water bottlenecks with target of 
2.5 m draught according UNECE/AGN 

- Potential conflicts of interest economic development – 
environmental protection can be solved by applying 
principles of Joint Statement for Environment & 
Waterway Development (ICPDR); 

3. Elaboration and implementation of a dedicated 
transnational Danube Port development strategy together 
with long-term Action Plans as part of the future EU 
regional & economic development  policy: 
- Development and implementation of (cross-border) 

regional development plans and related projects 
- Definition & implementation of State Aid Schemes for 

port & terminal investment similar to programs in 
Western Europe / back-financing of these State Aid 
Schemes via Structural Funds in period 2014 – 2020 in 
EU member states with Operational Programs; special 
attention to ports in EU support programs for Servia, 
Moldova and Ukraine; 

4. Modernization of Danube fleet: 
- Financial support for the modernization of the fleet 

from EU programs and national State Aid Schemes for 
Danube barge operators;  

5. Identification and elimination of administrative barriers: 
- Measures should be tackled in a joint working group of 

navigation, customs and immigration authorities in 
close co-operation with inland navigation businesses in 
the framework of EUSDR/PA1A; 

6. Full deployment of River Information Services in all 
Danube states; 

7. Development and marketing of integrated intermodal 
Danube waterway – rail liner services: 
- Requirement of pre-planned backup solution by 

rail/trucking in case of restrictions of navigations which 
endanger the guaranteed time schedule; 

- Port of Constanta as well as the maritime Danube ports, 
in particular Galati and Giurgiulesti could function as 
intermodal hubs for cargo flows connecting them with 
industrial centers along the Danube; 

8. Strong mandate for future TEN T coordinator: 
- The improvement of the current poor infrastructure 

situation in the Danube ports as well as with regard to 
the waterway itself requires a strong coordination of the 
EU services. Essential will be the selection of an 
energetic personality for a the future TEN T 
coordinator 

- The future TEN T coordinator must be supported by a 
Steering Committee of the Member States which 
involves them on decision making level. The 
coordinator also must be supported by a sufficiently 
staffed implementation unit. 

 
3.4 River Information Services 
 

In order to support traffic and transport management in 
inland navigation and its interaction with other transport 
modes the following development of RIS is required: 
- Implementation and application of basic RIS for 

navigation along the entire Danube; 
- That state borders do not represent any barriers to the RIS 

information flows; 
- Deployment of RIS on the German section of the Danube 

and on the entire Rhine, in order to create a unique 
information system on the EU‘s Rhine – Danube 
Corridor. 

- The requirements can be ensured with: 
- Equipping all vessels with Inland AIS Transponders and 

basic RIS equipment, so that RIS is used for the 
navigation on the Danube and its navigable tributaries;  

- Equipping all ports (port authorities) with computers and 
softwares so that they represent periphery of the RIS 
centers in order to monitor ships coming into ports, 
including: Alarm zones and Calculation of the expected 
time of arrival; 

- A new EU Directive that defines the minimum set of data 
to be exchanged about the cargo that are not in conflict 
with the interests of privacy and to adopt that the defined 
set of data has to be included in the RIS information flow; 

- Providing logistics users access to governmentally 
operated RIS infrastructure, as far as legally possible; 
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- Development of practically oriented legal and technical 
framework for the exchange of RIS data along the Rhine – 
Danube corridor; 

- Development of a European masterplan for the further 
development of RIS for logistics, including a clear time 
schedule for implementation and the required financial 
framework.  

Introduction and implementation of the DaHar RIS Transport 
Logistics Service (TLS) platform, as an extension of the 
basic RIS, on a regular base in SC-s (Supply Chain) in the 
Danube region, it is required:  
- At present: Application of the DaHar RIS TLS web based 

platform for general SC, with guarantees for privacy of 
information flows. 

- In the future: Upgrade of the DaHar RIS TLS web based 
platform to a Cloud Computing System RIS TLS CCS as 
a part of the Cloud Logistics Services in the EU; 

A single point of reporting through the RIS TLS platform in 
order to minimise the administrative burdens (e.g. customs 
declarations, transport documents), giving mutual access to 
the competent authorities and logistics users and therewith 
enabling and ensuring paperless flows of information 
following cargo flows in SC. 
 
3.5 Navigability and environmental protection 
 
Inland waterway transport can contribute to the sustainability 
of the transport system, as recommended by the European 
Commission's White Paper: European Transport Policy for 
2010 

Slogan:„Time to Decide". 
Make it clear: The Danube works for Europe 

Environmental protection and navigability are one of the 
most important factors which affect the competitiveness of 
inland navigation. 
The European Union would like to motivate the stakeholders 
to prefer inland navigation rather than other transportation 
modes. On one hand, inland waterway transport is considered 
as the most environmental friendly method of delivering 
goods. This transportation mode consumes the least fuel pro 
ton per kilometre. Thereby fewer pollutants and CO2 are 
emitted. On the other hand, the vessels should be refitted 
with most modern engines. The modernization of the vessel 
would help to protect the environment from pollutants.  
In case of navigability, one policy recommendation was 
formulated. Accordance with the directives set out by 
European Agreement on Main Inland Waterways of 
International Importance (UNECE - AGN) inland 
navigability should be ensured. 
We must plan the major works on the achievement of 
minimum recommended fairway parameters, hydro-technical 
and other facilities and improvements on the Danube. (loaded 
draught of 2.5 m). 
Installation of the necessary national and cross-border 
coordination procedures in order to implement effective 
response actions, in extraordinary circumstances (low water, 
ice, floods). 
Continuous and proper communication of up-dated fairway 
situation. (National administrations River Information 
Services provider’s waterway users.) 

With the above steps safe and cost-efficient transport can be 
ensured if all Danube States respect the existing international 
regulations. 
These minimum standards can not be compensated by fleet 
innovation, therefore the slogan:  
adapt the vessels to the river and not the river to the vessels 

creates a dangerous fiction and ignores  basic economic facts. 
The Danube - as the 2nd longest and biggest river of the 
continent - qualified by the following international 
institutions: 

- Danube Commission 
- UNECE 
- European Commission 
- International Transport Forum – ex CEMT,  

requires imediately PROPER FAIRWAY MAINTENANCE 
AND GUARANTED MINIMUM FAIRWAY DEPTHS OF 
AT LEAST 2.5 m! 
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Abstract 
 
The goal of this paper is to present a variety of applications 
of matrix-analytic methods (MAMs) and phase-type (PH) 
distributions to logistic models with random variables. We 
first provide an overview of different types of PH 
distributions as advanced analytic techniques for the solution 
of non-Markovian state-space based models. In the latter 
part of the paper, we illustrate these techniques by means of 
some logistic examples dealing with exponential and non-
exponential stochastic processes and random values. The 
ultimate goal of this paper is to provide a reference for 
logistic researchers and students in state-space modeling.  
 
Keywords: matrix-analytic methods,  phase-type distributions, 
logistic problems, modeling. 
 
 
1. INTRODUCTION 
 
Logistic planning and management largely focus on 
problems of material flows in transportation systems. The 
very complex processes of transport, within the material 
flow analysis, are usually represented by simple models in 
order to find solutions to practical problems. Processes in 
real material flow systems, the movement of transport units 
or changes in inventories at warehouses, can be modeled as 
changes in characteristic system values over time. These 
system values can be interpreted as random variables and 
their changes over time as stochastic processes. In this 
sense, discrete and continuous probability distributions are 
the basis for analytical study and simulation of 
transportation processes with dynamic behavior. 

The most important random variables in a material flow 
analysis, as a major category of logistics processes, are:  
• results in time intervals, for example number of 
transportation orders, number of operating cycles for a 
period, total number of failures, number of transportation 
units necessary for the movement of the product, number of 
arrivals per unit time, etc.,   
• time interval between events, for example interarrival 
time, sojourn time, service time,  waiting time in front of 
server, time gaps, lead time and cycle time, etc.,   
• distance traveled during a time interval, for example 
length of road of FTS vehicles or trucks in external 
transport, length of transportation networks, etc.,   
• the amount of material to be handling in a given time 
interval, for example in the manufacture and storage of 
goods in distribution centers of logistics chains, etc [1]. 
In general, random variable can be defined as a numerical 
outcome that results from an experiment. Discrete random 
variable can take on only a finite or countably infinite set of 
outcomes (the first group of the above examples - total 
number of failures). On the other hand, continuous random 
variable can take on any value along a continuum or infinite 
set of outcomes (the second group of the above examples - 
interarrival time). 
In view of the above presented facts that changes in 
characteristic system values over time have stochastic 
character, effective managing of logistics processes, 
particularly in terms of optimization, requires the 
involvement of probability theory and stochastic process, as 
well as reliability theory. On this basis, it is possible to 
define appropriate mathematical models that would 
adequately interpret complex logistic processes and that are 
very important for optimal system management. 
 
2. LOGISTIC PROCESS WITH NON-
EXPONENTIAL BEHAVIOR 
 
In modeling different logistic processes the basic idea is to 
graphically describe the real-time dynamical evens or flows 
by state-space diagrams that may be further transformed into 
mathematical models for which solution mathematical tools 
and procedures are well known. A standard form for state-
space diagram is directed graph or digraph G(V,E) 
composed of the following elements V –  set of nodes 
(vertex) and  E – set of edges (links between vertices). Nodes 
represents the different states of the domain (i.e. cities in the 
transportation problem) and edges represents the transitions 
from a state to another. Each edge is a pair (i,j), where i and j 
belongs to V. If the edge pair is ordered, the edge is called 
directed and thus the graph is directed graph. Otherwise, the 
graph is called undirected and it's rarely encountered in usual 
logistical problems. Very often, an edge has a component 
called edge cost (or weight). 
It is generally known that the state-space diagram can be 
simply represented by Markov processes (a kind of a 
stochastic processes) if transition probabilities, from a state to 
another, have constant values (do not depend on time) and if 
future states of the system depend only on the present state 
(not on any past states).  This means that the time spent in a 
state i, before the system moves to the next state j, takes non-
negative real values and has an exponential distribution which 
further defines transition probability, from state i to state j as: 
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where E(t) denote expected value of the time spent in state i. 
If it's necessary to model random variables (processes) which 
are characterized by general distribution (non-exponential) 
functions, such models are called non-Markovian. This class 
of models can be solved using several different approaches: 
• Markov renewal theory [2] 

- Markov renewal sequences, 
- semi-Markov processes 
- Markov regenerative processes, 

• method of additional variables [3], 
• matrix-analytic methods (MAMs) and their part phase-
type (PH) distributions [4]. 
The most important advantage of using PH distributions is 
their mathematical tractability, which is primarily reflected 
in the possibility of approximation of arbitrary continuous 
probability distributions with arbitrary precision. Namely, 
an increase in the number of phase (stages) causes an 
increase in precision of approximation. In contrast, the 
application of additional variables method or Markov 
renewal theory is very limited in practical problems [5].  
The fact that some general distribution or an empirical data 
set can be approximated by two or more exponential 
distributions is very often used in logistic models where 
transition processes have non-exponential behaviour. 
 
3.  MOSTLY USED CONTINUOUS PHASE-
TYPE DISTRIBUTIONS 
 
PH distributions are based on the method of stages 
technique introduced by A. K. Erlang (1917.) [6] and later 
(1981) generalized by M. F. Neuts [4]. Since their 
introduction PH distributions have been used in a wide 
range of stochastic modelling applications in different areas 
such as: telecommunications, finance, biostatistics, 
queueing theory, reliability theory, survival analysis, etc 
[7]. Neuts defined PH distribution as the distribution of the 
time until  absorption in a Markov process with a finite 
number n of transient states and one absorbing state, state 
n+1 [4]. The key idea is to model random time intervals 
(with  non-exponential distribution) as being made up of a 
number of exponentially distributed segments and to exploit 
the resulting Markovian structure to simplify the analysis. 
Let X(t), t ≥ 0, be a time-homogeneous Markov process 
with discrete state space {1, ..., n, n+1} and infinitesimal 
generator (hereinafter only generator) : 
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where  is a n×n square matrix (generator restricted to the 
transient states),  column vector and 0 row vector  of 
order n. The initial probability vector of process X(t) is 
denoted by ά = (, n+1) where  is a row vector of size n. 
The states {1, ..., n} are referred to the transient states and 
n+1 is an absorbing state. Let Zinf {t ≥ 0 : X(t)  n+1} be 
the time until absorption of the process X(t) in state n+1. 
The distribution of Z is called phase-type (PH) distribution 
with parameters  and and is denoted by PH(). 

Dimension n of matrix is order of PH distribution and 
represents the number of phases or stages. The basic 
distributional characteristics of PH distribution (the 
cumulative distribution function (3), the density function 
(4) and the rth moment (5)) are: 
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where e = (1,...,1)T is a column vector of ones and r is 
ordinal number of a moment. 
According to form of  matrix  and initial probability 
vector it is possible to classify different types of PH 
distributions: exponential distribution (one phase PH 
distribution), Erlang distribution (two or more identical 
phases in sequence), hypoexponential distribution (two or 
more non necessarily identical phases in sequence – series 
connection), hyperexponential distribution (two or more 
non necessarily identical phases - parallel connection), 
Coxian distribution (two or more not necessarily identical 
phases in sequence, but with a probability of transitioning 
to the absorbing state after each phase), etc.   
The basic indicator in selecting one of these distributions to 
represent a non-exponential distribution is the coefficient of 
variation. The coefficient of variation CV is a measure of 
deviation from the exponential distribution (CV = 1) [5]. 
Table 1 shows the intervals of the coefficient of variation 
for some types of PH distributions. 
 
Table 1 Koefficient of variation for some types of PH 
distributions 

coefficient of 
variation CV 

Type of PH distribution 

> 1 hyperexponential 
1 exponential 

< 1 hypoexponential 
0 deterministic distribution 

 
PH distributions capture a wide range of statistical 
characteristics including high variability. Note that PH 
distributions do not capture long-range dependence or self 
similar behavior. There is another set of processes known 
as Markovian arrival processes that are still based on the 
method of stages and capture long-range dependence in a 
data set. PH distributions are a special case of Markovian 
arrival processes [8]. 
The following probability distributions are considered as 
special cases of a continuous PH distribution. Moreover, 
each of them has been used widely in literatures. 
 
3.1 Exponential distribution  
 
Exponential distribution is one of the most important 
continuous theoretical distribution which describe many 
natural phenomena. The density function of exponential 
distribution is: 
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where parameter  determines the "rate" at which events 
occur. The cumulative distribution function is defined as: 
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In general, any exponentially distributed random variable 
t∼Exp(λ), with parameter  has the following properties:  
• expected value    E(t) = 1/ 
• moment about zero    mr = r!/r, 
• variance      Var(t) = 1/2, 

• coefficient of variation   CV = 1, 
• skewness     3 = 2, 
• kurtosis      4 = 6, 
• transient generator     = [ – ]. 
It is easy to observe that an exponential distribution is also 
a phase-type distribution which has only one phase. 
Consequently, processing time till the absorbing state is  
just moving from initial state to the absorbing state. 
Exponential distributions dominant feature is "ease-to-use" 
character in practical engineering situations. Applying the 
exponential distribution is relative simply in stochastic 
modeling because there is only one parameter λ. The great 
significance of this distribution is in the fact that it is unique 
continuous theoretical distribution with so called memory 
less property. The memory less property enables simple 
expressions for many performance measures of stochastic 
logistic models. The third important feature of exponential 
distribution is its relation to the Poisson distribution. This 
distribution is used to measure the time intervals between 
events according to Poisson process.  
Exponential distribution has many important features that 
often provide analytical solutions of the problem. On the 
other hand, it is not always the ideal approximation of the 
observed phenomena in nature. Coefficients of variation of 
many important processes and random variables have 
values which are significantly more or less than one. This 
means that it is necessary to define some other PH 
distributions which can be better approximation of non-
exponential processes. 
 
3.2 Hypo - exponential distribution 
 
Hypoexponential distribution or generalized Erlang 
distribution is the probability distribution of time to 
absorption in Markov process with two or more non 
necessarily identical, series-connected, exponentially 
distributed phases (states). The continuous, non-negative 
random variable t∼Hypo(k, λi) has hypoexponential 
distribution if its density function has a form: 
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where k is the number of phases and i is transition rate 
from the i-th phase. The cumulative distribution function is 
defined as: 
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Figure 1 shows a state transition diagram – graph of 
hypoexponential distribution. 
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Fig. 1 State transition diagram of hypo - distribution 
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• initial probability vector    = (, , ..., ). 
While the Erlang distribution is a series of k exponential 
distributed phases all with rate λ, the hypoexponential is a 
series of k exponential distributions each with their own rate λi.  
 

 
 

Fig. 2 State transition diagram of Erlang distribution 

As a result of that, Erlang distribution can be considered as a 
special case of the hypoexponential distribution. 
 
3.3 Hyper - exponential distribution  
 
Hiperexponential distribution is the probability distribution 
of time from initial state to absorption in Markov process 
with two or more non necessarily identical, parallel-
connected, mutually exclusive, exponentially distributed 
phases (states). The continuous, non-negative random 
variable t∼Hyper(k, i, λi)  is distributed according to 
hyperexponential distribution if its density function is 
defined as: 
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where k is the number of phases, i is transition rate from 
the i-th phase and i is probability of transition to the i-th 
phase (component of initial probability vector). The 
cumulative distribution function is defined as: 
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Figure 3 shows a state transition diagram – graph of 
hyperexponential distribution. 
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Fig. 3 State transition diagram of hyper - distribution 
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• initial probability vector    = (1, 2, ..., k), . 
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The hyperexponential distribution exhibits more variability 
than the exponential (CV > 1). Typical examples of 
application are CPU service-time distribution in a computer 
system and the failure density of a product manufactured in 
several parallel assembly lines which outputs are merged.  
 
4. MATRIX-ANALYTIC METHODS FOR 
MODELING GENERALLY DISTRIBUTED 
TIMES IN LOGISTIC SYSTEMS 
 
Recent applications of matrix-analytic methods in queueing 
theory, reliability and availability, telecommunications, 
civil engineering, finance, computer science [9], among 

others, shows the power of these techniques in different 
areas. In this paper we focus on the applications of matrix-
analytic methods in two very importante areas and we 
present the concepts and the modeling approach of real-life 
logistics problems. 
 
4.1 Matrix-analytic methods in queuing theory  
 
The first example is model described in the paper 
Application of the Markov theory to queuing networks by 
Petrovic et al. [10]. This paper presents an application of 
the matrix-analytic methods to the model of networked 
transport system which consists of two subsystems, namely 
PS1 i PS2 (Fig. 4). Transport units (TU) enter subsystem 
PS1 and are processed. In part they depart from the system, 
while partly, they come to the second subsystem PS2. At 
the entrance of the subsystem PS2 the units coming from 
the outside are included too. After being processed in 
subsystem 2, the units depart from the system. The aim is to 
determine average number of transport units in each 
subsystem as well as average time of keeping the unit 
within each subsystem. 
 

 
 

Fig. 4 Model of Real Transport System 

Number of transport units entering subsystems PS1 is 
modeled by Poisson’s distribution with parameter 1, while 
the TU processing time in subsystem PS1 is defined by 
exponential distribution with parameter 1. Number of TUs 
departing from the system is defined by parameter q1,0, 
while the number of units entering into queue of subsystem 
PS2 is defined by parameter q1,2. The queue of subsystem 
PS2 also includes the units coming from the environment 
by Poisson’s distribution with parameter 2. TUs leave 
subsystem PS2 after the processing which is defined by 
exponential distribution of service time with parameter 2. 
Thus defined numerical example represents an open 
network of the queuing system for whose modeling 
methodology described in previous sections is applied. 
The set model represented in the form of the graph of states 
is given in Fig. 5. If the capacity of both subsystems PS1 
and PS2 are S1=S2=5 then the transient generator matrix 
gets the form shown by expression 13, where -i represents 
negative sum of all the elements in i-th row. Also, initial 
probability vector has a form: 
 
 = (, , ..., ).        (12)
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Fig. 5 Model represented in the form of the graph 

=  

  (0,0) (1,0) (2,0) (3,0) (4,0) (5,0) (0,1) (1,1) (2,1) (3,1) (4,1) (5,1) (0,2) (1,2)  ...  (4,5) (5,5) 

            (13) 

                     
(0,0)  -1 1 0 0 0 0 2 0 0 0 0 0 0 0 

... 

0 0 
(1,0)  q101 -2 1 0 0 0 q121 2 0 0 0 0 0 0 0 0 
(2,0)  0 q101 -3 1 0 0 0 q121 2 0 0 0 0 0 0 0 
(3,0)  0 0 q101 -4 1 0 0 0 q121 2 0 0 0 0 0 0 
(4,0)  0 0 0 q101 -5 1 0 0 0 q121 2 0 0 0 0 0 
(5,0)  0 0 0 0 q101 -6 0 0 0 0 q121 2 0 0 0 0 
(0,1)  2 0 0 0 0 0 -7 1 0 0 0 0 2 0 0 0 
(1,1)  0 2 0 0 0 0 q101 -8 1 0 0 0 q121 2 0 0 
(2,1)  0 0 2 0 0 0 0 q101 -9 1 0 0 0 q121 0 0 
(3,1)  0 0 0 2 0 0 0 0 q101 -10 1 0 0 0 0 0 
(4,1)  0 0 0 0 2 0 0 0 0 q101 -11 1 0 0 0 0 
(5,1)  0 0 0 0 0 2 0 0 0 0 q101 -12 0 0 0 0 
(0,2)  0 0 0 0 0 0 2 0 0 0 0 0 -13 1 0 0 
(1,2)  0 0 0 0 0 0 0 2 0 0 0 0 q101 -14 0 0 

  
... ...  

  
(4,5)  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
-35 1 

(5,5)  0 0 0 0 0 0 0 0 0 0 0 0 0 0 q101 -36 

 
4.2 Phase-Type Distribution for modeling failure rate 
function  
 
The problem analized in reference [9] is shown here as the 
second example of matrix-analytic methods in logistics. In 
order to study system performance throughout its life cycle, 
method of multi – state degradation analysis was introduced 

[11]. Degradation is a continuous random process in time, 
and generally, it can be modeled by a continuous 
probabilistic function. However, in practice, the description 
of the system operating (technical) condition is 
accomplished through a finite number of system states, and 
hence, the continuous degradation path is simplified by 
dividing it into a number of different discrete states [12]. 
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Fig. 6 System degradation path: 
Di – degradation states, F1 – degradation failure 

Degradation state Di (degradation level or  cluster) can be 
introduced as a system state with relevant technical conditions 
at similar level of operating ability. Because of that, failure rate 
function has close relationship with degradation process and in 
a specific degradation level, system failure rate is assumed to 
have a constant value i, i=1÷nD. The final area (degradation 
level nD) represents the state of the system with a strong 
increase in failure rate function (approximated with value nD) 
when the degradation failure F1 occurs. Time to degradation 
failure F1, in mathematical sense, represents the generalized 
Erlang or hypoexponential distribution as a special case of PH 
distribution. The last process necessary to complete the model 
is replacement/repair of failed system. After degradation 
failure the system will be replaced or repaired to a state D1 
which is “as good as new” state. Time of replacement or repair 
is exponentially distributed E(1). If corrective maintenance 
time, after degradation failure, is not exponentially distributed, 
process can be modeled (similarly to degradation process) as 
another hypoexponential distribution. The aim is to determine 
working state probabilities (availability) as well as probability 
of failure state. 
The transient generator matrix () and initial probability 
vector (), for system degradation model through nD states, 
with degradation failure and corective maintenance can be 
represented expressions (14) and (15) respectively: 
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          (14) 
 = (, , ..., ).        (15) 
 
5.  CONCLUSION 
 
Markov models are a well known modeling technique in 
industrial and academic applications. Aim of this paper was 
to present applications of matrix-analytic methods and phase-
type distributions to logistic models with random variables. 
The presented methodology enables a rapid increase in the 
size of the problems that can be effectively handled by 
Markov models. It offers a new possibility of dealing with 
non-exponential processes and variables.  Matrix-analytic 
methods and phase-type distributions represents flexible and 
effective modeling method and the author's intent is that 
this paper will be an encouragement to  logistic researchers 
and students in state-space modeling. 
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Abstract 
 

This paper outlines some basic remarks on logistics chains, 
particularly in the dairy industry, starting from the technology of 
production, via collection, processing and distribution to sales 
of milk and dairy products. In particular, the analysis of costs at 
all stages of milk production from raw milk to the final product, 
UHT milk, is given. The analysis was done for the region of 
Zaječar in order to determine the final retail price of milk at the 
store. It was concluded that any logistics chain, therefore the 
one in the dairy industry as well, has to make a profit, and that 
the profit needs to be adequately distributed among participants 
according to their costs and labor expended. Any solution 
implying that certain participants operate with losses, while 
others make high profits at the expense of others, is not good. 
This is often the case in our region, due to disordered 
relationships and monopolies in the economy. 

 
Key words: logistics, transport chains, milk, costs, profit. 
 
 
1.  INTRODUCTION 
 
Today, the modern concept of global economy is based on 
logistics. It is supported by the emergence of integrated logistics 
networks and the rapid development of the market by using e-
business. This business concept requires the provision of 
necessary raw materials for production (supply logistics), 
production of material goods (production logistics) and 
marketing of those goods (market logistics). Besides 
manufacturer companies, this approach to economy also implies 
inclusion of other specialized service companies that provide 
manufacturers with raw materials and distribute final products to 
the end users (customers) and also inclusion of public utilities 
for waste treatment. All of these companies together with the 
market and the customers make logistics chains in certain areas 
of the economy. Their physical connectivity has been achieved 

by an extensive transportation network consisting of roads of 
different types of transport and logistics centers with public 
warehouses and terminals [1, 2, 3, 4].  
The aim of this paper is to highlight the importance of the 
implementation of supply chains in the modern concept of 
business in order to achieve a more efficient, cost-effective and 
safer operations for the benefit of all the participants in the chain 
and its users. Special attention is given to the analysis of the 
supply chain in the dairy industry of Zaječar region and certain 
measures for improvements in the chain are recommended [5].  
 
 
2.  THE BASICS ON SUPPLY CHAINS 
 
Literature provides a large number of papers on supply chains 
that offer a number of definitions and consider various aspects. 
The supply chain is described as a system, a network of 
organizations, a number of activities, integrated process, etc., 
which include material, information and financial flows [2, 3, 4].  
In principle, the supply chain consists of a number of enterprises 
(companies) involved (directly or indirectly) in the process of 
meeting the demands of customers (consumers). This chain 
includes not only the manufacturers and suppliers (distributors), 
but also the transport companies, warehouses, retailers and 
customers. Within each of the supply, production, distribution 
and sale, the supply chain includes all functions related to 
meeting the demands of consumers. In the supply chain, the 
constant flow of information, materials (goods and products) 
and money between different enterprises is manifested. Each 
company in the chain performs a variety of activities (processes) 
and is associated with other companies in the chain. The basic 
purpose of any supply chain is to meet the needs of the 
customer, whereby a profit is made [2]. 
Therefore, any logistics chain is supposed to make a profit, 
which should be adequately distributed among the participants 
according to their costs and labor expended. Any solution 
implying that certain participants operate with losses, while 
others make high profits at the expense of others, is not good. 
A typical supply chain may include more participants, whereby 
the most important are: suppliers, manufacturers, distributors, 
retailers and customers (Fig. 1). 
  

 
 

Fig. 1.  Supply chain participants 

A number of papers categorize the supply chains into 
traditional and contemporary, according to the development 
phases [4]. At first they were traditional, but upon the 
introduction of the concept of control, they have become 
modern and very popular in certain branches of the economy 
and significantly affect the development of the country. 
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3.  SUPPLY CHAIN IN DAIRYING OF 
ZAJEČAR REGION 

 
High nutritional values of milk were known even in ancient 
times. It is assumed that the man first used milk some 6-10 
thousand years ago, when he began the domestication of 
animals. Only in the second half of the 19th century, with the 
development of the industry, the rapid development of dairying 
begins. The rapid development of microbiology and chemistry 
provides an opportunity to learn more complex microbiological 
and biochemical processes occurring during storage and 
processing of milk into a range of dairy products. 
Today, milk is a product that has great significance in human 
nutrition and is important in daily use. This is supported by the 
fact that bread and milk belong to the most consumed groceries 
on daily basis. The ultimate aim is the production of high-quality 
and healthy dairy products. 
Zaječar region (Timočka Krajina) is a hilly area, mostly with 
mountain slopes and hills of 200-800 meters above the sea level. 
Slightly more than half the total area of the district is either 
agricultural land on which animal feed, or can be converted into 
it. The favorable conditions have made livestock farming one of 
the dominant economic activities of the rural population of the 
region for centuries. Thanks to such conditions, a long tradition 
of raising cattle, producing meat, milk and high quality natural 
offspring (Timok Simmental cattle) has developed [5]. 
The organized milk processing in Timok Krajina began between 
1930 and 1932 close to Zaječar, and on the 1st April, 1964, the 
dairy factory of Zaječar - "IMPAZ" officially started its work. In 
the Zaječar region, this induced a period of organized and 
continuous action to constantly improve animal husbandry, 
production and purchase of milk, which still takes constant 
modernization in order to adapt to new market needs with the 
aim of providing permanent economic security and stability in 
the production of milk and dairy products. In 2003, in the 
process of privatization, the dairy factory from Belgrade 
"IMLEK" became the majority owner of "IMPAZ" with a great 
assortment of dairy products [5]. 
In general, dairy has six main factors in its logistic chain and 
they are: 
 the manufacturer of raw milk (farm), 
 purchaser of raw milk, 
 processors of milk into dairy products, 
 distributor (wholesaler) of milk and dairy products, 
 stores, where milk and dairy products are sold, 
 consumer of dairy products.  
In this case, the logistics chain in dairying of Zaječar region 
contains three main parts, as shown in Fig. 2. 
 

 
 

Fig. 2.  The logistics chain in dairying of Zaječar region 

The manufacturers of raw milk are in the first group and they 
usually represent rural households with small farms with up to 
15 cows. The dairy factory renders the second group, which 

deals with the purchase of raw milk, processing and distribution 
of finished product. The third group consists of stores (retail) and 
customers. The goal of any organized chain, hence the one in 
dairying as well, is to make profit, which is to be proportionally 
distributed among the chain participants.  
        
 
4.   ANALYSIS OF COSTS OF PRODUCTION, 

PROCESSING AND DISTRIBUTION OF MILK  
 
The conducted analysis considers the best sold dairy product of 
"IMLEK" – the 1L package of UHT milk with 2.8% milk fat. 
The aim of the analysis is to determine the costs of production, 
processing and distribution of milk as well as the retail price of 
milk, and therewith to determine the participation in the overall 
costs of each logistics chain participant. 
The following factors influence the overall cost of production of 
raw milk on farms: cow nutrition, animal husbandry measures, 
veterinary services, hygienic-sanitary measures, energy, 
insurance, maintenance and depreciation, etc. 
The nutritional costs were calculated for a cow weighing 600 kg 
and producing 25 liters of milk daily, whereby the cattle is kept 
stationary in the barn. The chemical quality of milk received 
must meet the following parameters: 3.72% fat, 3.20% protein, 
8.75% non-fat dry matter and 8.40% lactose.    
The nutrition cost per cow is shown in Table 1 [5]. From the 
description, it is evident that the cost of food per cow giving an 
average of 25 liters of milk per day is 400.30 RSD (Serbian 
Dinar  din.). Thus, the nutrition cost per one liter of milk is 
given as: T1 = 400.3/25 = 16.01 16.00 din/lit. 
 
Table 1.  The nutrition cost per cow  

SORT OF NUTRITION 
amount 

(kg) 
price 
(din.)

cost 
 (din.)

corn silage 20 3.5 70
alfalfa hay 4.5 25 112.5
dry sugar beet chips 1 12 12
hominy 3 18 54
corn meal 2.25 11 24.75
soybean meal 44% 1 58.5 58.5
sunflower meal 33% 1 29 29
premix (synthesized preparations) 0.2 160 32
animal salt 0.07 15 1.05

  1€ = 115.5 RSD (din.)                             Sum 400.3
 
Other costs of raw milk production are determined on an annual 
basis to sample farm with 15 cows, which in the period of 
lactation during the year give an average of 6,500 liters of milk 
per cow. These costs, which are given in Table 2 [5], imply the 
following costs: artificial insemination, treatment, preventive 
udder care, keeping the register (pedigree), mandatory veterinary 
health analysis, insurance, hygienic supplies, depreciation and 
current maintenance, salaries (wages of workers on the farm), 
electricity, water, utilities, energy (fuels and lubricants) and other 
unforeseen expenses. 
From this table, it is noted that other annual total costs of 
production of raw milk at the farm with 15 cows amounts to 
2,436,250.00 din. The total annual average production of raw 
milk at this farm, where cows give an average of 6,500 liters, is 
6500 x 15 = 97,500 liters/year. Hence, the costs per liter of raw 
milk are: T2 = 2.436.250,00/97500 = 24.987  25 din/lit. 
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Table 2.  Other expenses for the year in the production of 
raw milk at the farm with 15 cows 

Expense din. 
Times 
a year 

overall 
(din) 

insemination 4000 30 120000
treatment 12000 15 180000
preventive udder care 2000 15 30000
keeping the register 5000 15 75000
veterinary health analysis 25000 2 50000
insurance 8000 15 120000
hygienic supplies 500 365 182500
depreciation 20000 4 80000
salaries 40000 12 480000
hay 250 365 91250
electric energy 22000 12 264000
water 5000 12 60000
utilities 1000 12 12000
fuels and lubricants 1500 365 547500
unforeseen expenses 12000 12 144000

Sum 2.436.250,00
 
The total overall cost of the raw milk producers, as the sum 
of the two previous costs, T1 and T2, yields:  

Tsum = T1 + T2 = 16 + 25 = 41 din/lit.         

At this point, the maximum purchase price in our country for a 
liter of raw milk per European standard is around 39 dinars. 
For poorer quality milk, the purchase price is slightly lower. 
This price is usually 48% of the manufacturing cost of a liter of 
UHT milk. In this case, the average purchase price of raw milk 
for the dairy factory "IMPAZ" from Zaječar, i.e. "IMLEK", as 
a buyer, processor and distributor, is 34.74 din. The purchase 
price differs from the cost of production of raw milk by 6.26 
dinars, which causes a loss of farmers and discourages the 
production of raw milk. 
The conclusion can be drawn that, in the framework of the 
logistics chain in dairying, the raw milk producer (farmer) 
cannot even cover his costs. This is not the case only in our 
country, but it also happens in developed countries. Therefore, 
the state must allocate the money for premiums for milk and to 
provide subsidies in order to maintain this important branch of 
the economy. 
The producer price of dairy factory "IMLEK" for a liter of UHT 
milk with 2.8% fat is 78 dinars. We see immediately that the 
purchase price of raw milk should be 78 x 0.48 = 37.44 dinars, 
yielding a difference of 2.7 dinars to the detriment of farmers - 
producers of raw milk (34.74 din.), who already operate with a 
loss of 6.26 dinars per liter of raw milk. 
The costs of the producer of UHT milk, the dairy factory 
"IMLEK", except for the purchase price of 34.74 dinars, include 
additionally 12% for packaging and 34% for the purchase, 
distribution (transport) and processing of milk (fuel, wages, 
interest, contributions, etc.) of  the producer price (78 din.). This 
means that the cost of packaging is 78 x 0.12 = 9.36 din. and of 
processing 78 x 0.34 = 26.42 din, yielding a total cost of 34.74 + 
9.36 + 26.52 = 70.62 din. From this, it is clear that the dairy 
makes a profit of 7.38 dinars per liter of milk (9.46% of the 
producer price of 78 dinars). 
It is known that the retail chains sell 1 liter of milk at the price of 
95 dinars. Reducing the price for the amount of value-added tax 
(VAT), which is 8%, i.e. 7.6 dinars, the so-called wholesale 
price of 87.4 dinars is obtained. The dealer margin is easily 

determined as 95 - 87.4 = 7.6 din. At this price, the retailers 
receive an additional discount from the manufacturer of 3.8%. 
Milk and dairy products, as well as all other products, are most 
expensive in small shops (mini markets), where the margin 
reaches as much as 25%, a quarter of the retail price. With the 
approved manufacturer's discount, the trading share is even 
higher. 
From the analysis of logistics chain costs, it is clear that only the 
direct manufacturer of raw milk is without a profit, and even 
worse – he operates with a loss. It is not a good solution when 
some participants make profit, while others operate with losses. 
In this case, the manufacturer of raw milk cannot plan any 
expansion of capacities or business improvements. Therefore, on 
the basis of this analysis, it is necessary to consider and propose 
specific measures in order to implement an efficient and cost-
effective logistics chain in the dairy industry.     
 
 
5.  MEASURES OF IMPROVEMENT OF 

LOGISTICS CHAINS [5] 
 
Proposed measures to improve the business within the analyzed 
logistics chain in the dairy of the Zaječar region and to reduce 
the total cost of milk production, involve: 
 changing the organizational structure of the existing logistics 

chain, which now has three main factors, 
 the business of individual participants in the logistics chain, 

such as direct producers of raw milk (farms) and logistics 
company for the collection of raw milk and the distribution 
of finished goods to the retails. 

Regarding the organizational structure of the existing logistics 
chain in the dairy of Zaječar region (Fig. 2), which has three 
main factors, it is suggested that the activities of collecting raw 
milk and distribution of processed milk and dairy products are 
separated from the dairy factories. This means that the dairy 
does not deal with these activities, but only with the 
development of the primary activity – production of high quality 
milk and dairy products. 
These activities would be done by a specialized company that is 
dealing with the logistics activities for the dairy and grocery 
stores. This concept of relocating logistics services to specialized 
logistics executives (providers) is known as logistics 
outsourcing. Thus, the new organizational structure of the 
logistics chain would have four participants, one more than at 
present, and that is the logistics provider that would supply the 
raw milk to the dairy factories and distribute the finished product 
to the stores, or the final customer (Fig. 3). 
 

 
 

Fig. 3.  The new logistics chain in the dairy  

This does not mean that these two activities cannot be assigned 
to two separate providers, one that would only deal with the 
collection and supply of raw milk, and the other one only with 
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the distribution of final products to stores and customers. In such 
a case, the logistic chain given in Fig. 2 would have 5 separate 
primary factors. 
In the analysis of the milk production costs, it was clearly shown 
that the producer of raw milk within the logistics chain (farm) 
operates with losses. A possible solution in this case is 
premiums and subsidies that the government should provide to 
the producers to maintain and improve the production. However, 
in order to improve the production of raw milk, farmers should 
consider measures they can implement on their own in order to 
achieve better and cheaper production of raw milk. 
One such measure is the transition from the system of keeping 
cows in barns onto a system of keeping cows freely on pasture 
during feeding, which is mostly used in Switzerland, 
Netherlands and other countries with developed livestock. This 
system has a number of advantages. It contributes to better 
health and longevity of cows, because they have healthier legs 
and udders, which are important in their cultivation and 
exploitation. 
In principle, several different types of this system can be 
distinguished, firstly: barns with and without stalls. Common to 
both types is the separation of functions of lying and movement. 
Further differences between the types are in the way of handling 
manure and the use of bedding (with or without it). 
Barns with stall area offer advantages over other systems of 
keeping cows. They offer each cow a properly sized and framed 
stall. They can be either with thin bedding or even without it. As 
with the systems of tied keeping, these barns include feeding 
aisle, stalls, enough room for feeding and bedding. 
The feeding aisle in these barns has a width of about 4 m, 
because of the necessary barn volume depending on the number 
of cows and the need for mechanized food distribution. The aisle 
is mostly in the same plane level as the stall, although it does not 
have to be.  
The means of mechanized cow feeding need to meet certain 
conditions, such as: 

 optimal forming of feeding place, 
 distribution of food with moderate labor and energy, 
 rational individual distribution of concentrated food 

according to productivity. 
In feeding cows, particularly dairy cows, it is most important to 
achieve low losses in nutrients and make a proper distribution of 
food to cows. Cow feeding is a very important job that takes up 
a very high percentage (30%) of the total amount of labor. In 
addition, quite significant quantities of food need to be delivered 
to cows. The annual food consumption per livestock unit is 
about 12 t. 
Cows need to be fed from a specially defined area or place. 
Cows need to freely take food, i.e. food must be easily 
accessible to the cows. This is supported by the requirement that 
the food must be placed at 15 cm above the floor level, which 
defines the depth of the stall. From the middle of the space 
where they stand, cows need to be provided the minimum of 55 
cm to both, left and right side. This requirement defines the 
width of stall. 
During feeding, the cows scatter food significantly. If it comes to 
hay, the wastage can be as high as 20%. In addition to the loss of 
food, such dispersal may completely undermine the principle of 
functioning of manure if the liquid manure in used. 
The food wastage is mainly caused by movements during 
feeding. These movements are different in feeding with hay 
(long food pieces) or silage (chopped food). The wastage is 
lower with chopped food because there is less movement.  
With long food pieces, a cow takes a bite, steps back and then 
starts chewing. In this movement, significant food losses are 
made. With chopped food, cows rich deep into the food looking 
for pieces of food they prefer, especially if the food is of poor 
quality. This results in food scattering outside the space allocated 
for feeding. 
A barn with this type of keeping and feeding of 30 cows is 
shown in Fig. 4 [5]. 

 

 
 

Fig. 4.  The layout of a barn for 30 cows 
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Cow feeding can be individual or in groups.  
With the tied system of keeping cows, feeding is individual. 
Food is given 2-3 times a day. Cows take food as it is served, 
which might have a positive impact on reducing wastage. 
Therefore, this type of feeding is suitable for all types of food, 
especially for concentrates. However, this type of feeding 
requires high investments in the construction of buildings and 
significant labor in feeding. 
Feeding in groups enables food intake during the whole day at 
will (ad libitum) and requires sufficient amounts of food. Due to 
the constant presence of food in the stall, the cows may take it as 
they feel the need to. This type of feeding at will is suitable for 
forages or a complete meal. 
The requests related to the mechanization in feeding are not 
significant. However, if feeding implies serving a complete 
meal, then the appropriate means of machinery must be applied 
so that such a meal can be prepared and distributed (a mixer-
distributor trailer). 
For the construction and equipment of such a barn (Fig. 4) some 
5,000,000 dinars are needed. Due to bad parity prices of milk, 
feed and other costs, which have already been analyzed, such a 
facility can be built only with the help of a loan (interest of 6%, 
as a state subsidy) which would further burden the milk 
production by about 52,000 dinars per month, if the loan is to be 
paid back in 96 installments (8 years). 
This investment would increase the number of cows to 30, 
which would increase the milk production to 195,000 liters 
per year. Other costs would be increased to 4,812,900 
dinars, which is sustainable with the price of milk at 34 
dinars and state incentive of 7 dinars per liter. Sustainability 
can only be jeopardized in case of irregular payments for 
milk and incentives.  
The modern concept of economy implies that the supply of 
raw materials to manufacturing companies and the 
distribution of final products to the market are done by 
service companies, as proposed in this paper. These highly 
specialized companies will certainly perform their services 
more efficiently, economically and safely compared to the 
previous model used by the manufacturing companies. 
In the presented case of the logistics chain organization in 
the dairy of Zaječar region (Fig. 3), it is implied that the 
existing purchase locations and the available equipment 
remain in the already developed transport network, while 
the optimization of route planning is to be done in order to 
minimize the costs of collecting raw milk. 
In order to improve the process of distribution of final 
products to the market, it is planned to relocate the 
dispatching warehouse of dairy factories to the central 
distribution center, from where regional centers and retail 
stores will be supplied.             
 
 
6.  CONCLUSIONS 
 
Based on the conducted analysis of the logistics chain in the 
dairy of Zaječar region, some general conclusions as well 
as some specific ones can be made: 

 milk is a product of a great importance in the human 
nutrition, and it is also an important ingredient in 
everyday use  

 the Zaječar region, with its mountainous landscape and 
favorable climate conditions, has good overall 
conditions and a tradition of cattle breeding and milk 
production,  

 the logistics chain in the dairy of Zaječar region consists 
of three basic entities (farms, dairies and stores) and 
must make a profit in its business, which should be 
properly distributed to each participant according to the 
costs and labor expended, 

 in this chain, the only participant without a profit is the 
raw milk producer, who actually operates with losses; 
this is not good for the development of animal 
husbandry in the Zaječar region,  

 subsidies for milk and incentives for livestock, provided 
by the state, are important for the sustainability of this 
economy branch, 

 proposed measures to improve the production of raw 
milk on farms will certainly contribute to more efficient 
and economical production and eliminate losses, thus 
making profit, 

 the idea of assigning specialized companies the tasks of 
supplying the raw milk to the dairies and distribution of 
final products from the dairies should also contribute to 
higher quality operations within the chain, 

 the logistics chain in the dairy industry should be 
constantly modernized to adapt to the market needs for 
assuring lasting economic security and stability in the 
production of milk and dairy products. 
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Abstract 
 

Two recessions, terrorism, oil prices, intense competition, 
financial restructuring and consolidation are transformed 
air traffic last ten years. In 2008, the global economic crisis 
had a major impact on all business entities, as well as the 
low-cost airlines that is forced to adapt their business 
models to new market demands. By the beginning of the 
global economic crisis, low-cost airlines have their 
operations were based on basic elements of a low-cost 
model. However, during the global economic crisis in order 
to survive the low-cost airlines have implemented elements 
of the business model of traditional airlines where they 
formed a hybrid business models. In this paper, the authors 
will pay special attention to the characteristics of low-cost, 
traditional and hybrid business model of airlines. 
 
Keywords: low-cost airlines, business model, hybrid model 
 
 
1. INTRODUCTION 

The airline industry is a sector vital to the world`s 
transportation infrastructure and has been in the throes of a 
life-and-death struggle between the so-called network or 
original, older companies and relatively new low-cost 
airline [3]. When in 1978 the deregulation of the aviation 
market was introduced in the United States the way was 
opened for a new era of airline services. Airline companies 
were able to reorganize their management structure in order 
to survival and development. The South-West Airlines was 
the first company to start by providing a new form of 
services respectively less services but offering cheaper 
prices to its travelers. Becoming a successful competitor on 

the air transportation market in the US, South-West Airlines 
settled the basics for what nowadays is called the low-cost 
airline.  
 
Also in Europe after deregulation in 1993, new airline 
services were set up by ways of a copy of the South-West 
Airlines model. This "Southwest's business model" has 
contributed to during the last few years; low-cost airlines 
become very important participants in European lines, with 
a market share that is growing. EasyJet and Ryanair were 
among the first to organize such a low-cost service 
structure. These two companies have been Europe’s leading 
low-cost airlines, but the low-cost services have been 
increasing rapidly around the Europe. 
 
As a starting point studies reviewed from Button & Vega 
[4], Francis et al. [8] and Van der Zwan [12] brought 
arguments to formulate a definition of low-cost airlines and 
classify them into several types, which gave more insight in 
the low-cost operation methods. Francis et al. also provided 
background for understanding the low-cost model and the 
development of its operations. Also Barret’s article [2] 
provided a useful study about the low-cost model and the 
use of secondary airports. In his paper, Dobruszkes [6] gave 
more insight in the dimensions between the low-cost model 
and the selection of airports. Both also touched upon the 
subject of competition between full-service and low-cost 
airlines.  
 
Many studies have analyzed the factors of successful 
operation of low-cost airlines in which they indicated that 
low-cost of model is the most important factor in their 
business [1, 7, 9]. The containment of costs is only one of 
the reasons for the success of a low-cost carrier.  
 
The business model of low-cost airlines which ensured 
doing business with 50% less expenses compared to the 
business of traditional airlines proved to be unsustainable in 
new conditions. In order to keep their airline market share 
in medium-haul flights, traditional airlines launched new 
products, reorganised their business activities, decreased 
expenses and taxes for their services. This had an impact on 
low-cost airlines which had to adjust their business models 
to new changes on the turbulent market.  
 
2. CHARACTERISTICS OF LOW-COST AIRLINE 
DEVELOPMENT 

The emergence of low-cost air-companies is a consequence 
of air-traffic deregulation, globalisation as well as 
information technology development and application [12]. 
Increasing the number of low-cost airlines and their market 
share in Europe greatly influenced the development of air 
traffic. Due to the success of this model, low-cost airlines 
expanded their networks, increased the number of lines for 
providing services and thus increased the number of 
passengers. In ten years, they significantly transformed air 
market - changed travelling habits, opened new direct lines 
to European cities which were unavailable to traditional 
airlines, stimulated traditional airlines to change their 
business models and increased the number of passengers at 
secondary and regional airports. What is necessary to point 
out is the significant role of low-cost airlines as employers 
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and generators of both economic growth and local 
community development owing to secondary and regional 
airports.  

The foundation and development of low-cost airlines 
contributed to the development of new segments within the 
air market. That development is based on the increase in the 
number of passengers travelling between European cities. 
The choice of low-cost airlines to connect secondary 
airports enabled an optimal use of these airports as well as 
lower airport costs and decreased occurrence of flight 
delays. 

 

Fig. 1 Low-cost market share according to available seats 
(u %) 

After being founded on the European market during the 
nineties of the previous century, low-cost airlines managed 
to increase their market share significantly, which forced 
traditional airlines to change and adjust their business 
models for medium-haul flights. The market share of low-
cost airlines in the period from 2001 to 2012 increased from 
4.9 to 36.6% in Europe and from 8.0 to 26.2% in the world. 
In the period from January to April 2013, they realised the 
market share of 25.6% in the world and 34.8% in Europe. 
However, their market share has no longer as significant 
growth as it was the case a few years ago. 
 
3. BUSINESS MODELS OF TRADITIONAL AND 
LOW-COST AIRLINES 
 
Increasing the number of low-cost airlines and their 
participation in the air traffic market was enabled by their 
ability to adapt to new conditions on the market. They 
applied different methods of decreasing expenses with the 
aim to offer lower prices. Their activities were based on the 
continual elimination of nonprofitable and the introduction 
of new profitable lines.  
 
There is not an airline which in itself represents a low-cost 
airline. It is actually a model based on which an airline does 
business. Having that in mind, it is necessary to pay special 
attention to the low-cost business model consisting of the 
elements which enable the decrease of business expenses.  
Business policy of low-cost airline is focused on 
maximum reduction of average costs, low cost of airline 
tickets and the maximum level of capacity utilization. In 
order to reduce average costs of business low-cost 
airlines are trying to maximize profits by applying a 
business model with the following characteristics: 

 
- unification fleet (preferably by only one type of 

airplane); 
- use of "point to point" traffic structure instead of 

complex network "hub and spokes";  
- there is no free meals and drinks on the plane - all are 

charged;  
- only one class of passengers with reduced comfort -the 

maximum number of seats in the cabin; 
- there are no programs to increase loyalty - the only 

stimulation is low ticket price; 
- higher productivity of low-cost airlines in relation to 

traditional; 
- seats on the plane are with no markings; 
- do not use services of global distribution system. 

Table 1 -  Diference between business model elements of 
low-cost and traditional airlines 

Product 
features 

Low cost 
airline 

Traditional airline 

Brand 
One brand: 

low fare 
Brand extensions: 

fare+service 

Fares 
Simplified: 

fare structure 
Complex fare: 

structure+yield mgt 

Distribution 
Online and 

direct 
booking 

Online, direct, travel agent 

Check-in Ticketless 
Ticketless, IATA ticket 

contract  

Airports 
Secondary 
(mostly) 

Primary 

Connections 
Point-to-

point 
Interlining, code share, 

global alliances 

Class 
segmentation 

One class 
(high 

density) 

Two class (dilution of 
seating capacity) 

Inflight 
Pay for 

amenities 
Complementary extras 

Aircraft 
utilisation 

Very high 
Medium to high: union 

contracts 
Turnaround 
time 

25 min 
turnarounds 

Low turnaround: 
congestion/labour 

Product 
One product: 

low fare 
Multiple integrated products 

Ancillary 
revenue 

Advertising, 
on-board 

sales 

Focus on the primary 
product 

Aircraft 
Single type: 
commonality 

Multiple types: scheduling 
complexities 

Seating 
Small pitch, 

no 
assignment 

Generous pitch, offers seat 
assignment 

Customer 
service 

Generally 
under 

performs 
Full service, offers reliability 

Operational 
activities 

Focus on 
core (flying) 

Extensions: e.g., 
maintenance, cargo 

 
Table 1 shows the main differences between the business 
model elements of traditional and low-cost airlines which 
contribute to the variance in business expenses. The 
greatest advantage of low-cost airlines is seen in using 
point-to-point system. Short-haul direct line flights increase 
the degree of using airplanes which eliminates the need for 
additional services necessary on long-haul flights. This 
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system decreases the possibility of losing luggage to a 
minimum. 

Lower working costs greatly contribute to decreasing 
expenses of low-cost airlines in relation to the traditional 
ones. According to some research, the income of a pilot is 
on average 28% lower with low-cost airlines than with the 
traditional ones although their working hours, i.e. flight 
length is 25% longer.  

Low-cost airlines most often use secondary airports 
characterised by a small capacity utilisation rate. Secondary 
and regional airports attract attention of these companies 
with lower airport charges. Using secondary airports also 
means providing services in a shorter period, i.e. in 25 
minutes on average. In this way, maximum level of plane 
capacity utilisation is ensured.  

One of the most important factors which influences the 
decrease of expenses relates to the users of transport 
service. Low-cost airlines do not provide free additional 
services such as food and drinks. The maximum allowed 
weight of luggage is lower than the weight allowed by 
traditional airlines. 

Reducing expenses connected to maintenance and 
managing is achieved by the use of smaller planes. Low-
cost airlines use new types of planes which are more 
economic and which incur lower maintenance costs.  

They most often offer only one class without the possibility 
of booking a seat which in turn decreases the time 
necessary for both boarding a plane and spending the time 
on the ground. One more advantage can be seen in 
checking-in which is simpler since, by abolishing tickets, 
you only need to turn up at the desk with the number of 
reservation. About 97% of the overall sale of low-cost 
airline tickets is done via the Internet. In this way, low-cost 
airlines avoid selling tickets through tourist agencies and 
GDS which charge commission for the sale.  
 
4. HYBRID BUSINESS MODEL OF LOW-COST 
AIRLINE  
 

The basic business models of low-cost airlines are to 
operate with lowest possible costs. Distribution tickets 
through indirect channels, frequent flyer programs, 
partnerships and other measures aimed at increasing 
revenues are thus not allowed for with pure low-cost model 
because these factors increase costs. In recent years, after 
economic crises, some low-cost airlines have changed their 
business model and started adding elements of model 
traditional airlines. 

Many traditional airlines cut their services and decrease 
costs to address more price-sensitive passengers, i.e. people 
that travel for vocation.  At the same time, in search of 
higher revenue, low-cost airlines started addressing 
passengers that were willing and able to pay, i.e. corporate 
consumers. Those passengers require high quality services, 
higher on-time performance, better flight connections and 
centrally located airports. The hybrid model was created.  

A hybrid model on the market of air-traffic can be defined 
as model that combine low operational costs with various 
fare services, codeshare agreements, connect flights and 
enhanced distribution processes that, in most cases, allow 
bookings via GDS. The idea of offering different bundled 
services is very important element of hybrid model. Unlike 
the LCA basic model, the aircraft of such airlines offer 
more leg space; the seats are covered in leather; the cabin 
light has more quality, two passenger classes are offered at 
extra charge, entertainment offer is larger, use FF program, 
food and beverages are available at extra charge or part of 
ticket price [10]. In addition to all this, many hybrid airlines 
as Southwest, jetBlue, Norwegian, Vueling, Pegasusus and 
Germanwings offer connecting flights.  

Using GDS as distribution channel and entering into 
interline and codeshare partnerships with other airlines are 
two important factors for hybrid airlines to gain additional 
sales and revenues. About 61% of all low-cost and hybrid 
airlines distribute their tickets using at least one GDS. 

The trend towards codesharing low-cost and hybrid airlines 
has increased significantly: While only six low-cost and 
hybrid airlines had codeshare agreements with other airlines 
in September 2003 (Flybe, SkyEurope, Virgin Blue, Virgin 
Express, Volareand Zip Air), exactly ten years later, the 
number has increased by more than fourfold to up to 26. 
Despite the fact that the number of low-cost and hybrid 
airlines on the market has approximately doubled over the 
last decade, we can still observe a relative increase of 
codesharing low-cost and hybrid airlines by about 16% 
from 13% (2003) to almost 29% (2013). 

 

Fig. 2 Features of the Hybrid model in the period 2008-
2010 

Figure 2 shows the evolution of a hybrid model on the 
example of three airlines (EasyJet, Jetblue and Southwest) 
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in the period from 2008 to 2010. In the observed period, the 
greatest change in the business model was related to the 
introduction of price discrimination. Apart from the 
application of price discrimination based on the channel 
sale, the observed airlines started using discriminatory 
prices based on certain limitations as well. The greatest 
element changes of the business model were noted with the 
low-cost airline Jetblue and they related to the network, 
price formation, partnership and choice of channel sale. 
Changes in partnership and choice of channel sale were 
noted within the business model of EasyJet.  

Southwest was one of the first airlines to apply this kind of 
a business model. It is the oldest and most successful airline 
in the world. Like traditional airlines, it also offers free 
meals and drinks on its all flights, does not use the system 
‘point to point’, uses services of global distributive systems, 
and employees’ income is similar to the income of those 
working at traditional airlines in the USA. It provides 
transport services on short-haul as well as long-haul flights 
which is characteristic of traditional airlines. In the period 
from 2008 to 2010, the most important changes in its 
business model related to the criteria of discriminatory 
price application, i.e. apart from applying discriminatory 
prices based on channel sale, it started applying 
discriminatory prices based on the quality of service and 
limitations as well. 
 

CONCLUSION 

The development of low-cost airlines is the result of air 
traffic deregulation and liberalisation, globalisation as well 
as the development and application of modern techniques 
and technologies. In terms of possible further development 
of air traffic, the application of contemporary techniques 
and technologies in this branch of transport system will 
foster its already important position in the transport of both 
tourists and business people. 

Two recessions, oil price increase and competition growth 
yielded the transformation of low-cost airline business 
models, i.e. the formation of a hybrid model. The hybrid 
model represents a combination of low-cost airline 
elements which contribute to the decrease of expenses and 
traditional airline elements which relate to services, 
flexibility and line structure. At present, this business 
model may be one of the most present ones on the air traffic 
market. It is characterised by high quality standards and 
additional service charges. Travelers who travel for 
business reasons use airlines which have implemented the 
stated model. As representative examples of this model, 
JetBlue and Southwest from the USA as well as EasyJet 
from Europe stand out.  
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Abstract 
 

Aluminum is a metal that is increasingly used in the 
packaging industry and packaging but also a good 
opportunity for effective advertising and product 
promotion. Processing technologies for aluminum plastic 
deformation provide superior packages that meet the most 
rigorous demands in the food, pharmaceutical, chemical, 
etc.. industries. This is about mass production and very 
little material pending charges that offers the possibility of 
multiple recycling. On the other hand, today's products for 
the general consumer can not be imagined without the 
aggressive advertising that has a major impact on the 
customer. Modern graphics techniques for printing of 
images and different surfaces offer great opportunities that 
manufacturers widely used in the promotion and sale of 
their products. 
 
Key words: Can, Deep drawing, Packaging, Graphical 
design and printing 
 
 
1. INTRODUCTION 
 
Large investments in research and primary aluminum 
processing and especially in the production of finished 
aluminum products has become an industry on which to 
identify the most powerful of the world economy today. 
Increasingly can hear the data, aluminum consumption per 
capita, the share of aluminum per car, the amount of 
aluminum in the construction industry, or in everyday use, 
and so on. Of course that all this contribute to the benefits 
of aluminum to get the finest products now meet the most 
stringent demands of the market, i.e. the customer [1]. 

Industrial packaging of food products, fast food delivery to 
the customer with an unchanged performance today is 
impracticable without the use of various types of foil, cans, 
wrappers, and curlers and all on the basis of aluminum 
semi-finished products. Today, most current industry 
packaging based on aluminum saves energy as in the 
production and transportation of products. Weight of the 
beverage packaging in cans, for example. 0.33l is only 5% 
by weight of the beverage while in the case of glass 
packaging that is almost identical. Cans are promoted as 
packing material impervious to light, the fastest cools, 
simply open, best-kept flavor of drinks, but also as the only 
packaging that is 100% recyclable which significantly 
contributes to the preservation of the environment [2]. 

 
Fig.1 Modern packaging and design 

2 TECHNOLOGY PRODUCTION OF CANS 
 
Infinite continuous-rolled strip aluminum sheet is introduced 
in a combined tool for blanking workpiece of an agent that is 
immediately subjected to deep drawing. This process of 
refining metal requires very tight tolerances of thickness 
material with a special coating layer to the coefficient of 
friction to a minimum  = 0.08. 
The tin plate strip is unwound, its surface coated with a thin 
film of lubricant and the strip continuously conveyed to the 
deep-drawing press. The full technological capacity is 
obtained almost unbelievable productivity of 1,700 pieces 
per minute, or 650 million per year. At first a blank is cut out 
(D = 164mm, s=0.25mm) at each individual tool of the press; 
the drawing ram then presses this blank through the draw 
ring to form a cup with diameter 100mm and height 41mm  
(fig.2). The tool is made up of 9 to 10 individual tools which 
are arranged next to each other and behind each other. 

    
Fig. 2 Finished part after deep drawing process 

The critical stress 1max is a normal stress which occurs in 
the radial direction, where the workpiece material of an 
elongation suffers [3]. The maximum stress in the first 
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operation of drawing occurs at the moment of full coverage 
rounded edges of tools upon which plastic deformation 
takes place only through the radius of the matrix. 
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where is: 

Ksr – mean true stress of material workpiece N/mm2, 
Rs – radius of workpiece at the moment maximal force,  
R – radius of deep drawing element,  

 - coefficient of friction,  
Fd – force at blank holder,  
rM – radius on die matrix 
 
The cup is held by a pressure of blank holder to prevent 
puckers with which the flow of the manufacturing process it 
is not possible. 
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The cup is conveyed to the wall-ironing tool from the top 
(fig.2). The ram first pushes it through the redraw ring to 
reduce its diameter 65mm to the punch diameter whilst 
retaining the sheet thickness constant at 0.25mm. 

There is a gap between the punch and the wall-ironing rings 
1 to 4 immediately after the redraw ring where the wall 
thickness of the can is reduced by "ironing" the tin plate 
(s=0.15mm) and consequently lengthening the can to 
170mm. 

    
Fig. 3 Ironing the can wall 

For a typical stress ironing sets the stress balance in the 
axial direction. Especially considering the conical part of 
the tool where there is a change in the thickness of the 
cylindrical wall and the output section with reduced wall 
thickness cans: 
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at the entrance of the conical part of the focus of 

deformation normal tensile z  stress has a value of 0 to 

make his exit receive the maximum value p : 
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where is: b - coefficient which depend matrix angle and 
coefficent of friction . 

ii AA ,1 - ring area of cross section at wall of can before 

and after reduction of thickness. 
How to can have the necessary strength during transport, 
process filling and sealing, it is necessary that the bottom of 
the can get a much higher stiffness of the wall. This is 
achieved by forming the bottom where it gets a 
characteristic profile (fig. 4) deep drawing technology in 
future operations. 

 
Fig. 4 Increased stiffnes on bottom of the can 

At the end of this stroke, the punch with the can comes into 
contact with the base panelling tool and the can base is 
formed. When the ram is withdrawn, the can is removed 
from the punch by a stripper and conveyed out of the 
machine via an unloader belt. All lubricants from a metal 
forming process must be removed by the process of 
washing. The wall-ironing lubricant used in the can forming 
process is removed prior to coating the can internally and 
externally. The cans are transported to the washer on a wide 
belt and conveyed through several washing chambers 
upside down.  

In this way the outside of the can is rinsed with tap water 
supplied through the jets located at the top and the inside of 
the can by the jets located at the bottom. Immediately 
downstream of the washing unit, the can is dried with dry 
air at a temperature of approx. 200° in the drying oven. 

 

3 GRAPHICAL DESIGN AND PRINTING 
OUTSIDE OF CAN 

From the above to do a superior product like a can is not 
easy because this is a high quality, high productivity, very 
cheap and reliable products. By metal forming technology 
we meet the basic requirements of a customer who for 
many years considered conventional and commonplace. It 
remains the most sensitive part, so as fast as possible to 
reach the customer and his confidence. Of course that the 
main role is played by the contents of the can, its quality 
and price [4]. But a single element, all of which are known 
to be crucial, and it is a visual effect (fig.5).  
Market conditions, fierce competition, the modern way of 
life all the elements and how these affect the finished 
product. The cans are coated on the outside as protection 
against corrosion and in order to apply a decorative design. 
White, gold or transparent coating as well as aluminium-
coloured coating can be used according to customer 
specifications. Nowdays the coatings are water-based. 
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Fig.5 Sample of modern graphic design 

The cans are spaced by an intake wheel and drawn on to the 
coating mandrel of the mandrel wheel by means of a 
vacuum. They are then set in rotation around their own axis 
by the rotation belt. The coating film on the coater cylinder 
is then transferred to the cans positioned on the rotating 
coating mandrels (fig. 6). The coated cans are then blown 
off the coating mandrels and transported to the drying oven 
on a magnetic conveyor belt. The coating is pumped from a 
coating container to the engraved cylinder which transfers 
the appropriate quantity to the rubber-coated coating 
cylinder from where it is transferred to the cans (fig. 6). 

  

       
Fig. 6 Generaly principal painting of can and technical 

solution  

Options for printing the outer surface of the cans today are 
very large. It is a very accurate and precise technology that 
pays a lot of attention. Modern systems work with a variety 
of colors which are successively applied to the different 
cylinders [5]. He shows the accuracy and precision 
guidance the can through a system of rectilinear and rotary 
conveyer. 

The externally coated cans are spaced by the intake wheel, 
as in the coating machine, and drawn on to the mandrel 
wheel mandrels by means of a vacuum. The mandrels are 
set in rotation around their own axis by a rotation belt.  

The can positioned on the mandrel rolls synchronously over 
the blanket and absorbs the complete decorative design 
with all the ink colors from it. The individual colors are 
transferred by the inking units to the blankets via ink boxes, 

various rollers and the cliche cylinder with mounted 
printing plate. The high pressure printing cliches only 
absorb ink in the parts in which they are raised. Therefore 
each inking unit presses one color ink onto the rubber 
blanket. Prior to the can coming into contact with the 
blanket, all the ink colors are on the rubber blanket entering 
the inking section; here the printed image is mirror-
inverted. The inks are transferred to the can by rolling the 
can over the rubber blanket and the printed image becomes 
positive. The printed cans are then blown off the mandrels 
and conveyed to the drying oven by a magnetic conveyer 
belt. 

4 MANAGING THE PROCESS 

The technology with the parameters of the process aims to 
illustrate the capabilities of a modern and complex 
technology that is now widely applied. Almost unbelievable 
data only indicates the kind of level is brought this process 
that not provides the opportunity for error. Design process 
and development afford to a main team with extensive 
experience of its proven results and achievements 
distributed to the lowest level of implementation [6]. 

 
Fig. 7 Programing manag the process of design and 

development 

A very small number of employees and teamwork come to 
the fore in an modern automated system. In the 
implementation phase of production just follow the given 
parameters via control charts where they can see their 
current trend and deviation indicates timely intervention, 
correction or the possible replacement of the critical 
elements [7]. 
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Fig.8 SPC control chart for production parameters 
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The generated problems, daily reports and data production 
is carefully analyzed in order to keep the system in the 
specified control limits. It goes as far as to the corrections, 
replacing the necessary tools and interventions to individual 
element operate at a central workplace to be corrected and 
returned tool and assemble, but with one goal, to the lower 
losses and empty work strokes. 

5. CONCLUSION 

This projected production system shows great robustness 
and resilience to disturbances that are always present. Its 
flexibility on the one hand and the speed of response to 
disturbance are designed exclusively for mass production. 
Each team only knows his job, which is a very narrow 
scope of knowledge and skills that are acquired and grow in 
a very long time. The fact that for Europe only in one place 
performs repair and correction tools, or teams of well 
laborer trained only specialize in quick change and 
assemble tools and much more telling. Design process and 
development is centralized and located in the United States. 
With above mentioned productivity losses delay in time 
must be minimal. Orientation to the market is through the 
follow of the latest trends and design effects that can be 
detected on the cover of the can. Customer of this product 
begins to appropriate, and treated as an integral part of his 
daily food basket. Viewed from the perspective of business 
success that was the goal, to create a product that in the 
long time generate large profits in the global market. 
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Abstract 
 
This paper defines a criteria for optimal synthesis of 
powertrains bar linkages of manipulators that are used in 
materials handling equipment. The powertrain mechanisms 
for the actuators have two-way hydraulic cylinders powered 
by hydraulic pump with regulation of flow by criteria of 
constant hydraulic power. Hydraulic pump signal regulation  
is the pressure change in the actuators of the powertrain 
mechanisms, which occurs by change of the mechanism 
load. The objective function of optimal synthesis of 
powertrains mechanism is the minimum duration of the 
cycle of operation of manipulators. 
 
Key words: hydrostatic systems, regulation  
 
 
1. INTRODUCTION 
 
The manipulators of a mobile machinery and vehicles are 
are derived as a multimember lever kinematic chains, plane 
or spatial configuration (Fig. 1). The members of chain are 
connected to rotary or translatory fifth class joints. The last 
member in the chain of the manipulator can be different 
tools with which can be perform a variety of cyclically 
functions of intermittent transport, with a certain number of 
operations. Manipulators reinforce the drive mechanisms 
that build the kinematic pairs of chain linked with 
hydrostatic actuators - double acting hydraulic cylinders. 
For the synthesis of drive mechanism of manipulator of 
mobile machinery and vehicles it is developed multicriteria 
optimization method [1]. In this paper, the optimization 
criterion is defined as referring to the duration of the 
manipulative task. 
Transformation parameters of the general model of the 
manipulators drive mechanism are size parameters of the 
hydrocilinders deteremined by set of sizes: 
  

 

   n,d,d C ci2i1iti                                                             (1) 
 

where is: di1,di2 - piston and rod diameter of the 
hydrocilinder, nci - number of hydrocilinders of drive 
mechanism.  
Transmission parameters of the general model of the drive 
mechanism of manipulators are determind by set of sizes: 
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where is: ia


,
ib


 - position vector of the center of the joints 

where hydrocilinders linked to members of the kinematic 
pairs of the drive mechanism, cip - minimum length of 
hydrocilinder when rod is fully recessed; cik - maximum 
length of hydrocilinder when rod is fully drawn. 
The parameters of a hydrostatic power Nh of hydropump 
are: flow Q and pressure p as input parameters, 
hydrocilinder of manipulator drive mechanism, with its 

transformational functions of flow Q
tii  and pressure p

tii  

turns into output mechanical parameters of power: 
translational speed vci and force Fci of the hydrocilinder, 
wherein: 
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The mechanical parameters of hydrocilinder power, the 
speed vci and force Fci, the drive mechanism further with 

own kinematic 
rii  and mechanical M

rii  transfer function, 

converts to the output values: the angular velocity i  and 

the torque ciM  in the joint of manipulators kinematic 

chain, where is: 
 

i
i

ii

ti

M
ti sin

c

ba

i

1
i 


                                                            (4) 

ii

2
i

2
i

2
i

1 ba2

cba
arccos


                                                    (5) 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 General model of the manipulator kinematic chain 
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Where is: ci - the current length of drive mechanism 
hydrocilinder. 
 
2. ANALYSIS 
  
The duration of manipulative task is one of the basic 
parameters of performance. This is indicated by the 
equation that defines the technical performance of machines 
or vehicles: 

 

  
t

V
U

c
t                                                                             (6) 

               

where is: Ut - performance of machine, V - volume or 
capacity of manipulator tools, tc - duration of manipulative 
task. 
According to the above equation, for the same tool, the 
manipulator will achieve maximum performance for 
minimum duration of the cycle. To be perceived time 
criterion set as criterion of powertrains optimization, first it 
was analyzed the influence of the mechanisms parameters 
on the duration of manipulative task.  
The duration of the manipulative task is equal to the sum of 
the duration of individual operation cycle: 
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wherein the duration of the operation determined by 
equation: 
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where is : no - number of the operations of  manipulative 
task; θij1, θij4 - the initial and final generalized coordinates 
of the member Li of kinematic chain of the machine that 
holds the operation j of cycle, ij  - angular velocity of the 

member in carrying out the operation j; 
ri

Q
ti i,i  - 

transformation function of the flow and kinematic transfer 
function of the drive mechanism of a member who is the 
holder of operation j, Q – flow of the drive mechanism 
actuator during operation j. 
The transformation function of flow and the kinematic 
transfer function of the drive mechanism are known for a 
particular position θi of executive member of the 
mechanism that performs the operation. However, 
according to equation 8, to determine the time of operation, 
it is necessary to define and change the flow of the 
mechanism actuator during the operation. 
The flow is one of the parameters of hydrostatic power of 
hydropump, which, among other things, depends on the 
chosen conceptual design of the hydrostatic power 
transmission of machines or vehicles. 
The hydrostatic drive systems of mobile machines and 
vehicles have evolved, and continue to develop in the 
direction of optimal energy use of the engine under 
different operating conditions, with the possibility of  
simultaneously performance, at least, two operations cycle. 
The above requirements are achieved with hydropump of 
hydrostatic system with collective regulation of power and 
with regulator of ideal hyperbolic characteristics. 

These hydropump 3 (Fig. 2) in the case have two same 
hydropumps that through integrated power splitter 3.12, in 
the form of meshed gears and flexible couplings 2 drive by 
diesel engines 1. The regulation of hydropumps is 
volumetric. A signal of regulation is change of the sum of 
the pressures (p1+p2) in the pressure port of hydropump. It  
is caused by the same or different workloads of kinematic 
chain members of manipulators that drive by hydrocilindres 
[2] [3] [4]. 
The scope of hydropump regulation, determined by  
pressures of start regulation (p1+p2)p and pressure of end 
regulation (p1+p2)k, the flow Q of hydropump is the same 
and with hyperbolic dependency it is changed by the sum of 
the pressures (p1+p2) at constant hydraulic power (Fig. 2a): 
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Changing the force of the spring 3.5 regulator changes the 
start pressure pp=(p1+p2)p of regulation (points P1,P2), and 
thus changes and hydraulic power (Nh1, Nh2) covered by the 
regulation. In doing so, the pressure pk=(p1+p2)k at the end 
of regulation (points K1,K2) remains the same.  
Further analysis of the influence of parameters on the drive 
mechanisms during manipulative task is performed under 
the following conditions: (a) hydrostatic power of drive 
systems Nh is known, (b) Hidropump of hydrostatic power 
transmission systems with an sumary power regulation and 
with regulator of ideal hyperbolic characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Hydropump with summary power regulation and 
with regulator of ideal hyperbolic characteristics [5] 
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For the chosen regulation of hydrostatic power parameters 
dependence of flow Q of pressure (Fig. 2a) is determined 
by the equation: 
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where is: p1,p2 - pressures in the hydrocilinders of drive 
mechanisms with which is simultaneously perform the 
operation of manipulative task. 
By substituting equation 10 into equation 8, the duration of 
the operation is obtained, that depends on the pressures that 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

prevailing in hydrocilinders, apropos, on movement 
resistance of the kinematic chain members of manipulator 
and transformation and transmission paramaters 
manipulator drive mechanism. 
 
Influence of the driving mechanisms parameters on the 
pressure in the hydrocylinders is shown by results of the 
obtained analysis. The model of hydraulic excavators 
with the same kinematic chain manipulators bucket 
(volume 0.6 m3), with two variants, A and B, drivetrains 
with the same transformation and different transmission 
parameters was used.  It is simulated the same 
manipulative task. Results of the analysis is given in the 
form of a diagram (Fig.3a, b, c) they shows that the 
change of pressure in the actuators, at same movement 
resistance of the operation cycle, dependent on the 
parameters of the drive mechanism. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Change of pressure in the actuators backhoe manipulator of the hydraulic excavator: a) boom hydrocilinders c3, b) 
arm hydrocilnders c4, c) bucket hydrocilnders c5 [1] 
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3. OPTIMIZATION CRITERIA 
 
Based on the analysis above, it defines a criterion for the 
optimal synthesis of the drive mechanism in order to 
duration time of the manipulative task is minimum: 

 

)tmin(K ct                                                                    (11) 
 

Relative indicator of the set objective function is 
determined by the relation: 
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where is: tjc - duration time of operation of manipulative 
task, tcm - reference time of manipulative task, no - the 
number of operations, nc - selected number of different 
manipulative tasks throughout the workspace of 
manipulators 
To determine the parameters and indicators of the timing 
criteria optimization of the drive mechanism of backhoe 
manipulators of hydraulic excavator, it is developed the 
program. The inputs of program are : the file of alternative 
solutions of manipulator drive mechanism; the desired 
number of depth levels with the desired number of 
horizontal reach for each depth level; the plane of 
unloading and coordinates of unloading of a material; the 
hydraulic power of drive system of excavator and character 
of regulation of its parameters ; number of positions in the 
range of kinematic chain members movement for each 
operation of manipulative task; reference - parallel duration 
time of the cycle . 
The program first determines the range of motion of each 
member of the kinematic chain of the machine for each 
operation of manipulative task. Then, according to 
resistance of the movement determined pressures in the 
actuators by which the flow rate is determined by their 
supply. With the iterative procedure, the choice of step 
range of active member motion of kinematic chain, the 
duration of the operation of each manipulative task is 
determined. 
On the output of program, for possible alternative solutions 
of drive mechanism of manipulator, the next values are 
obtained: the medium duration time of individual 
operations; the medium duration time for a selected number 
of manipulative tasks as well as a relative indicator of the 
optimization criteria. 
As an example, using the developed program for possible 
alternative solutions of drive mechanisms A, B, C and D of 
hydraulic modules of excavator with bachhoe bucket 
manipulator with volume 0.6 m3, the parameters and data 
timing optimization criteria are determined.  
At the input of the program next values are given: 16 
manipulative tasks (four levels of digging depth, from the 
level of reliance to a maximum depth of excavation, with 
four different horizontal reach at each level of excavation); 
hydraulic power is 55 kW; the pressure of the start 
regulating is 28 MPa; the pressure of end regulation is 70 
MPa. The part of obtained results is given in Table T1, the 
table is containing: the mark of alternative solutions of 
excavators; diametars of hydrocilinder pistons of boom d31, 
arm d41 and bucket d51; medium values of the duration time 
of the operation: digging t1 , transport t2, and unloading t3 of 

material and the relative value of the time optimization 
criteria krt.  
 
Table T1: Indicators of the time optimization criteria 

Variants of d31 d41 d51 t1 t2 t3 krt
excavators mm mm mm s s s - 
A 115 140 115 4,743 6,848 2,222 0,869
B 115 140 115 4,999 7,761 2,063 0,809
C 140 160 140 4,934 6,857 2,565 0,835
D 140 160 140 4,923 7,613 2,565 0,794

 
The obtained results show that the at synthesis of 
manipulator drive mechanism, the indicators of the 
objective function at a time optimization criteria, in 
principle, does not depend on the transformation but from 
transmission parameters, and transfer functions of drive 
mechanisms.  
 
4. CONCLUSION 
 
Time optimization criteria of manipulator drive mechanism 
of mobile machinery and vehicles, which is determined in 
this study, was defined in order to achieve maximum 
performance and minimum cycle time of manipulative task. 
As a constraint of optimization it takes the regulation 
characteristic of hydrostatic parameters of hydropump that 
powers hydrocilinders of drive train of manipulator. Time 
criterion belongs to a set of defined criteria on which is 
based the selection of optimum solutions of drive 
manipulator mechanism of mobile machinery and vehicles. 
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Abstract 
 
Irregular behaviour of cranes isespecially interesting in the 
practical world in order to protect them fromtheir 
collapse.The investigation was first performed 
experimentally and afterwards numerically.Vertical 
motions of the bridge cranecaused by swinging are 
mathematically modeled and demonstrated through 
numerical simulation.In this paper, some random and 
malicious actions on bridge cranes are shown that cause 
the extreme dynamical appearances and breakdowns. The 
theoretical-mechanical models were developed using the 
methods of modal dynamic structural analysis. These 
analyses provide answers for the actual risk frequencies of 
excitations that can cause serious damages to cranes. 

 
 
Keywords: Crane, vibration, misuse. 
 
 
 
1. INTRODUCTION 
 
Random and malicious appearances are load sway,sudden 
discharge of load, load bumping into obstacle and blockade 
of load (jam) in manipulation. 
The investigations of vibrations experimentally conducted 
on bridge cranes [1,3] at various work regimes, provided 
interesting results in terms of strain and the remaining 
carrying capacity of the structure. Irregular actions were 
particularly researched for the assessment of risk class. An 
understanding of risk provides an opportunity for electronic 
protection against adverse events. 
On the basis of these experiments, the numerical models 
were developed in which the modal and other analyses had 
been performed. 

The eigenfrequencies and mode shapes of the support 
structure were determined using modal analysis.The 
obtained eigenfrequency values were used subsequently in 
the dynamic FEM analysis of the structure at excitation of a 
malicious crane swinging.The analyses of risk class actions 
on cranes are a scientific topic of interest. They arebeing 
studied through research of meteorological and seismic 
phenomena as well as through malicious human actions [4].  

 
2. EXPERIMENTAL RESEARCH 
 
The testing results of a bridge crane with relatively low 
carrying capacity, a longer bridge span and middle structure 
elasticity in bending (Q=5t, L=30 m, H/L=0.03) [5] are 
presented in the frame of this paper. This crane structure of 
the mass of 17.2 t is characterized by elastic supports of 
medium stiffness (L/f=3000cm/7.07cm=424>250). The first 
excitation was accomplished with synchronous hopping of 
five people (the total mass of 350 kg) on the carrier. Thereby, 
the noticeable amplitudes of vibrations were caused only at 
the medium hopping effort of people. The acceleration of 
16.2 m/s2and the lowest (minimal) longitudinal stress of -
3.65 kN/cm2 in the middle of bridge span (on the upper box 
lamella) caused only by abovementioned action were 
measured. The longitudinalstress of 16kN/cm2 is the 
allowable (limited) stress for crane structures in the first load 
case. Fig.1a,b shows the records of these experiments. 
 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

0 0 1 2 3 4 5 6 7 8 9 10 11 11 12 13 14 15 16 17 18 19 20 21 22 23 23 24 25 26 27 28 29 30 31 32 33 34 34 35 36 37 38 39 40 41 42 43 44

Vreme (s)

V
er

ti
ka

ln
o

 u
b

rz
an

je
 (

m
/s

2
)

 

-4

-3

-2

-1

0

1

2

3

4

0 0 1 2 3 4 5 6 7 8 9 1
0

1
1

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

2
3

2
3

2
4

2
5

2
6

2
7

2
8

2
9

3
0

3
1

3
2

3
3

3
4

3
4

3
5

3
6

3
7

3
8

3
9

4
0

4
1

4
2

4
3

4
4

Vreme (s)

N
ap

o
n

 (
kN

/c
m

2 )

 

Fig. 1a,b. Acceleration diagram (a) and longitudinalstress 
diagram (b) for the carrier box of bridge crane MIN D800 

(1977) at an intentional swinging 

In the second experiment, vibrations caused by a rough 
hoisting of load of 4t off the ground were measured. It was 
done in order to compare the previously described effect of 
swinging with an action of regular exploitation, Fig. 2a,b. 
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Fig. 2 a, b. Load of 4t hoisting – experimental records of 
accelerations (a) and longitudinal normal stresses  

(b) on the bridge 

In the second experiment, the accelerations of 10.6 m/s2 in 
the middle on the bridge span and the largest stress rise of -
2.65kN/cm2 were obtained. The medium longitudinal stress 
was -2.0kN/cm2 around which vibrations had occurred. The 
swinging period of bridge carrier was 0.525 s at 4 t of load. 

The third experiment was performed by driving crane along 
track at velocity of 32 m/min together with the load mass of 
4 t, Fig. 3a,b.During the experiment, the maximal 
horizontal acceleration of 2 m/s2 was measured due to 
uneven resistances of movement. Thereby, the highest 
increase of stress of 2.8 kN/cm2 was caused. A higher 
increase of the stress of driving in relation to the stress of 
hoisting was an unexpected increase as a result of a bad 
track on which the crane had been driven. The track was 
made at 8 m height, out of open steel girders and masts with 
10 m range. 

By analysing these three tests, it is easy to see that the 
bridge carrier swinging showed the greatest dynamic 
amplitude in the first test, both in terms of acceleration and 
stress increase.The increase of stress obtained by this 
random irregular action amounted 25% of the total 
allowable complex (comparative) stress.Increase in value of 
this stress would definitely damage the structure.For 
example, by an action of a few stronger heavy 
people.Wherein, these people must not be on the bridge 
carrier but on the ground. Such intention can be 
characterized as a misuse which was registered in the 
investigations of incidents with cranes in the world 
[4].Safety measures against similar actions are taken in the 
domain of security services.Nowadays, electronic 
equipment is very helpful for triggering of alarm against 
adverse actions. 
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Fig. 3 a, b. Horizontal crane moving – experimental record 
of accelerations (a) and longitudinal normal stresses  

(b) on the bridge 

3. NUMERICAL SIMULATION 
 

The vibration properties check of selected structure was 
conducted by searching eigenfrequencies and mode shapes. 
These shown simulations were numerically performed 
using the program MSC NASTRAN 2005. The model of 
crane MIN D800 with 15902 elements and 89034 algebraic 
equations (DOF) was developed. Verification of the model 
was performed on the basis of comparison to stresses and 
deflections at operation with the load of 4 t as shown by the 
testing no.2, Fig. 2. A high convergence of results was 
obtained, for example: the longitudinal static stress 
numerically calculated only from load of 4 t took the value 
of 1.945kN/cm2, while experimentally obtained medium 
stress took the value of 2.00kN/cm2. Also, total deflection 
numerically calculated amounted 0.0704 m (D800.7) and 
the deflection only from load 0.0201 m. The deflection of 
0.019 m was experimentally obtained from load of 4 t 
(D800.4).Such experimentally verified model served further 
for modelling of dynamic simulations. The dynamic 
simulation is related only to the modal frequency analysis 
in this paper. 
 
The frequency polynomial solvingwas done using the 
Lanczos method for the first 50 frequencies. The 
frequencies at which were performed the forced malicious 
vibratory movements had been separated by using the mode 
shapes.These frequencies are the base for transient analysis 
in which the velocities of active damping are 
required.Certain limited frequencies of vibrating motion 
took values between 0.658 Hz and 4.148 Hz.Figures 4 and 
5 show the eigenvalues (mode shapes) of vibrations for two 
selected frequencies. The extraction of the abovementioned 
frequencies was performed by observing the appearance of 
the first mode shape at the maximal amplitude (eigenvalue) 
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in the middle of girder span. Table 1 provides an insight into the dynamic parameters from the numericalsimulation.

 
 

Fig.4. Mode-34 (4.148 Hz),crane D 800-9,vibration with hook load of 4 t, rigid pathway support  
 

 
 

Fig.5. Mode-14 (0.658 Hz),crane D 800-9,vibration with hook load of 4 t, rigid pathway support 
 

 
Table 1 

 Eigenfrequencies of the crane structure D800.9 (Hz) 

Category of 
frequency 

The lowest 
determined 

eigenfrequency 
f1 

The measured 
eigenfrequency 

f11 

The first significant 
eigenfrequency 

f14 

The second 
significant 

eigenfrequency 
f34 

The highest determined 
eigenfrequency 

f50 

Value (Hz) 3.051 E-6 0.460 0.658 4.148 10.874 

 
 

CONCLUSION 
 
1. A malicious action, according to the conducted analysis, 

can causehigher stress states than the regular actions. 
This fact raises the question of protection of all 
significant structures. 

2. In terms of protection, technologies for remote control 
of cranes without access of man on the crane should be 
developed. 

3. It should be expected that the development of system to 
detect high stresses in structures becomes justified and 
supported by development of universal electronic safety 
controllers. 

4. The use of electronic safety controllers would protect 
expensive facilities against the working exceeding of 
limit states. 

 
 

5. The limit parameters for adjustment of each structure 
with built-in protection can be identified by transient 
and modal analysis. 

6. The controller could serve for determining the state of 
fatigue or amortization by registering all significant 
events in the exploitation of structure. 

7. The proposed controller can be a commercial device, 
independent of the type of structure which is controlled. 
For proper installation of the controller, it is necessary 
to perform numerical analysis (simulation) for 
characteristic (dangerous) situations.  

8. This controller is a type of black box and the data 
source for the judiciary in case of malicious events. By 
its presence on the structure, in the same time, the 
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controller is a mean of asset and people protection 
against adverse effects. Therefore, this device must be 
an autonomous and protected from the adverse effects. 

9. By this analysis (simulation) based on the FEM 
technology, the procedure of basic conceptual model for 
protection of one type of structure (crane) is shown. 
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Abstract 
 
This simplified Life Cycle Assessment (LCA) of belt 
conveyor drive pulley is part of complete LCA study of belt 
conveyor and it will be used for establishment of 
methodology for conducting LCA studies of Bucket Wheel 
Excavator (BWE) or similar types of belt conveyors. Drive 
pulley as all other belt conveyor pulleys is considered as 
part of belt conveyor system that doesn’t need electricity to 
fulfill its function. The only component of belt conveyor 
system that actually consume electricity is electric motor 
(EM). Drive pulley is analyzed with Ecodesign Assistant 
(EA) and Ecodesign PILOT (EP) software tools. Analysis 
had shown that drive pulley manifest the biggest impact on 
the environment in raw materials stage of its life cycle. 
Accompanying EP strategies suggested possible product 
improvements.  
 
Keywords: Life Cycle Assessment, Bucket Wheel Excavator, 
Belt Conveyor Drive Pulley. 
 
 
1. INTRODUCTION 
 
Purpose of this paper is to provide basis for conducting 
simplified Life Cycle Assessment (LCA) of variety of 
different pulleys as well as basis for their mutual comparison. 
Simplified LCA is conducted with Ecodesign Assistant (EA) 
and Ecodesign PILOT (EP) software tools. These software 
tools and terms such as life cycle, LCA and product types are 
explained in [1, 2]. 

 
2. DESCRIPTION OF THE PRODUCT 
 
Bucket wheel excavator (BWE) 1201 belt conveyor drive 
pulley main components are drum, bearings and shaft, see 
fig. 1.  
 

 
 

Fig. 1 BWE 1201 belt conveyor drive pulley   

Drive pulley flange is not considered in this study. If it is 
necessary flange can be modeled as steel part and be aded to 
steel parts.  
 

 
 

Fig. 2 Drum cross section 

Drum assembly, shown in fig. 2 is consisted of 6 parts which 
are listed in table 1. Position numbers of the parts in table 1 
are in correlation with fig. 2. 

Table 1 Drum assembly parts list 

Pos. Part name  
Mass 
[kg] 

Material Quantity

1 Rim 550.9 
Steel 

(S335J2G3) 1 

2 End disc 102.0 
Steel 

(S335J2G3) 2 

3 Ring 24.0 
Steel 

(S335J2G3) 2 

4 Positioning plate 0.3 
Steel 

(S335J2G3) 6 

5 Rubber lagging 156.8 Rubber 1 

6 
Flexible locking 
device 

12.2 Steel 2 

 
From aspect of ecodesign there is a small difference between 
fixed and floating  bearing. Differences are in construction of 
bearing housing external covers, rotary seals and extra 
bushing in case of fixed bearing.  
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Fig. 3 Floating bearing 

Floating bearing shown in fig. is consisted of 14 parts listed 
in table 2. Lubricating nipple is neglected due to different 
lubrication method retrieved from [2]. 

Table 2 Floating bearing parts list 

Pos. Part name  
Mass 
[kg]

Material Quantity

1 Welded housing 131.8 
Steel 

(S335J2G3) 
1 

2 
Roller bearing  
SKF 22240 CCK/W33 

42.5 Steel 1 

3 Locking washer MB 40 0.293 Steel 1 
4 Locknut KM 40 3.7 Steel 1 
5 Adapter sleeve H3140 12.1 Steel 1 

6 
Housing cover – 
internal 

14.1 
Steel 

(S335J2G3) 
1 

7 
Housing cover – 
external 

15.6 
Steel 

(S335J2G3) 
1 

8 Bushing 3.07 
Steel 

(CK45) 
1 

9 Lifting eye bolt 0.3 
Steel Zn 
(C15E) 

1 

10 Screw M12x16 0.03 Steel Zn 6 
11 Bolt M16x180 0.32 Steel Zn 6 
12 Nut M16 0.04 Steel Zn 6 
13 Washer A16 0.01 Steel Zn 6 

14 
Rotary seal BA Simrit 
230x270x16 

0.1 Rubber 2 

 
Fixed bearing shown in fig. 4 is consisted of same parts as 
floating bearing except diffrent constuction of external cover 
of bearing housing, aditional rotary seals BA simrit 
180x210x15 and aditional bushing. Contituent parts of fixed 
bearing are listed in table 3. 

8
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12
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Fig. 4 Fixed bearing 

Shaft is single material part made of steel 42CrMo4 and its 
mass is 751.30 kg. It is produced by forging. Steel 42CrMo4 
is recognised as High Alloyed Steel in EA material class 
table. 

Table 3 Fixed bearing parts list 

Pos. Part name  
Mass 
[kg] 

Material Quantity

1 Welded housing 131.8 
Steel 

(S335J2G3)
1 

2 
Roller bearing  
SKF 22240 CCK/W33 

42.5 Steel 1 

3 Locking washer MB 40 0.293 Steel 1 
4 Locknut KM 40 3.7 Steel 1 
5 Adapter sleeve H3140 12.1 Steel 1 

6 
Housing cover – 
internal 

14.1 
Steel 

(S335J2G3)
1 

7 
Housing cover – 
external 

15.6 
Steel 

(S335J2G3)
1 

8 Bushing 3.07 
Steel 

(CK45) 
1 

9 Lifting eye bolt 0.3 
Steel Zn 
(C15E) 

1 

10 Screw M12x16 0.03 Steel Zn 6 
11 Bolt M16x180 0.32 Steel Zn 6 
12 Nut M16 0.04 Steel Zn 6 
13 Washer A16 0.01 Steel Zn 6 

14
Rotary seal BA Simrit 
230x270x16 

0.1 Rubber 2 

15
Rotary seal BA Simrit 
180x210x15 

0.074 Rubber 2 

16 Bushing 1.21 
Steel 

(CK45) 
1 

 
Product life time is estimated to be 5 years, according to [2] 
and functional unit is defined as "transferring rotation of the 
shaft to translation of the belt at 3,9 m/s speed and load 
bearing". 
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3. ANALYSIS IN ECODESIGN ASSISTENT 
 
Prior to conducting analysis in EA and EP simplifications 
similar to those made in [2] had to be done. All drive pulley 
parts are grouped according to table 4. 

Table 4 Simplified parts list 

Product Part  Mass [kg] Material Class
Steel parts 1252 Steel III 
Steel Zn parts 5.5 Steel Zn IV 
High Alloyed Steel 
parts 

751.3 Steel High Alloyed VI 

Rubber parts 157.35 Rubber IV 
 
Parts made of same or similar material are treated as one 
part. Process energy needed for manufacturing each of the 
parts is taken into account. Material class for grouped parts 
is determined based on predominant material relative to 
classification of different materials provided by EA. 
Roller bearing SKF 22240 CCK/W33, marked with number 
2 in fig. 3 and fig. 4 is treated as a single part 
predominantly made of steel. Becides roller bearings steel 
parts obtain parts marked with numbers 1, 3, 4, 5, 6, 7, 8 
and 16 in fig. 3 and fig. 4 and parts marked with numbers 1, 
2, 3, 4, and 6 in fig. 2.  
Steel Zn parts are consisted of parts marked with numbers 
9, 10, 11, 12, 13 in fig. 3 and fig 4. 
High Alloyed Steel parts are consisted of single part – shaft. 
Rubber parts are consisted of parts marked with number 5 
in fig. 2 and with numbers 14 and 15 in fig. 3 and fig. 4. 
Main manufacturing methods of material processeing for 
this product are machining, forging, welding and injection 
moulding. Specific energy consumption (SEC) for these 
processes is obtained from [3, 4, 5]. Calculated energy for 
all of those processes was 9196 MJ. Waste genarated in 
production phase is estimated to be 10% of part mass. 
According to this assumption there is generated 113.6 kg of 
steel scrap and 15.7 kg of rubber scrap. Energy for heating 
and lighting is estimated as moderate. Percentage of 
external parts was 30-60%. Since all external parts are 
obtained from manufacturers situated in vicinity of the 
production facility, their hauling distance per unit is 
determined as "rather short". 
Production facility is situated approximately 20 km from 
location of product's utilization. Chosen means of 
transportation is truck. 
Use frequency of BWE 1201 belt conveyor drive pulley is 
defined as number of working days per year. According to 
data obtained from product user there are 325 working days 
per year. Electric energy input is not needed for drive 
pulley service. The only component of conveyor that 
consume electric energy is electric motor. Analysis of 
electric motor is not covered with this study. As in [2] FOR 
LPD 2 lubricating grease is treated as auxiliary material in 
product use stage. Amount of lubricant per use is calcualted 
and scaled according to [2]. It's calculated input per use was 
8.4·10-3 kg. Lubricant is consisted of Li-soap and mineral 
base oil. It is recognized as environmentally hazardous 
material and classified as material class V. 
Drive pulley is being partially recycled at the end of it's life. 
Steel parts and High Alloyed Steel parts are being reused. 
Other parts are being disposed off or returned to the 

manufacturer.  
Analysis carried out in EA identified idler roller as basic 
type A product, that is raw material intensive product. 
Following improvement strategies were recommended.  
Main recommended strategies were:  

 "reducing material inputs" and  
Recommended strategies with lower priority which are to 
be realized later were:  

 "selecting the right materials",  
 "optimizing product use",  
 "optimizing product functionality",  
 "increasing product durability",  
 "improving maintenance",  
 "improving reparability",  
 "improving disassembly" and  
 "reuse of product parts".  

One additional recommended strategy was "ecological 
procurement of external components". 
 
4. ANALYSIS IN ECODESIGN PILOT 
 
Improvement strategies provided by EA are further 
considered within EP. They are not presented in this paper 
particularly. Instead, they are discussed as tasks, measures 
and recommendations which are to be conducted in order to 
improve product's functionality and energy efficiency, as 
well as environmental performance. 
As FOR LPD 2 lubricant is considered environmentally 
hazardous improvement of its environmental performances 
was considered and explained in [2]. There was 
recommended use of lubricants with renewable base oils 
and new concept of ionic liquid based lubricants. There was 
recommended use of energy-saving bearings and use of 
remanufacturing service for bearings also. 
EP suggested possible utilisation of recycled steel for 
manufacturing steel parts of drive pulley. Having in mind 
that SEC for virgin steel production is much greater than 
SEC for recycled steel production, significant energy 
saving could be achieved by using recycled steel for steel 
parts manufacturing.  
As steel parts are being refurbished or reused recycling rate 
could be maximised even more by recycling rubber parts.  
Surface of the drum in contact with belt is exposed to 
soiling. To prevent formation of material buildup on the 
drum surface there can be utilised belt cleaners.  
Since drive pulley components are locally available, 
transportation and its influence is reduced to minimum.  
 
5. CONCLUSION 
 
It has been shown that particular issues considered within 
this paper were already considered in [2]. Among these 
issues were environmentally friendly lubricants, energy 
saving bearings, material buildup and wear reduction, 
transportation of external parts and end of life options. 
Analysis in EP has shown that energy and consequently 
cost savings as well as environmental improvements could 
be accomplished by conducting provided recommendations. 
Conducting this type of LCA for different types of pulleys 
can provide significant base for analyzing environmental 
performances of the BWE conveyor pulleys in general. 
With more conducted LCAs there could be made pattern for 
analyzing pulleys in general and there can be recognized 
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main issues which could occur during conveyor pulley 
utilization. Thus there can be suggested adequate solutions 
for these issues and achieved more energy efficient and 
more environmentally friendly utilization of conveyor 
pulleys.  
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The supporters are made from steel type Č.0361 and the 
supporting tubes are made from steel type Č.1204. The 
overall dimensions of the horizontal supporter as well as the 
dimensions of different consisting elements are presented 
on Fig. 4. 

 

 
 

Fig. 4: Horizontal supporter 
 
The overall dimensions of the slanting supporter and the 
dimensions of the different consisting elements are 
presented on Figure 5. 
 

 
Fig. 5: The slanting supporter 

 
The construction and the dimensions of the supporting 
element (tube) are presented on Figure 6. 
 

 
Fig. 6: Supporting element – the tube 

 

 
3. DESIGN VERIFICATION OF THE SYSTEM 
 
The verification of the support system design was 
performed with Finite Element Analysis (for the horizontal 
and the slanting supporters), and the classical calculation 
method (for the supporting tube). 
The Theory background is presented in References [1], [2], 
[3], [4] and [5] 
The presumed loading of the system is 9000 kg. 
 

3.1. Finite Element Modelling of the supporters 
 

The supporters, the horizontal one and the slanting are 
modelled with combination of plate and brick elements.  
The Plate elements have 5 degrees of freedom per node and 
the 3D Bricks have 3 degree of freedom per node. The 
properties of the built in material are: 

Jung module: E= 210000 N/mm2  
Volume density: γ= 7,85 kg/dm3  
Poison coefficient: μ= 0,3 

These are typical properties of the steel required for linear 
FEA. 
 

3.1.1. Model of the Horizontal Supporter 
 

The Finite Element Model (FEM) is presented on the Figure 7.  

 
 

Fig. 7: FEM of the horizontal supporter 
 
On the Fig. 7 with the different colours represent the 
different thickness of sheet metal: green-8mm, red-4mm, 
yellow-10mm, and blue-15mm. 
The details of the FEM in characteristic locations are 
presented on Figure 8.  
 

 
Detail 1    Detail 2 

 

Fig.8: FEM in characteristic locations due to Fig. 7 
 
The loads of the system and the boundary conditions are 
presented on Figure 9.  
The supporter on its bottom part is positioned on the loaded 
truck, and at the ends it is firmly tightened to the trunk. The 
boundary conditions are presented with red colour. The 
forces are presented with yellow colour. The forces actually 

Detail 2 

Detail 1 
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are the reactions from the upper element. 
 

 
 

Fig. 9: Loads and boundary conditions of the horizontal 
supporter 

 
3.1.2. Model of the Slanting Supporter 

 

The FEM of the slanting supporter is presented on the 
Figure 10. On the Fig. 10 with different colours are 
presented the different thickness of the sheet metal: green-
8mm, red-10mm, yellow-20mm and blue-8mm. 

 
Fig. 10: FEM of the slanting supporter 

 
The details of the FEM in characteristic locations are 
presented on Figure 11.  
 

  
Detail 1   Detail 2 

Fig. 11: FEM incharacteristic locations due to Fig. 10 
 
The loads of the system and the boundary conditions are 
presented on Figure 12. The load is in fact the weight of the 
sheet metal (presented with brown colour). 
The boundary conditions are presented with red colour. 
 

 
 

Fig. 12: Loads and boundary conditions of the slanting 
supporter 

 

3.2. Finite Element Analysis of the supporters – The 
stress analysis 

 

3.2.1. Analysis of the horizontal supporter during the 
lifting of the load 

 

The stress distribution of the horizontal supporter during 
the lifting of the load is presented on Figure 13. 

 

 
 
Fig. 13: Stress distribution of the horizontal supporter 

during the lifting of the load (Von Mizes) 
 

The maximum Von Misses stress in the critical sections is 
about 85 N/mm2and it is far below the allowed stress of the 
used material (σdoz=165 N/mm2). The distribution of the 
stress in the critical locations is presented on the Figures 14 
and 15. 
 

 
 

Fig. 14 Stress distribution at the location of the supporting 
tube (about 83 N/mm2) 

 

 
 

Fig. 15: Stress distribution at the location of the contact 
with the slanting supporter (about 50 N/mm2) 

 

Detail 1 

Detail 2 
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3.2.2. Analysis of the horizontal supporter during the 
transport 

 

The stress distribution of the horizontal supporter during 
the transport of the load is presented on Figure 16. 
 

 
 

Fig. 16: Stress distribution of the horizontal supporter 
during the transport (Von Mizes) 

 
The maximum Von Misses stress in the critical sections is 
about 59 N/mm2 and it is far below the allowed stress of the 
used material (σdoz=165 N/mm2). The distribution of the 
stress in the critical locations is presented on the Figures 17 
and 18. 
 

 
 

Fig. 17: Stress distribution at the location of the contact 
with the horizontal supporter (about 40 N/mm2) 

 

 
 

Fig. 18: Stress distribution at the location of the contact 
with the slanting supporter (about 25 N/mm2) 

 
 

3.2.3. Analysis of the slanting supporter during the 
lifting of the load 

 

The stress distribution of the slanting supporter during the 
lifting of the load is presented on Figures 19 and 20. 
 

 
 

Fig. 19: Stress distribution of the slanting supporter during 
the lifting of the load – upper view 

 

 
 

Fig. 20: Stress distribution of the slanting supporter during 
the lifting of the load – bottom view 

 
Locations with maximum stress are presented on Figure 21. 
 

 
 

Fig. 21: Maximum stress during the lifting of the load – 
upper side (about 90 N/mm2) 
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3.2.4. Analysis of the slanting supporter during the 
transport 

 

The stress distribution of the slanting supporter during the 
lifting of the load is given on the Figure 22. 
 

 
 

Fig. 22: Stress distribution of the slanting supporter during 
the transport – upper view 

 
Stress distribution in the locations of maximum stress is 
presented on Figure 23 and 24. 
 

 
 

Fig. 23: Stress distribution of the slanting supporter during 
the transport – bottom view 

 

 
 
Fig. 24: Stress distribution of the slanting supporter during 

the transport – upper view 
 
3.3. Analysis of stability of the supporting tube  

 

After the setting of the sheet metal in the transport position 
with the hydraulic system, the slanting supporter is put into 
the desired position.  

In such slanting position the hydraulic cylinder is released 
and the support is established with the supporting tube. 
Then, the system is fully capable for transport. The 
supporting tube then is fully loaded. 
The dimensions of the tube and its cross section are 
presented on Figure 25. 
 

 
 
Fig. 25. The dimension and cross section of supporting tube 
 
The cross section properties are presenter in Table 1. 
 
Table 1: Cross section properties 

 

Section 
Geometrical Properties 

Area (mm2) 
Moments of inertia 

Jx (mm4) Jy(mm4) 
1 667,24 532007,0 339262,0 (J0) 
2 964,23 878541,2 878541,2 (J1) 

 

଴ܬ ൌ 339262݉݉ସ - The least moment of inertia 
 

଴ܬ ൌ 878541,2݉݉ସ – The greatest moment of inertia 
 

଴ܬ
ଵܬ
ൌ 0,386 → ߚ ൌ 1,22 

 

݅௠௜௡ ൌ ඨ
878541,2
667,24

ൌ 36,28݉݉ 

 

݈௞ ൌ ߚ ∙ 1600 ൌ 1952݉݉ 
 

ߣ ൌ
1952
36,28

ൌ 53,8 → ߱ ൌ 1,21 

 
2.) Forces at the support 

 

The calculation scheme for the reactive forces is 
presented on Figure 26. 

 

 
 

Fig. 26 
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௩ݍ ൌ
6500
3,1

ൌ 20967,74
ܰ
݉

 
  

ݍ ൌ ௩ݍ ∙ 45ைݏ݋ܿ ൌ 14826	
ܰ
݉

 
 

෍ܯ஺ ൌ 0 	⇒ ݍ	 ∙ 3,1 ∙
3,1
2
െ ஻ܨ ∙ 1,71 ൌ 0 

 

஻ܨ ൌ
14826 ∙ 3,1ଶ

2 ∙ 1,71
ൌ 41660ܰ 

  

෍ܯ஻ ൌ 0 	⇒ ஺ܨ ∙ 1,71 െ ݍ ∙ 1,71
1,71
2

൅ ሺ3,1ݍ െ 1,71ሻ
3,1 െ 1,71

2
ൌ 0 

 
 

஺ܨ ൌ
1

1,71
ሺ1,46205ݍ െ  ሻݍ0,96605

 

஺ܨ ൌ 4300	ܰ 
 

ݏ ൌ 1,33 - Factor of irregularity 
 
஻௩ܨ ൌ 1,33 ⋅ 41660 ൌ 55408	ܰ 
 
3.3.1. Control of the stress and stability 
 

A. Static Loading 
 

Stress: 
 

ߪ ൌ
஻௩ܨ
௠௜௡ܣ

ൌ
55408
667,24

ൌ 83,04 ൏ ௗ௢௭ߪ ൌ 165
ܰ

݉݉ଶ 
 

Stability 
< 

ߪ ൌ
஻௩ܨ ∙ ߱
௠௜௡ܣ

ൌ
55408 ∙ 1,21
667,24

ൌ 100,48 ൏ ௗ௢௭ߪ ൌ 165
ܰ

݉݉ଶ 

 
 

B. Dynamic Loading 
 

 

஽ௗ௢௭ߪ ൌ
ௗ௢௭ߪ
ௗܭ

ൌ
165
1,5

ൌ 110
ܰ

݉݉ଶ 
 

stress 
 

ߪ ൌ
஻௩ܨ
௠௜௡ܣ

ൌ
55408
667,24

ൌ 83,04 ൏ ஽ௗ௢௭ߪ ൌ 110
ܰ

݉݉ଶ 
 

stability 
 

ߪ ൌ
஻௩ܨ ∙ ߱
௠௜௡ܣ

ൌ
55408 ∙ 1,21
667,24

ൌ 100,48 ൏ ஽ௗ௢௭ߪ

ൌ 110
ܰ

݉݉ଶ 

 
 
4. CONCLUSIONS 
 
Considering the facts presented in this paper it can be 
concluded: 
 The maximal values of the stress in different sections 

of the horizontal and the slanting supporter satisfy the 
design safety 

 The stress and the stability of the supporting tube 
support satisfy the design safety. 

 The constructed device can be used for transport of the 
sheet metal that exceeds the overall truck width. 

 
The constructed device has been put in operation by 
Transport Company and successfully operates for several 
years in the international transport. Thus, the most 
important verification of the construction has been done by 
successfully exploiting it in practice. 
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Abstract 
 
Friction that occurs during operation of the spur gears, on 
the meshing flanks of its teeth, causes heating of the teeth, 
which could lead to the formation of different surface 
defects. Proper choice of gear geometry may reduce the 
friction and operating temperature of the gear, preventing 
surface defects in order to increase its reliability. 
Therefore, this paper deals with a sensitivity analysis of 
operating temperature to changes of spur gear geometry 
over a range of applied load and rotational speed. The 
final reduction of the main gearbox of helicopter’s rotor 
head, consisted of a bull gear with two spur gear inputs, is 
an example of spur gears used in an air transporter. The 
control volume finite element model – CVFEM, using 
three-noded triangular elements, has been employed to 
investigate spur gear frictional heating over a range of 
gear dimensions. The results obtained by this investigation 
involve distributions of contact pressure, sliding velocity, 
coefficient of friction, frictional heat flux and temperature 
along meshing flank of the tooth, as well as, temperature 
distribution of the tooth body.  
 
Keywords: spur gear, operating temperature, gear 
geometry, CVFEM 
 
1.INTRODUCTION 
 
The teeth profile and the dimensions of the spur gears 
affect the distribution of load and contact pressure, as well 
as sliding velocity along pressure line of the meshed teeth. 
Relative sliding of meshed teeth under high rotational 
speed of gears causes the appearance of intense friction 
that causes heat generation, which leads to a significant 
heating of the surface of teeth. Heat generated by friction 
is conducted in gear teeth and simultaneously taken away 
over the teeth flanks by the cooling oil. This process leads 

to heating of gear teeth and the formation of uneven 
temperature field with maximum temperatures at the 
meshing teeth flank which results in uneven thermal stress 
filed and may lead to formation of surface defects, such as 
hot scoring, wear and surface pitting. Therefore, proper 
choice of the teeth profile and the dimensions is very 
important in order to prevent surface defects caused by 
frictional heating of the spur gears. An example of spur 
gears used in an air transporter is the final reduction of the 
main gearbox of helicopter’s rotor head as shown in 
figure 1. 

 

Fig.1. Main gearbox of helicopter’s rotor head 

The main gearbox of helicopter’s rotor head has as its 
final reduction a bull gear with two spur gear inputs as 
shown in figure 2. 

 

Fig.2. Scheme of main gearbox of rotor head 
of Sikorsky S-76 helicopter 

Previous studies of the frictional heating of the gears are 
mainly in the field of numerical modeling and 
experimental measurements [1-6]. Developed numerical 
models were used to investigate the influence of gear 
geometry and other influental parameters on the 
distribution of operating temperature along the pressure 
line of meshed gears. The influence of face width, outside 
diameter and pitch diameter [2,3], as well as, face width 
and module [4] on the distribution of operating 
tamperature of the gear were  investigated by these 
models. The result of these investigations are insufficient 
for complete understanding  of the gear geometry 
influence to distribution of its operational temperature. 
Therefore, this paper deals with a sensitivity analysis of 
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operating temperature to changes of medium speed spur 
gear geometry over a range of applied load and rotational 
speed in order to achieve deeper insight into influence of 
gear geometry to distribution of its operating temperature. 
Control volume finite element model [5], using three-
noded triangular elements, has been employed to 
investigate spur gear frictional heating over a range of 
gear dimensions. 
 
2.МЕТHODS 
 
2.1.Heat equations and boundary conditions 
 
The governing equation of two-dimensional transient heat 
conduction is described by the following equation: 

T
t

T 2

   (1)

where 22222 yx  ,  is thermal diffusivity and 

T=T(x,y) is temperature changing with time t and position 
(x,y).  
 
Fricition that occurs during the meashing of gears on the 
contact surface of the teeth causes them to heat, which, in 
conditions of constant load, after a certain time, i.e., 
number of revolutions, ends by reaching an equilibrium 
state. Change of the temperature field of the teeth during 
an equilibrium state are negligible because the heat 
generated by friction is mainly taken away by cooling 
lubricant. Since each gear tooth during operation passes 
through the same cycle that is consisted of frictional heat, 
then convective cooling and conduction, transient heat 
conduction of the gear can be analysed by a single-tooth 
model shown in figure 3. 

 

Fig.3. Single tooth model of the gear 

Convective boundary conditions for different boundaries 
are specified as follows: 

 oilTTh
n

T

n

T







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
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  Foil qTTh
n
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





32

 

0
14





n

T
 

(2)

where h is heat transfer coefficient, qF is frictional heat 
flux, Toil is lubricant temperature. 

2.2.Frictional heat 
 
Teeth flanks of the meshed gears slide one by another, 
due to that, the friction occurs at the meshing point that 
causes frictional heating of the gears. The intensity of the 
friction that occurs at the contact of teeth of the meshed 
gears is determined by the coefficient of friction which 
depends upon many parameters, such as geometry, load, 
velocities and surface roughness of the meshed gears and 
lubricant viscosity. Model for determining the friction 
coefficient of contact surfaces proposed by Winter and 
Michaelis [7], which is used for this research, is given by 
the following expression: 

 
R

tt

N

X

Rvvb

F
















 05.0

2.0

21cos

2
002.0






 (3)

where where FN is normal force at meshing point, b is 
gear width,  is pressure angle, R is equivalent radius of 
curvature at meshing point, vt1 and vt2 are velocities in the 
direction of the tangent at meshing point of the pinion and 
gear, is dynamic viscosity, and XR is roughness factor. 
Determination of FN, R, vt1 and vt2, , and XR is fully 
explained in [5]. 
 
The heat flux generated by friction of the teeth of the 
pinion and gear in an arbitrary meshing point, according 
to Long et al. [4] can be determined by the following 
equations: 

 211 tt vvpq    

   212 1 tt vvpq    
(4)

 
Contact pressure p at meshing point is determined by 
Hertzian contact theory as the average compressive 
pressure for a meshing point as explained in [5]. The heat 
conversion factor  is defined to be 0.95 and the partition 
constant of the heat between the contact areas of the 
meshing teeth  is 0.5 [4]. During each revolution every 
tooth of the pinion and gear is only once at the contact 
when receives heat input which is equal to the average 
frictional heat flux, which can be expressed as: 

1

1

1
1 60
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F 



  and 2
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2
2 60

q
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t
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


  (5)

where n1 and n2 are rotational speeds of the pinion and 
gear, and a is width of the teeth contact area. 
 
2.3.Heat transfer coefficient 
 
Lubrication and cooling of the pinion and gear is realized 
by jet lubrication. DeWinter and Blok [8] have developed 
a model to estimate the heat transfer coefficient on the 
flank of the gear tooth for this lubricating and cooling 
method: 

n
o q

r

H
ck

n
h 















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2 



 (6)
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where n is rotational speed, k is lubricant conductivity,  
is lubricant density, c is lubricant specific heat,  is 
lubricant kinematic viscosity,  is lubricant thermal 
diffusivity, H is height of meshing point, r is radius of 
meshing point, and qn is normalized cooling capacity. 
 
2.4.Control volume finite element method 
 
The governing equation of transient heat conduction (1) 
could be alternatively expressed in the integral form: 

  
A S

xdSnTdAT
dt

d
,  (7)

where  is arbitrary two dimensional domain. In this 
research domain is gear tooth geometry shown in figure 4.  

 
Fig.4. Gear tooth geometry with 

mesh of triangular elements   

The key objective of CVFEM is to reduce the integral 
form of equation (7) to set of discrete algebraic equations 
in the unknown nodal values of temperature. First step of 
this procedure is meshing two dimensional domain into 
mesh of linear triangular elements shown in figure 4. The 
continuous unknown field of temperature over triangular 
elements, can be expressed as the linear combination of 
the temperature values at nodes placed at the vertices of 
triangular elements: 
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where Nj(x,y) are shape functions and Tj are nodal 
temperature values. For each node i in the mesh the 
region of support, shown in figure 2, is identified by 
counting and listing all the neighboring nodes j that share 
a common element side with node i. Using numerical 
integration and shape function aproximations of 
temperature (8) in each element of ith support, equation 
(7) is expanded in terms of nodal values of temperature in 
the region of support. On gethering terms, the resulting 
equation for node i can be written in the discrete form: 
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where ai is coefficient associated with the unknown nodal 
values of Ti and ai,j are coefficients associated with the 
unknown nodal values of Ti,j at neighboring nodes in the 
ith support, and the additional coefficient bi accounts for 
the contribution from sources, transients and boundaries. 
Equation (9) provides an algebraic relationship between 

the value of temperature at node i and the neighboring 
nodes j in its region of support.  
 

A fully implicit scheme has been used to solve CVFEM 
equations (10) and to determine the nodal field values of 
temperature Ti: 
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where Vi is control volume of node i, BBi and BCi are 
coefficients of CVFEM boundary conditions, t is time 
step. Determination of coefficients ai, ai,j, bi, BBi i BCi is 
fully explained in [9]. Gauss-Seidel iterative solver has 
been used to find solution of CVFEM equations.  
 
3.RESULTS AND DISCUSSION 
 
CVFEM model of spur gear frictional heating was tested 
and verified in the paper [5]. This verification was 
performed by the comparison of the results obtained by 
the CVFEM model with results of experimental 
measurements of spur gear tooth temperatures conducted 
by Long et al. [4]. These measurements are realized for 
rotational speeds of 2000, 4000 and 6000 r/min and the 
load cases A, B, C, D, E, F and G given respectivelly by 
values of torque 17.4 Nm, 26.0 Nm, 35.0 Nm, 43.0 Nm, 
52.0 Nm, 61.0 Nm and 73.0 Nm.  
 
Geometric properties of investigated spur gear set are as 
follows: number of teeth z1=15 and z2=16, module 
m=5.33 mm, pressure angle =26o, width b=4.775 mm, 
and coefficient of profile shift x1=x2=0. The material of 
the pinion and gear is 665M17 (EN-34) steel with the 
following mechanical and thermal properties: Young's 
modulus E=185.42 GPa, Poisson's ratio =0.3, thermal 
conductivity k=41.8 Wm-1K-1 and thermal diffusivity 
=1.077·10-5 m2s-1. Gear set is case-hardened and ground 
to a surface finish of 0.6 m Ra. The lubricant oil, applied 
via spray system, is Mobile Jet II with the following  
properties: density =998 kgm-3, kinematic viscosity 
=27.6·10-6 m2s (40 oC), =5.1·10-6 m2s (100 oC), 
thermal conductivity k=0.1337 Wm-1K-1 (37.8 oC), 
k=0.1278 Wm-1K-1 (93.3 oC), specific heat c=2000 Jkg-1K-

1 (90 oC) and oil temperature TOil=90 oC. 
 
In order to investigate an influence of gear geometry on 
the distribution of its operating temeperature a serie of 
gear models is generated with variation of coefficient of 
profile shift regarding to gear set used for model 
verification [5]. Dimension range of interest for this 
research is x1=(-0.4÷0.2). Geometries of the pinion tooth 
with different values of coefficient of profile shift and 
corresponding triangular finite element meshes are 
generated. Finite element mesh of each model involved 
not more than 1000 nodes. The positions of all nodes on 
each tooth boundaries are identified. Then heat flux and 
heat transfer coefficient in all nodes along meshing flank 
of the pinion tooth for different combinations of rotational 
speeds and load cases are determined. Afterwards, 
transient heat analysis of the frictional heating of the 
pinion was carried out. As an example, obtained 
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distributions of tooth temperature for T=73 Nm and 
n=10000 rpm are shown in figure 5. 

   

Fig.5. Distribution of tooth temperature of the pinion 
a) x1=-0.4 and b) x1=0.2  

Obtained temperature distributions show that gear 
temperature increases with increase of rotational speed 
and even more intense with increase of load. Temperature 
distributions also show that the maximum temperature 
occurs on the meshing flank of the pinion tooth in the 
zone below the pitch circle, which was expected 
according to obtained distribution of heat flux. 
Temperature distributions are smoother for lower 
rotational speeds and loads and more uneven for higher 
rotational speeds and loads with very strong temperature 
peaks on mashing flank of the pinion tooth located below 
the pitch circle at the position of maximum temperature 
and above the pitch circle at the position of another local 
maxumum of temperature. This is shown in figure 6. 

 
Fig.6. Temperature distribution along the tooth meshing 

flank of the pinion with x1=0.2 

 
Fig.7. Coefficient of profile shift  versus 

gear  maximum temperature 

Increase of coefficient of profile shift significantly 
influences on decrease of gear maximum temperature as 
shown in figure 7. Curves in figure 7 confirm this 
conclusion especially for high load gears. For example, 
increase of coefficient of profile shift from -0.4 to 0.2 
causes temperature reduction up to 23%. 
 
4.CONCLUSION 
 
The CVFEM models with different combinations of 
operating conditions and gear geometries are established 
for evaluating the influences of operating conditions and 
gear geometry on tooth temperature variations. According 
this models the zone of highest operational temperature of 
gear is its meshing flank. There are two temperature peaks 
along meshing flank one below and another above the 
pitch circle. The maximum gear temperature for each 
investigated case is at the peak below the pitch circle. 
Regarding operating conditions, load is more influencing 
on the gear maximum temperature than rotational speed. 
High loads also cause more uneven distribution of gear 
tooth temperature with two very distinct temperature 
peaks along its meshing flank. Regarding gear 
dimensions, distribution of the gear tooth temperature is  
quite sensitive to changes of its coefficient of profile shift. 
Sensitivity of distribution of tooth temperature of the gear 
to changes of its geometry increases with increase of load 
magnitude. 
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Abstract 

 
Consideration of passengers travelling problems in an 
elevator car represents the study of complex processes and 
procedures. Nowadays, high ride quality of elevators is 
demanded. Besides modern elevator cars, we must provide 
the low vibration and noise levels.  
The dynamic characteristics of the elevator car system play 
a very important role in elevator engineering. 
The paper shows the process of forming adequate dynamic 
models for elevators grouped according to their features, 
and with this an analysis can be performed of the influence 
of certain parameters on their behaviour in operation. 
Based on the formed elevator models, simulations have 
been performed, and the obtained results are graphically 
shown through diagrams, with the conclusions on their 
influence on elevator behaviour. 
 
Keywords: simulations of elevator operating, dynamic 
models 
 
1. INTRODUCTION 
 
The problem of force transfer and driving by friction (driving 
pulley – supporting rope) and dynamic behaviour of certain 
elements of elevator device in exploitation is the subject of 
research in many studies and is still not satisfactorily solved 
as a whole. 
At great lifting heights and great lifting velocities, a dynamic 
model is applied which considers the influence of changing 
the free rope length in relation to its dynamic behaviour [2],  
[7] and [8] where different solutions are applied for solving 
the partial differential equations of movement for the cabin 
side and the counterweight side. Besides, in [2] there is an 
analysis of a connection problem between longitudinal and 
transversal oscillations of the steel rope in exploitation 
facilities in mining ("Köppe" system). 
 

At low velocities and great heights we observe longitudinal 
oscillations of the dynamic model with an infinite number of 
degrees of freedom (oscillations of the steel rope as an elastic 
stick of constant length) [6]. 
Driving torque (force) in the transient regime of operation is 
defined approximately as a time function, depending on the 
characteristic of a driving motor (soft, medium, and rigid 
regime). Final solutions for lifting by a driving pulley are 
obtained based on the equilibrium of torques of both sides. 
Ref. [5] shows the problem of longitudinal oscillations and 
stability of movement of an elastic string with concentrated 
masses. 
With the purpose of solving the stated problems, this paper 
shows different dynamic models of a drive module and 
supporting elements which are suitable for elevator analysis 
depending on their drive characteristics (height, lifting 
velocities, mechanical characteristics of the rope...). It also 
shows the simulations of elevator dynamic behaviour for 
mechanical models of a driving mechanism whose 
movement is defined through the law of changing the 
acceleration on a driving pulley (application of classical 
motors with one and two velocities). 
 
2. DYNAMIC MODELS IN THE LIFTING 
SYSTEM BY A DRIVING PULLEY 
 
Elevators represent a specific group of transport machines for 
vertical lifting. Needs of contemporary society have 
influenced developments of different elevator constructions. 
Fig. 1 shows some kinematic solutions. Dynamic analysis is 
a specific problem and it is related to every single case. In 
real life, most often applied elevators are those whose 
kinematic scheme is shown in Fig. 1a. 
 

 
         a)       b)             c)            d) 

Figure 1. Kinematic solutions for hanging the cabin and 
counterweight 

 
Since the parameters of a dynamic model depend on masses, 
mechanical features of the elements’ materials, forces which 
affect the system, rope sliding conditions on a driving 
pulley..., the dynamic analysis of elevators is a very 
complicated problem. However, the problem can be greatly 
simplified [1], based on detailed research of drive lifting, 
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especially the influence of element stiffness on its dynamic 
behaviour. 
Rope modelling is most often done by combining a Hook’s 
model (an ideal elastic body) and a Newton’s one (an ideal 
viscose body), as shown in Fig. 2. For the drive systems with 
vertical lift, it is justified to observe the rope as a Calvin’s or 
standard model (Fig. 2b and 2c), where the rope is 
considered as a spring of great stiffness (c) combined with 
damping (b). Those parameters depend on the construction 
and load of the rope and they are defined by an experimental 
method. 

 

 
a) b)              c) 

Figure 2. Rheological models of material (a - Hook’s ideal 
elastic body, b - Calvin’s model, c - Standard model) 

 
The elevator cabin and counterweight are modelled in most 
of cases as concentrated masses (rigid elements). However, 
because of elasticity of the cabin frame, there is a possibility 
of forming different models, Fig. 3. One can also consider 
the elasticity of the upper and lower supporters in the cabin 
frame (m4) with the stiffness of c3. That model can be 
expanded, so one can also consider the elasticity of side 
supporters (m5) with c4 stiffness, as well as elastic leaning on 
the cabin’s guide rails (c5). 

 

 
Figure 3. Cabin dynamic models 

 
Besides modelling of the elevator supporting elements and 
elevator cabin, modelling drive characteristics is also very 
important. As mentioned before, because of the significant 
difference between the rope stiffness and the stiffness of 
driving mechanism elements, when modelling elevators they 
are observed as absolutely rigid, with the reduction of masses 
and inertia moments on the shaft of a driving pulley. 
Modelling of a driving moment, i.e. driving force, is 
complicated because it depends on the features of the driving 
motor, i.e. electromagnetic flux, balance masses, (especially 
of the first shaft, and the way of control (direct motor supply, 
motors with one or two velocities, control via frequency 

regulator...). These influences are defined in electronics 
through a system of six differential equations which describe 
the interdependence of mechanical and electric parameters. 
It is most common to approximately define the amount of 
driving force in the transferring operating regime [6], 
depending on the way of releasing the driving motor, based 
on these relations: 
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with: 
t1 – acceleration time, s 
P0 – pulled force (moment), N 
 
More precisely, but analytically more difficult, the driving 
moment can be defined by a so-called "static characteristic of 
an electrical motor" in the velocity function, or number of 
revolutions – P=f(v). The moment characteristic of an 
asynchrone machine in Fig. 4b, has this form according to 
[4]: 
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with:  
q – number of phases 
f = 50 – network frequency, Hz 
U – change of voltage, V 
p – number of pole pairs 
s – slip 
Rs – stator resistance, Ω 
R'r – narrowed down rotor resistance, Ω 

sX  – reactance of overflowing of stator, Ω 

rkX '  – narrowed down reactance of rotor overflowing, Ω. 

 

 
a)                                        b) 

Figure 4. Different drive regimes (a) and static moment 
characteristic of an asynchronous machine as a function of 

slip (b), [4] 
 
Apart from the before mentioned, this paper is considering 
only the dynamic behaviour of the upcoming rope to a pulley 
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for the analysis, which can be expanded to the other cases by 
analogue procedures. Elevator models depend in the first line 
on the lifting height and velocity. As real combinations of the 
two parameters there occur: 
 Passenger and freight elevators with small heights and 

low velocities of lifting, the so-called elevators with 
small lifting velocities. 

 Passenger and freight elevators with great heights and 
medium velocities of lifting, the so-called elevators with 
high lifting velocities. 

 Passenger elevators and exploitation facilities in mining 
with great heights and lifting velocities, the so-called 
express elevators. 

 
The fourth combination (small height and great velocity) is 
not applied in practice. 
 
3. NUMERAL PROCESS AND ELEVATOR 
OPERATING SIMULATIONS 

 
Based on the analysis it can be deduced that it is possible to 
apply with satisfying accuracy the elevator models with 
reduced cabin masses, counterweight and elements of driving 
mechanism with the rope models shown in Fig. 5, where we 
have m1 – reduced mass of the driving part, m2 – load and 
cabin mass, and P – driving force. It is interesting to stress 
that the rope model, in the shape of an inelastic flexible 
element, defines the so-called rigid-kinetic elevator model, 
Fig. 5a, which is used for defining the optimal relation 
between the cabin weight and counterweight, and it is also 
very useful for defining the average values of dynamic 
parameters. Fig. 5b, 5c, 5d show dynamic models with two 
degrees of freedom, which are often used when analysing 
elevators. Those cases are analysed in great details in general 
literature and they are not going to be especially dealt with. 

 

 
a)                b)                     c)                          d) 

Figure 5. Dynamic model of a supporting element, inelastic 
element (a), Hook’s model (b), Calvin’s model (c) and a 

standard model (d). 
 
At the express elevators, a rope can be seen as a visco-elastic 
body with varying stiffness. The rope stiffness changes in the 
function of change of the free rope length, and the basic 
oscillation form is an approximatelly straight line. However, 
sliding between the ropes and a driving pulley in the coming 
point is neglected. 
Modelling of movement can be done in various ways through 
models of driving mechanisms. These are the ways: 

 Defining the function for changing the number of 
revolutions of electrical motor (through the velocity of a 
driving pulley), 

 Defining  acceleration on a driving pulley, 
 Assigning driving force depending on the way of 

releasing a driving motor, Fig. 4a, 
 Modelling of a driving moment on the rotor of an 

electrical motor through a “static characteristic“, Fig. 4b 
etc. 

This paper represents the case of asigning movement  
defining acceleration on a driving pulley. In such cases a 
simulation of dynamic behaviour of elevator elements is 
performed for different operating regimes (acceleration, 
stationary movement and breaking). 
 
3.1. Defining the change in number of revolutions 
and the change of acceleration on a driving pulley 
 
Basic kinematic values which occur in elevators are velocity 
and acceleration. Due to the comfort in passenger elevators, 
there are specific acceleration values and velocity shifts, the 
so-called hitch. By various examinations, boundary values of 
acceleration and velocity of its shift (hitch) have been 

determined, and they are: 2
max 1, 4m/sa   and 

3

max
1m/sa  . 

Kinematic diagrams characteristic for special elevators are 
given in Fig. 6 and Fig. 7. Such movement diagrams are 
available when there is a regulated moment of revolution of a 
driving motor, which is applied on elevators with high lifting 
velocities and express elevators. 

 

 
a)                                              b) 

Figure 6. Ideal diagrams of elevator movement for one (a) 
and two (b) velocities of motor 

 

 
a)                                                       b) 

Figure 7. Ideal diagrams of elevator movement for one (a) 
and two (b) velocities of motor 

 

Setting the movement at elevators is a problem which is not 
easily and simply solved. Most software does not contain 
tools for representing the supporting rope - driving pulley 
system. In such cases one has to use a combination of 
existing tools in order to get satisfying results. After various 
attempts of movement, several suitable solutions emerged. 
Setting a function for chanaging the number of revolutions of 
an electrical motor can be seen as setting a function for 
changing the position of a certain marker on the rope in the 
direction of lifting the cabin. That enables setting a 
translatory movement on a translatory or cilindric joint, 
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which can simply model the connection of a rope to a driving 
pulley. 
Description of a movement in time can be assigned in many 
ways, although a combination of commands If and Step is the 
most often applyed The If command has the following 
inscription: 
IF (expression1: expression2, expression3, expression 4). 
Expression1 is actually a variable in a movement function, 
which is time in this case. If expression1 is less than a zero, 
the function equals expression2. If it equals zero, the function 
is equal to expression3 and when it is bigger than zero, it 
equals expression4. 
Step command defines the Step function, which is 
approximately like Heaviside function with a cube 
polynome. Such function is given in Fig. 8, which is 
approximatelly suitable to the velocity change in Fig. 7. 

 

 
Figure 8. Step function 

 
This equation defines Step: 
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Step command format goes like this: 
STEP (x, x0, h0, x1, h1) 
with: 
x – independent variable, 
x0 – real variable which defines h value where the step 

function begins, 
x1 – real variable that defines h value where the step 

function ends, 
h0 – the step function value at the beginning, 
h1 – the final value of the step function. 
 
It should be noted that the movements can be given by 
displacement, by velocity or acceleration, depending on what 
is easier to define at a specific moment. In this paper, 
movements are defined by the If command through 
acceleration on the driving pulley. 
 
3.2. Movement simulation results defined through 
acceleration of a driving pulley 
 
The following figures contain diagrams of certain 
parametres, where instead of the velocity at the driving 
pulley, acceleration was defined, and it was for cases with 
and without damping, with the constant and variable rope 
stiffness. 
When defining the movement through rope acceleration on a 
driving pulley, we discussed the lifting situation where the 

lifting capacity was 1000 kg, lifiting height 100 m, 
acceleration 2 m/s2, and damping 4 Ns/mm. 
The function of the change of acceleration is set like this 
(Fig. 9): 
 IF(time-5:2000,0,IF(time-9:0,-2000,IF(time-14:-2000,0,0))) 
 

 
Figure 9. Change of rope acceleration at the point of meeting 

the driving pulley 
 
The function shows that within the time span 0 to 5 s, the 
acceleration is constant and equals 2 m/s2. After that, the 
cabin moves at a constant velocity (acceleration equals zero) 
for the next 4 s. Then the breaking begins. In the mentioned 
expression it is represented with the last IF function, 
according to which the slowing down is constant, amounts to 
-2 m/s2, and lasts for the next 5s. 
Fig. 10 represents the change in the cabin position and 
velocity, and the change in the cabin acceleration at the 
constant rope stiffness during the simulation, with and 
without inner friction within them. As in the previous 
example, there is a difference whether the movement was 
defined through a change in the number of revolutions 
(velocity at a pulley). Nevertheless, the cause of the 
difference is a step function which makes a “slight“ transfer 
from accelerated to constant velocity movement, which is 
closer to the real drive operating. 
 

 
Figure 10. Diagram of the change in position, velocity and 
acceleration of the cabin with constant rope stiffness, with 

and without damping 
 
Fig. 11 shows a change in cabin acceleration during the 
simulation considering the change of stiffness and the 
quotient of inner friction of supporting ropes. Also, the figure 
represents time dependence of rope elongation, as well as a 
change in stiffness. Fig. 12 represents, in the same diagrams, 
the changes of cabin positions and rope stiffness, as well as 
the changes in stiffness and rope elongations. 
 

72



 
Figure 11. Diagram of the change in cabin acceleration with 

variable rope stiffness, and rope elongation and stiffness 
 

 
Figure 12. Diagram of the change in cabin position, 

elongation and stiffness of driving pulleys 
 

 
CONCLUSION 
 
The paper represents the procedures and methods of elevator 
modelling, depending on their features, with the application 
of numerical methods and contemporary software packages. 
The represented dynamic elevator models enable to grasp the 
most influential parametres which occur during their 
exploitation. 
The dynamic models provided in the paper enable 
simulations of elevator behaviour with a defined pulley 
movement. Based on the previous analysis, we came to the 
conclusion that: 
 It is possible to analyse the influence of weight of the 

cabin, cabin load, lifting height, rheological rope 
features (E,A, b, c,...) influences of various movement 
diagrams (the defined movement through a control 
system). 

 The influence of the change in stiffness can be 
neglected at small lifiting heights, especially in the 
cases when there is bigger inner friction within 
supporting ropes, 

 At greater lifting heights, one must take into 
consideration the influence of the change in stiffness, 
because it strongly influences the size of dynamic load, 
especially at high movement velocities and low inner 
friction, i.e. damping, 

 Simulation results can be used for determining control 
parameters (determining an optimal moment of change 
from accelerated to stationary movement and breaking), 
aiming at decreasing the dynamic load, 

With the aim of verification and comparing the results 
obtained from the simulations of dynamic models for 
different parameters, represented in this paper, the paper 
predicts experimental research.  
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Abstract 
 
Evaluation of alternative suppliers and selection of the 
most appropriate has always been viewed as the most 
important responsibility of logistics management. Although 
a large number of mathematical approaches are proposed 
to evaluate and select the alternative suppliers, this paper 
explores the applicability and capability of recently 
developed method i.e. complex proportional assessment 
(COPRAS) for supplier selection. The methodology of 
COPRAS method for the supplier performance evaluation 
for a firm that manufactures agricultural and construction 
equipment was given and the results were compared with 
those derived by the past researchers. 
 
Keywords: supplier selection, COPRAS, decision making. 
 
 
1. INTRODUCTION 
 
In today’s highly competitive and interrelated manufacturing 
environment, the effective selection of suppliers is very 
important to the success of a manufacturing firm. Many 
manufacturing firms have given increased attention to strategic 
supplier selection in an effort to reduce the number of suppliers 
to support JIT manufacturing [1]. Supplier selection decisions 
are an important component of production and logistics 
management for many companies [2].  
Supplier selection is a multi-criteria decision making problem 
involving a set of different and opposite criteria. Information 
and communication technology, financial position, flexibility 
in meeting customer needs, reputation and position in industry, 
attitude, flexibility, packaging ability, management and 
organization, geographical location, production facilities and 
capacity, personnel capability, warranties and claim policies, 
repair service, payment options, parity, cost can be considered 
as main criteria that influence the supplier selection of a given 
product in a supply chain management. 

Various multi-criteria decision-making (MCDM) methods and 
different optimization techniques have been proposed to aid 
the supplier selection process. Decision analysis is concerned 
with those situations where a decision maker has to choose the 
best alternative among several candidates while considering a 
set of conflicting criteria [3]. In order to evaluate the overall 
effectiveness of the candidate alternatives, rank and select the 
most appropriate (the best) supplier, the primary objective of 
an MCDM method is to identify the relevant supplier selection 
problem criteria, assess the alternatives information relating to 
those criteria and develop methodologies for evaluating the 
significance of criteria. 
Bayazit [4] explored the use of ANP methodology as a 
method for supplier selection. Šimunović et al. [5] applied 
AHP method for the purpose of systematic evaluation and 
selection o of suppliers. Liu et al [1] proposed and 
demonstrated the use of data envelopment analysis (DEA) in 
evaluating the overall performances of suppliers in a 
manufacturing firm. Kwang [6] proposed a combined scoring 
method with fuzzy expert systems approach to perform the 
supplier assessment. Feng et al. [7] presented a stochastic 
integer programming approach for simultaneous selection of 
tolerances and suppliers based on the quality loss function and 
process capability indices. Linear programming as one of the 
techniques of operational research, integrated with other 
methods, is applied in the papers [8, 9]. Shyur and Shih [10] 
proposed a hybrid MCDM model using ANP and TOPSIS 
methods for strategic supplier selection. Wadhwa and 
Ravindran [11] presented multi-objective optimization 
methods including weighted objective, goal programming 
and compromise programming. Venkata Rao [12] presented 
a logical procedure for solving the vendor selection 
problem in a supply chain environment with multiple 
objectives which is based on a combined AHP and genetic 
algorithm method. Kumar and Roy [13] proposed hybrid 
modeling approach by using AHP and artificial neural 
network to assess supplier performance. An extensive 
review of MCDM methids for supplier evaluation and 
selection is given by Ho et al. [14]. 
As seen from literature, many MCDM methods have been 
proposed for solving supplier selection problem. However, 
there is need for a systematic and simple mathematical 
approach for efficient and effective evaluation of 
competitive suppliers. In this paper, an attempt is made to 
explore the applicability and capability of recently 
developed MCDM method, i.e. complex proportional 
assessment (COPRAS) method for selection of the most 
appropriate supplier. Till date, COPRAS method has very 
limited application in the logistics domain. 
 
 
2. COPRAS METHOD 
 
The preference ranking method of complex proportional 
assessment (COPRAS) method was developed by Zavadskas 
et al. [15]. In this method, the influence of maximizing and 
minimizing criteria on the evaluation result is considered 
separately. The selection of the best alternative is based 
considering both the ideal and the anti-ideal solutions. The 
main procedure of COPRAS method includes several steps 
[3]. 
Step 1: Set the initial decision matrix, X. 
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where xij is the assessment value of i-th alternative in respect 
to j-th criterion, m is the number of alternatives and n is the 
number of criteria. 
Step 2: Normalization of the decision matrix by using the 
following equation: 
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Step 3: Determination of the weighted normalized decision 
matrix, D, by using the following equation: 
 

  n,...,jm,...,iwryD jijnmij 1 ,1 , 


 (3)

 
where rij is the normalized performance value of i-th 
alternative on j-th criterion and wj is the weight of j-th 
criterion. 
The sum of weighted normalized values of each criterion is 
always equal to the weight for that criterion: 
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Step 4: In this step the sums of weighted normalized values 
are calculated for both the beneficial and non-beneficial 
criteria by using the following equations: 
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where y+ij and y-ij are the weighted normalized values for the 
beneficial and non-beneficial criteria, respectively. 
Step 5: Determination the relative significances of the 
alternatives, Qi, by using the following equation: 
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where S-min is the minimum value of S-i. 
 
Step 6: Calculation of the quantitative utility, Ui, for i-th 
alternative by using the following equation: 
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Q
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where Qmax is the maximum relative significance value. 
 
As a consequence of Eq. 6, utility values of the candidate 
alternatives range from 0% to 100%.The greater the value of 
Ui, the higher is the priority of the alternative. Based on 
alternative’s utility values a complete ranking of the 
competitive alternatives can be obtained. 
 
3. SUPPLIER SELECTION AND DISCUSSION 
OF THE RESULTS 
 
In this paper a case study presented by Liu et al. [1] was 
considered. The authors demonstrated the supplier 
performance evaluation using DEA method for a firm that 
manufactures agricultural and construction equipment. The 
multi-criteria decision making problem with the goal (the 
supplier selection), criteria and alternatives is shown in 
Figure 1. 
As could be seen from Figure 1, five criteria for the best 
supplier selection were proposed i.e. price, quality, delivery 
performance, distance and supply variety. Also, multi-criteria 
decision making problem involves assessment and ranking of 
18 alternatives (suppliers). Price and distance to the category 
of “non-beneficial” criteria, and smaller assessment values 
are preferred. On the other hand quality, delivery 
performance and supply variety are “beneficial” criteria and 
higher values are preferred. The data for the assessment of 
alternatives are given in Table 1. 
The application of COPRAS method for ranking of 
alternative suppliers begins with normalization of decision 
matrix. Firstly by using Eq. 2 the normalized decision matrix 
is obtained (Table 2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Structure of MCDM problem for the supplier selection 

 
 

Criteria

Goal: Select the best supplier 

Delivery performance Distance Supply varietyQuality Price 

 
 
 
 

Alternatives 

Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 6

Supplier 8 Supplier 9 Supplier 10 Supplier 11 Supplier 12

Supplier 14 Supplier 15 Supplier 16 Supplier 17 Supplier 18

Supplier 7 

Supplier 13 
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Table 1. Decision matrix for supplier selection problem 

 

 
Price 
($) 

Quality 
(%) 

Delivery performance 
(%) 

Distance 
(miles) 

Supply variety 

Goal Min Max Max Min Max 

Supplier 1 100 100 90 249 2 

Supplier 2 100 99.79 80 643 13 

Supplier 3 100 100 90 714 3 

Supplier 4 100 100 90 1809 3 

Supplier 5 100 99.83 90 238 24 

Supplier 6 100 96.59 90 241 28 

Supplier 7 100 100 85 1404 1 

Supplier 8 100 100 97 984 24 

Supplier 9 100 99.91 90 641 11 

Supplier 10 100 97.54 100 588 53 

Supplier 11 100 99.95 95 241 10 

Supplier 12 100 99.85 98 567 7 

Supplier 13 100 99.97 90 567 19 

Supplier 14 100 91.89 90 967 12 

Supplier 15 80 99.99 95 635 33 

Supplier 16 100 100 95 795 2 

Supplier 17 80 99.99 95 689 34 

Supplier 18 100 99.36 85 913 9 
 

Table 2. Normalized decision matrix for supplier selection problem 
 

 
Price 
($) 

Quality 
(%) 

Delivery performance 
(%) 

Distance 
(miles) 

Supply variety 

Goal Min Max Max Min Max 

Supplier 1 0.0568 0.0560 0.0547 0.0193 0.0069 

Supplier 2 0.0568 0.0559 0.0486 0.0499 0.0451 

Supplier 3 0.0568 0.0560 0.0547 0.0554 0.0104 

Supplier 4 0.0568 0.0560 0.0547 0.1404 0.0104 

Supplier 5 0.0568 0.0559 0.0547 0.0185 0.0833 

Supplier 6 0.0568 0.0541 0.0547 0.0187 0.0972 

Supplier 7 0.0568 0.0560 0.0517 0.1090 0.0035 

Supplier 8 0.0568 0.0560 0.0590 0.0764 0.0833 

Supplier 9 0.0568 0.0560 0.0547 0.0497 0.0382 

Supplier 10 0.0568 0.0547 0.0608 0.0456 0.1840 

Supplier 11 0.0568 0.0560 0.0578 0.0187 0.0347 

Supplier 12 0.0568 0.0559 0.0596 0.0440 0.0243 

Supplier 13 0.0568 0.0560 0.0547 0.0440 0.0660 

Supplier 14 0.0568 0.0515 0.0547 0.0750 0.0417 

Supplier 15 0.0455 0.0560 0.0578 0.0493 0.1146 

Supplier 16 0.0568 0.0560 0.0578 0.0617 0.0069 

Supplier 17 0.0455 0.0560 0.0578 0.0535 0.1181 

Supplier 18 0.0568 0.0557 0.0517 0.0709 0.0313 
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The decision maker express or define the ranking i.e. 
significance (relative importance) of criteria by assigning 
weighting coefficients. It may be added here that relative 
importance of criteria may be expressed either with ordinal 
(qualitative) or cardinal (quantitative) level data, or a mix of 
both. Using the AHP method, Venkata Rao [2] determined 
the significance of each criterion, i.e. criteria weighting 
coefficients as: wprice=0.1361, wquality=0.4829, wdelivery performance 

=0.2591, wdistance=0.0438 and wsupply variety=0.0782. For the 
comparison purpose the same weighting coefficients are 
considered.  
By using Eq. 3 the weighted normalized decision matrix is 
obtained (Table 3). As mentioned earlier, the purpose of 
normalization is to obtain dimensionless values of different 
supplier selection criteria so that all these criteria can be 
compared. 
By applying Eq. 5 sums of weighted normalized values are 
calculated for all criteria. Subsequently, relative significance 
(priority) of each alternative was obtained by using Eq. 6 
(Table 4). 
Finally, by using Eq. 7, quantitative utility for each 
alternative was calculated upon which the final ranking was 
obtained (Table 5). 
From Table 5, the ranking of the alternative suppliers is 
observed as 10-17-15-8-6-5-13-11-12-9-2-18-16-14-3-4-1-7. 
Hence the best choice is supplier 10. Supplier 17 is the 
second choice and the third choice is supplier 15 and these 
results match with those of Liu et al. [1]. The last ranked 
alternative is supplier 7. Venkata Rao [2] obtained a ranking 
of the alternative suppliers as 10-17-15-6-5-8-13-11-12-9-2-
1-16-14-3-18-4-7 while solving the problem using the 
TOPSIS method. Figure 2 compares the ranking performance

 
Fig. 2 Comparative rankings of CORPAS and TOPSIS 

 
of COPRAS method with respect to TOPSIS method by 
Venkata Rao [2]. The results do not show much difference 
between COPRAS and TOPSIS method except in the 
rankings of the middle rated alternatives. It can be observed 
that supplier 10 received the highest attention by all methods, 
hence may be regarded as the most appropriate. 
In some cases it may be advantageous to develop and 
maintain high quality relationships with several suppliers in 
order to maximize profitability, minimize risk and achieve 
competitive advantage. As noted by Liu et al. [1], with a 
smaller number of suppliers, the company will be able to 
develop better partnerships with suppliers which in turn can 
result in reduced order processing costs. Considering present 
case study it seems that it would beneficial to develop long 
term relationships with suppliers 10, 17 and 15. Liu et al. [1] 
had suggested that five vendors, i.e., 1, 10, 12, 15, and 17 
were efficient, the remaining vendors were inefficient, and 
vendors 2 and 14 were most inefficient. 

 
Table 3. Weighted normalized decision matrix for supplier selection problem 

 

 
Price 
($) 

Quality 
(%) 

Delivery performance 
(%) 

Distance 
(miles) 

Supply variety 

Goal Min Max Max Min Max 

Supplier 1 0.0077 0.0271 0.0142 0.0008 0.0005 

Supplier 2 0.0077 0.0270 0.0126 0.0022 0.0035 

Supplier 3 0.0077 0.0271 0.0142 0.0024 0.0008 

Supplier 4 0.0077 0.0271 0.0142 0.0061 0.0008 

Supplier 5 0.0077 0.0270 0.0142 0.0008 0.0065 

Supplier 6 0.0077 0.0261 0.0142 0.0008 0.0076 

Supplier 7 0.0077 0.0271 0.0134 0.0048 0.0003 

Supplier 8 0.0077 0.0271 0.0153 0.0033 0.0065 

Supplier 9 0.0077 0.0270 0.0142 0.0022 0.0030 

Supplier 10 0.0077 0.0264 0.0158 0.0020 0.0144 

Supplier 11 0.0077 0.0270 0.0150 0.0008 0.0027 

Supplier 12 0.0077 0.0270 0.0154 0.0019 0.0019 

Supplier 13 0.0077 0.0271 0.0142 0.0019 0.0052 

Supplier 14 0.0077 0.0249 0.0142 0.0033 0.0033 

Supplier 15 0.0062 0.0271 0.0150 0.0022 0.0090 

Supplier 16 0.0077 0.0271 0.0150 0.0027 0.0005 

Supplier 17 0.0062 0.0271 0.0150 0.0023 0.0092 

Supplier 18 0.0077 0.0269 0.0134 0.0031 0.0024 
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Table 4. Relative significance of alternatives 

 
Qi 0.0423 0.0436 0.0425 0.0424 0.0482 0.0484 0.0411 0.0493 0.0447 

Supplier 1 2 3 4 5 6 7 8 9 
Qi 0.0570 0.0453 0.0448 0.0469 0.0427 0.0515 0.0430 0.0518 0.0431 

Supplier 10 11 12 13 14 15 16 17 18 
 

Table 5. Utility values and ranking of the candidate alternatives 
 

Ui 74.22 76.47 74.55 74.34 84.62 84.99 72.07 86.42 78.34 
Supplier 1 2 3 4 5 6 7 8 9 

Ui 100.00 79.39 78.64 82.20 74.93 90.39 75.44 90.85 75.68 
Supplier 10 11 12 13 14 15 16 17 18 

 
An analysis and comparision with previous results suggest 
that COPRAS method can be successfully applied for dealing 
with complex supplier selection problems. 
The COPRAS and TOPSIS methods are mathematically 
simple to moderately complex to understand. Although both 
methods can be relatevely easy applied using EXCEL 
worksheet, the implementation i.e. calculation/computation 
time of COPRAS method requires less time and effort. The 
ease of implementation of COPRAS method in EXCEL 
worksheet, enables efficient use of this method for solving 
complex supplier selection problems which involve 
assessment of a number of alternatives over a number of 
criteria, and also with different types of criteria.  
 
4. CONCLUSION 
 
Evaluation of alternative suppliers, ranking and selection of 
the most appropriate involves consideration of numeruos and 
conflicting criteria. Application of different multi-criteria 
decision making methods to the problem of supplier selection 
helps to make a more objective and reliable decisions. In the 
formulation and solving procedure of supplier selection 
problems multi-criteria decision making methods often 
involve active participation of decision makers. This is 
particularly related to formulation of criteria relative 
importance as well as to analysis, ranking and selection of 
the final solution, i.e. best alternative. Throught the use of 
specialized software packages many different multi-criteria 
decision making methods can be easily applied. 
Although different multi-criteria decision making methods 
have already been proposed by the past researchers to 
address the problem of supplier evaluation and selection, it is 
still not clear which method is the best for a given problem. It 
seems that the ease of understanding an method is a primary 
concern in the choice of whether (or not) it is used. 
This paper explores the applicability and capability of 
recently developed COPRAS method while solving complex 
supplier selection decision-making problem, involving 
cardinal criteria. The decision maker can easily apply 
COPRAS method for the formulation of a reduced 
performance criterion which is directly proportional to the 
relative effect of the compared criteria values. 
Regarding the COPRAS methodology and and comparision 
with previous results, it is clear that this approach has good 
competitive potential for wider application. Further 
investigation will include comparisons of COPRAS method 

with other multi-criteria decision making methods for 
supplier selection. 
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Abstract 
 
In this paper is presented a multi-criteria decision making 
approach for evaluating sustainable city logistics initiatives 
or measures based on qualitative information, using fuzzy 
TOPSIS method. While the AHP method is used to analyze 
the structure of the sustainable city logistics measure 
problem and to determine weights of criteria, fuzzy TOPSIS 
method is used to obtain final ranking. Several stakeholders 
associated with urban freight transport are included in 
selection of evaluation criteria and allocation of linguistic 
ratings to alternatives. According to results of 
implementation of CIVITAS measures for urban freight 
logistics in European cities, four alternative/measures are 
evaluated as an illustrative example for selection of best 
city logistics measure. 
 
Keywords:city logistics, sustainable measures, multicriteria 
evaluation, AHP method, fuzzy TOPSIS method 
 
1. INTRODUCTION 
 
In the last years urban freight transport system has become an 
important issue in sustainable urban development. With 
urban traffic increasing, and the raise of congestion, negative 
environmental impacts and energy consumption, public 
administrations in cities were confronted with the problem of 
urban freight distribution, that was managed traditionally 
only by the transportation carrier [3]. According the 
importance of sustainable development, city logistics 
initiatives are recognized as the best solutions for efficient 
urban freight distribution with high environmental objectives 
[9]. In order to meet the specific local conditions and cope 
with the problems caused by commercial transport, within 
the CIVITAS-Initiative, co-financed by the European Union, 
the cities got together searching for appropriate solutions and 

measures demonstrated in field urban freight logistics which 
is one of eight thematic categories of measures identified as 
the basic building blocks of an integrated strategy for 
sustainable mobility [3]. 
Based on literature and best practices review, this paper 
presents an approach for qualitative multicriteria evaluation 
of sustainable city logistics measures using AHP and fuzzy 
TOPSIS method, which allows inclusion of the main aspects 
of each sphere of sustainability, respectively economic, 
environmental and societal, and the stakeholders associated 
with urban freight transport decision making process [7]. 
 
In this paper we use only AHP method because the fuzzy 
AHP method is only practically usable if the number of 
criteria and alternatives is sufficiently low so that the 
number of pairwise comparisons performed by decision 
makers must remain below a reasonable threshold. The 
fuzzy TOPSIS is applied to achieve the final ranking of 
alternatives in order to avoid an unreasonably large number 
of pairwise comparisons [5]. 
 
2. METHODS 
 
2.1. The AHP method  
 

Analytic Hierarchy Process (AHP), developed by Saaty[6],  
is a quantitative technique used to determine the relative 
importance of a set of activities in a multi-criteria decision 
problem. The AHP method is based on three principles: 
structure of the model, comparative judgment of the 
alternatives and criteria and synthesis of the priorities. 
Following to that, the AHP method consists of three steps. 
In the first step, a complex decision problem is structured as 
a hierarchy of criteria, sub-criteria (if exist) and 
alternatives. A hierarchy has at least three levels: overall 
goal of the problem at the top, multiple criteria that define 
alternatives in the middle and decision alternatives at the 
bottom [1]. The second step is the comparison of the 
alternatives and criteria. Procedure starts in order to 
determine the relative importance of the criteria within each 
level. In each level, the criteria are compared pairwise 
according to their levels of influence and based on the 
specific criteria in the higher level [1]. In AHP method, 
multiple pairwise comparisons are based on a standardized 
comparison scale of nine levels (Table 1). 
 
Table 1. Scale of measurement forAHP 
Definition Intensity of 

importance 
Equally emportant 1 

Slightlymore important 3 

Strongly more important 5 

Very strongly more important 7 

Extremely more important 9 

Intermediate values to reflect compromise  2,4,6,8 

Used to reflect dominance of the second 
alternative as compared with the first 

Reciprocals 

 
Let   njCC j ,...,2,1 be the set of criteria. The result of 

pairwise comparison on n criteria can be summarized in an 
(nxn) comparison matrix A (Eq.1) in which every element 

),...,2,1,( njiaij  is the quotient of weights of the criteria. 
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where  1iia , ijji aa 1 , 0ija  

 
In the last step, the mathematical process commences to 
normalize and find the relative weights for each matrix. The 
relative weights are given by the principal eigenvector (w) 

corresponding to the largest eigenvalue ( max ): 

wAw max  (2) 

 
The quality of the output of the AHP is related to the 
consistency of pairwise comparison judgments. The 
Consistency Ratio (CR) for each of the matrix and overall 
inconsistency for the hierarchy are calculated in order to 
control the results of this method. The Consistency Ratio is 
used to estimate directly the consistency of pairwise 
comparisons. CR is computed by using Eq (3). 
 

RICICR   (3) 

 

1
max





n

n
CI


 (4) 

 
where CI is consistency index and RI is random index 
which is shown in Table 2 (n is matrix size). If the CR ≤ 
0.10 the consistency of the matrix is considered as 
acceptable, otherwise the evaluation procedure has to be 
repeated to improve consistency. 
 
Table 2. The Random Consistency Index (RI) 
n 1 2 3 4 5 6 7 8 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 

n 9 10 11 12 13 14 15 16 

RI 1.45 1.49 1.51 1.48 1.56 1.57 1.59 1.6 

 
2.2. The fuzzy TOPSIS method 
 
Definition 1.A triangular fuzzy number is represented as a 
triplet  321 ,,~ aaaa  . The membership function  xa~ of 

triangular fuzzy number a~ is given by: 
 

 










































3

32
23

3

21
12

1

1

~

,0

,,

,,

,,0

ax

axa
aa

xa

axa
aa

ax

ax

xa
 

(5) 

 
Definition 2.In fuzzy set theory, conversion scales are 
applied to transform the linguistic terms into fuzzy 
numbers.  

In this paper, we will use a scale of 1–9 to rate the 
alternatives. Table 3present the linguistic variables and 
fuzzy ratings used for evaluation of alternatives. 
 
Table 3.Linguistic terms for alternatives ratings 

Lingvistic term Membership function 

Very poor (VP) (1, 1, 3) 

Poor (P) (1, 3, 5) 

Fair (F) (3, 5, 7) 

Good (G) (5, 7, 9) 

Very good (VG) (7, 9, 9) 

 
The fuzzy TOPSIS approach involves fuzzy assessments of 
alternatives in TOPSIS. The TOPSIS approach chooses 
alternative that is closest to the fuzzy positive ideal solution 
(FPIS) and farthest from the fuzzy negative ideal solution 
(FNIS). A positive ideal solution is composed of the best 
performance values for each criterion whereas the negative 
ideal solution consists of the worst performance values. If 
the objective is to maximize criteria then closeness to FPIS 
and far distance from FNIS is preferable. If the objective is 
to minimize criteria, then closeness to FNIS and distance 
from FPIS is preferable.  
 
Suppose a multicriteria decision making problem has m 

alternatives/possible candidates (A 1 ,A 2 ,...,A m ), and n 

decision criteria (C 1 ,C 2 ,…,C n ). Each alternative is 

evaluated with respect to the n criteria. All the values 
assigned to the alternatives with respect to each criterion 
form a decision matrix denoted by X =  

mxnijx . Let W= 

(w 1 ,w 2 , . . . ,w n ) be the relative weight vector about the 

criteria, satisfying .1
1




n

j
jw  

Then the various steps of fuzzy TOPSIS method can be 
summarised as follows: 
Step 1. Compute aggregate fuzzy ratings for the 
alternatives. If the fuzzy ratings of all decision makers are 
described as triangular fuzzy 
number  kkkk cbaR ,,

~  , Kk ,...,2,1  than the aggregated 

fuzzy rating is given by  cbaR ,,
~  , Kk ,...,2,1  where: 

 ,min k
k

aa  ,
1

1




K

k
kb

K
b  k

k
cc max  (6)

Step 2. Normalize the fuzzy decision matrix X=  
mxnijx by 

calculating
ijr which represents the normalized criteria 

value/rating. 
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where njmi ,...,2,1;,...,2,1   
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where njmi ,...,2,1;,...,2,1   
 
Step 3. Calculate the weighted normalized decision 
matrix  

nmijvV


 ~~ where: 

 
 jjijij Cwrv ~~~   (9) 

 

jw is the relative weight of the j th criterion or attribute 

and .1
1




n

j
jw  Note that ijv~ is a fuzzy triangular number 

represented by  ijijij cba ~,
~

,~ . 

Step 4.Determine the fuzzy positive ideal solution ( *A ) and 
fuzzy negative ideal solution ( A ): 

 

 ,~,...,~,~ **
2

*
1

*
nvvvA   ij

i
j vv max* 

 
(10) 

where njmi ,...,2,1;,...,2,1   
 

 ,~,...,~,~
21

  nvvvA  ij
i

j vv min

 (11) 

where njmi ,...,2,1;,...,2,1   
 
Step 5. Calculate the Euclidean distances of each 
alternative from fuzzy positive ideal solution (FPIS) and 
fuzzy negative ideal solution (FNIS), respectively: 
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n
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(12) 
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(13)

 
where  badv

~
,~ is the distance measurement between two 

fuzzy numbers a~ and b
~

and is equal to:

  

        2
33

2
22

2
113

1~
,~ babababad 

 
(14) 

 
Step 6. Calculate the relative closeness of each alternative 
to the ideal solution. The relative closeness of the 

alternative iA with respect to *A  is defined as iCC : 

mi
dd

d
CC

jj

j
i ,...,2,1,~~

~

*









 (15) 

 
Step 7. Rank the alternatives according to the relative 
closeness to the ideal solution. The bigger the iCC , the 

better the alternative iA . 

 
 
 
 

3. SELECTION OF BEST CITY LOGISTICS 
MEASURE USING AHP AND FUZZY TOPSIS: 
AN ILLUSTRATIVE EXAMPLE  

The proposed approach for selecting sustainable city 
logistics measure consists of next steps: selection of 
evaluation criteria, identification of prospective 
alternatives/measures and allocation of linguistic ratings to 
potential alternatives for the selected criteria. Schematic 
diagram of the proposed approach for selecting sustainable 
urban logistics measure is provided in Figure 1. 

 
Figure 1. Schematic diagram of the proposed model 

3.1. Selection of evaluation criteria 

The first step involves selection of criteria for evaluating 
city logistics initiatives. A committee comprising of 
representativesof city logistics stakeholders (end users, 
shippers, receivers, transport operators, public 
administrators) is formed to generate criteria for evaluating 
city logistics measure. The final list of 16 criteria, which 
could be categorized into economic, environmental, social 
and techical respectively, is based on the literature review 
[2]. The criteria are Operational costs, Energy 
Consumption, Revenues, Air pollution, Noise, Land Use, 
Congestion, Accidents, Mobility, Accessibility, Freeing of 
public space, Logistical efficiency, Trip effectiveness, 
Loading factor of vehicles, Service quality, Customer 
coverage. Table 4 presents the detailed definitions of the 16 
criteria.  
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Table 4.Criteria for evaluating city logistics initiatives  

C (The lower the better); B (The higher the better). 
 
It can be seen in Table 4 that among the 16 criteria, the nine 
criteria are the Benefit (B) category criteria that is the 
higher the value, the preferable the alternative is. For 
example, the higher the Logistical Efficiency (Criteria 
C12), the better thecity logistics measure is. Seven criteria 
have the cost (C) category that is, the lower the value the 
preferable the alternative is. For example, the lower the 
Congestion (Criteria C7), the better is the city logistics 
measure. 
 
After selection of evaluation criteria and defining of 
decision hierarchy, the weights of criteria are determined 
using AHP method. Pairwise comparison matrices are 
formed in order to determine the criteria weights. The 
experts from decision making team make their individual 
evaluations using the scale provided in Table 1 to determine 
the values of the elements of pairwise comparsion matrices. 
Geometric means of these values are found to obtain a final 
pairwise comparison matrix. The weights of the criteria are 
calculated based on this final pairwise comparison matrix. 
In the end, calculated weights of the criteria are approved 
by the committee of decision makers. 
 

3.2. Identify the prospective alternatives/city logistics 
measures 

Four alternatives are considered in this study: Consolidation 
supplies (A1), Clean urban logistics and goods distribution 
platform (A2), City freight delivery plan (A3) and Access 
Timing Restrictions (A4). These alternatives were 
identified from list of measures related to urban freight 
logistics best practices, using CIVITAS Resource Center 
[8] and Search Engine [4]. 
 

Under consolidation supplies (A1), goods from large 
vehicles are consolidated into smaller size clean delivery 
vehicles for delivery. Consolidation means that different 
goods are sorted based on the destination.The objectives of 
this alternative are to reduce the number of small direct 
deliveries, to reduce congestion levels, to improve 
environment and living conditions as well as to reduce 
energy consumption and emissions. This measure have 
been tested in Stockholm, Sweden.[8] 
 
Clean urban logistics and goods distribution platform (A2) 
means defining, implementing, promoting and coordinating 
the modified city center access freight regulations in order 
to improve the transport and freight delivery.This measure 
was implemented in Toulouse, France.[8] 
 
The alternative city freight delivery plan (A3) is related to 
the access-restricted city center where a Limited Traffic 
Zone (LTZ) already exist. The measure consists of four 
parts: new access permission procedures and pricing 
policies to the LTZ; the introduction of low emission 
vehicles; the decrease of freight vehicle accesses to the LTZ 
and improved road occupancy and deployment of dedicated 
loading areas. The objectives are to optimise and develop 
an effective integration between road pricing policies and 
technological tools (which helps optimizing delivery 
routes), to contribute to decrease the number of kilometers 
travelled to provide the same services and to demonstrate 
the impact that a regulatory action upon freight distribution 
can have on urban traffic congestion and pollution level. 
This measure was implemented in Bologna, Italy.[8]These 
three city logistics measures are also known asurban 
distribution center schemes[2]. 
 

Category Criteria Definition 
 

Category 

Economic Operational costs (C1) Costs involved in delivery of goods to customers C (↓) 

 Energy consumption (C2) Consumption of fossil fuel by transportation resources C (↓) 
 Revenues (C3) Revenues generated from the delivery service B (↑) 

Environmental Air pollution (C4) Air pollution (CO2, NOx, particulates) generated from delivery 
activities 

C (↓) 

 Noise (C5) Noise generated from urban goods vehicle movement C (↓) 

 Land use (C6) Land use generated from delivery activities C (↓) 

 Congestion (C7) Traffic congestion generated due to freight/goods delivery 
vehicles and material handling activities 

C (↓) 

Social Accidents (C8) Accidents caused due to the delivery service C (↓) 

 Mobility (C9) Facilitation of passenger travel and goods movement conditions 
inside cities 

B (↑) 

 Accessibility (C10) Ease of accessing delivery depots and customer locations B (↑) 

 Freeing of public space (C11) Number of parking spaces freed from the delivery service B (↑) 

Tehnical Logistical efficiency (C12) Delivery targets successfully met by the logistical organizations B (↑) 

 Trip effectiveness (C13) Measured by reduction in number of trips, distance between trips, 
trip travel time, reliability of trips, etc. 

B (↑) 

 Loading factor (C14) Capacity utilization of delivery vehicles B (↑) 

 Service quality (C15) Measured in terms of customer satisfaction with the delivery 
service performed 

B (↑) 

 Customer coverage (C16) Number of customers served by the delivery service within given 
geographical region 

B (↑) 
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Under access timing restrictions (A4), delivery vehicles are 
allowed inside city only during restricted hours for 
example, between 5–7 am and 9–11 pm to avoid peak hour 
traffic and congestion. If deliveries are done during these 
restricted timings, additional charges are involved[2]. 
 
3.3. Ranking of the alternatives/city logistics measures 
 
The third step involvesallocation of linguistic ratings to 
potential alternatives for the selected criteria using scales 
given in Table 3. 
 
The linguistics terms are then combined with criteria 
weights (determined using AHP method) and subject to 
fuzzy TOPSIS (Section 2.2) to generate an overall 
performance score for the alternatives (city logistics 
measures). 
 
The alternative with the highest score (the highest 
Closeness Coefficient) is finally chosen and recommended 
for implementation. 
 
Presented alternatives/city logistics measures (Section 3.2) 
are considered in this example. They are consolidation 
supplies (A1), clean urban logistics and goods distribution 
platform (A2), city freight delivery plan (A3) and access 
timing restrictions (A4). 
 
First, we use AHP method in order to calculate the weights 
of criteria. Geometric means of decision makers evaluations 
are found to obtain a final pairwise comparison matrix 
(Table 5). After obtaining the final pairwise comparison 
matrix, we perform normalization and find the relative 
weights for each criteria (Table 6). 
 
 
 
 
 
Table 5. The pairwise comparison matrix for criteria 

Table 6. Results obtained with AHP method 

Criteria Weights (wj) λ max , CI, RI, CR 

C1 0.012 

λ max = 18,16 

C2 0.071 
C3 0.015 
C4 0.026 
C5 0.016 
C6 0.035 
C7 0.035 CI = 0.144 

 
 

RI = 1.6 
 

C8 0.147 
C9 0.095 
C10 0.058 
C11 0.042 
C12 0.112 

CR = 0.09 

C13 0.116 

C14 0.090 

C15 0.079 
C16 0.050 

 
Consistency Ratio (Eq.3) of the pairwise comparison matrix 
is 0.09<0.1 so the weights are consistent and they are used 
in the selection process of alternatives. 
 
The linguistic ratings of 16 criteria are presented in Table 7. 
The aggregate fuzzy weights of alternatives are computed 
using Eq.(6). After obtaining the fuzzy scores,we perform 
normalization of the alternatives using Eqs.(7) and 
(8).Then, using the criteria weights calculated by AHPthe 
fuzzy weighted decision matrix is constructed using Eq.(9), 
followed by FPISand FNIS using Eqs.(10) and (11). 
Following to that, we compute the distance of each 
alternative from FPIS and FNIS using Eqs.(12) and 
(13).Finally, using calculated distances, the closeness 
coefficient (CCi) of the four alternatives was computed 
(Table 8). 

 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 

C1 1,0 0,2 0,3 0,2 0,1 0,2 0,1 0,2 0,1 0,3 0,3 0,2 0,3 0,5 0,3 0,3 

C2 5,0 1,0 5,0 5,0 5,0 5,0 3,0 3,0 0,2 0,3 3,0 0,2 0,3 0,2 0,2 0,3 

C3 3,0 0,2 1,0 0,3 3,0 0,3 0,3 0,2 0,2 0,2 0,3 0,2 0,2 0,1 0,2 0,2 

C4 6,5 3,0 3,0 1,0 3,0 0,3 0,3 0,2 0,2 0,2 0,3 0,2 0,1 0,1 0,2 0,3 

C5 7,0 0,2 0,3 0,3 1,0 0,3 0,3 0,2 0,2 0,2 0,2 0,1 0,2 0,1 0,2 0,2 

C6 4,5 0,2 3,0 3,0 3,0 1,0 3,0 0,2 0,2 0,3 0,5 0,2 0,2 0,2 0,2 3,0 

C7 7,0 0,3 3,0 3,0 3,0 0,3 1,0 0,3 0,3 0,3 3,0 0,3 0,3 0,2 0,3 0,3 

C8 5,0 0,3 5,0 5,0 5,0 5,0 3,0 1,0 5,0 5,0 5,0 3,0 3,0 3,0 3,0 3,0 

C9 9,0 5,0 5,0 5,0 5,0 5,0 3,0 0,2 1,0 0,5 3,0 0,3 3,0 0,3 3,0 3,0 

C10 3,0 3,0 5,0 5,0 5,0 3,0 3,0 0,2 2,0 1,0 0,3 0,3 0,3 0,3 0,3 3,0 

C11 3,0 0,3 3,0 3,0 5,0 2,0 0,3 0,2 0,3 3,0 1,0 0,2 0,3 0,2 0,3 3,0 

C12 5,3 5,3 6,5 6,5 7,0 5,0 3,0 0,3 3,0 3,0 5,0 1,0 0,3 2,0 2,0 5,0 

C13 3,3 3,0 5,3 7,0 5,0 5,0 3,0 0,3 0,3 3,0 3,0 3,0 1,0 3,0 5,0 3,0 

C14 2,0 5,0 7,0 7,0 7,0 5,0 5,0 0,3 3,0 3,0 5,0 0,5 0,3 1,0 0,5 0,3 

C15 4,0 5,0 5,0 5,0 5,0 5,0 3,0 0,3 0,3 3,0 3,0 0,5 0,2 2,0 1,0 3,0 

C16 3,0 3,0 5,0 3,0 5,0 0,3 3,0 0,3 0,3 0,3 0,3 0,2 0,3 3,0 0,3 1,0 
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Table 7. Linguistic assessments for the four alternatives 

Criteria Alternatives 

A1 A2 A3  A4 

D1 D2 D3 D4 D5 D1 D2 D3 D4 D5 D1 D2 D3 D4 D5  D1 D2 D3 D4 D5 

C1 VG VG VG G VG VG VG VG VG VG VG VG G F G  G G G F G 

C2 VG VG VG G VG VG VG VG G VG VG VG G F G  VG VG G G G 

C3 VG VG VG VG G VG G G F G VG VG G G G  G G G F G 

C4 F F F F VG F F F F F F G G F G  VG VG VG VG F 

C5 F F F F VG P P P F P F G G F G  VG VG VG VG F 

C6 G VG G G VG VP VP VP F VP VG VG VG G G  VG VG VG VG VG

C7 G VG VG G VG P P P F VP G VG VG G G  VG VG VG F VG

C8 VG VG F F F F F F F F F G G G G  VG VG VG F G 

C9 VG VG VG F G VP VP VP F VP F G G F G  VG VG G G VG

C10 VG VG F F G G G G F G F G G F G  VG VG VG F VG

C11 VG VG G G VG VP F F F F F F F F F  VG VG VG VG VG

C12 VG VG G G VG VG VG G G G G VG VG F G  VG VG VG F G 

C13 VG VG G G VG VG VG G G G G G G F G  VG VG VG F VG

C14 VG VG VG VG VG VG VG VG G G VG G G F G  G G G F G 

C15 F VG VG F G G G G F G G G G G G  VG VG VG G VG

C16 G G G F G G G G F G G VG VG G G  G G G F G 

 
Table 8. Closeness coefficient for the four alternatives 
 Alternatives 

A1 A2 A3 A4 
*~
jd  0.407 0.439 0.456 0.437 

jd

~  0.450 0.431 0.429 0.451 

iCC  0.525 0.495 0.485 0.510 

 
By comparing the CCi values of the four alternatives, we 
find that A1>A4>A2>A3. Therefore, alternative A1 
(Consolidation supplies) is chosen as the sustainable city 
logistics measure and recommended for implementation. 

4. CONCLUDING REMARKS 

A multicriteria approach, which can be based on qualitative 
information as to the elements of stakeholders judgment 
and their relative weights considering the main aspects of 
each sphere of sustainable city logistics - economic, 
environmental, societal and technical additionaly, could be 
a useful tool for decision makers associated with urban 
freight transport.For a successful implementation of this 
approach is necessary to extend research related to 
identifying the measures which are subject of evaluation, 
based on polls of experts. The strength of our approach is 
the ability to generate solutions under partial or incomplete 
information. The proposed approach can be practically 
applied by decision makers in evaluation and selection of 
city logistics measures.Since the decision making process is 
sensitive to the number of participants involved and their 
expertise with the subject, they should be carefully chosen. 
. 
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Abstract 
 
Container flow should be optimal to ensure proper resource 
utilization and profitability to consignees. This paper 
analyzes the supply chain network with primary focus on 
import container from Far East to Serbia through Rijeka 
and Kopar nodes, the main gates for the ex Yugoslavia 
Republic area. An optimization mathematical model, which 
minimize the time of container import to Serbia, by using 
different liner shipping services on the sea and truck-rail 
inland transportation networks is developed. By observing 
the minimization of time for container import from Far East 
through selected Adriatic ports it was determined the most 
optimal route for container import to Serbia. This research 
is considered to be appropriate for strategic planning at a 
national level, however, should be also of beneficial to 
organizations in global container supply. 
 
Keywords: Optimization, Container, Mathematical model 
 
 
1. INTRODUCTION 
 
International container shipping is one of the most dynamic 
economic sectors of the last few years. The development of 
container transport in recent years marks a constant 
intention for increased cargo flows. Projections indicate 
continued upward trend of container traffic. Global 
container traffic was 7 times higher in 2011 than in 1990 
and the average containership doubled in size during the 
same period. There are almost 500 liner shipping services 

providing regularly scheduled service (usually weekly) that 
enable goods to move between ports along the many trade 
routes of the world. During the period 1995 - 2011, 
container trade has increased by almost 5 times between 
Asia and Europe reaching about 20 million TEUs. The 
container trade between Asia and Mediterranean is one of 
the top three world’s highest volume arterial trade lanes and 
on this route 4.37 million TEUs was shipped using 31 
different liner shipping services in 2012.  
For businesses to gain competitive advantage there is need 
to shorten delivery time by increasing flow of containers 
through supply chain nodes. Transport users (consignees) 
require frequent, accurate and reliable implementation of 
transport. With the increase in the value of goods increases 
and the importance of speed transportation, as an important 
component of the supply chain. Container transport as 
programmed transport chain caused by the exact time 
harmonizing transport all participants in the chain. 
Deviations from schedules (sea, rail, road) leads to irregular 
deliveries - making delays and bottlenecks.  
In this research we developed an optimization model, 
programmed in MATLAB, which  main goal is to minimize 
the transit time of container import. 
Studying literature data we conclude that a small number of 
researchers investigated time minimization of container 
flow considering see and land legs together [1, 2, 3].  
The rest of this paper is organized as follows: Section 2 
describes the problem which is considered in this work 
while the mathematical model is explained in Section 3. 
Section 4 reports and analyse the results of the 
mathematical model. Finally, Section 5 is devoted to 
conclusions and future developments. 
 
2. PROBLEM DESCRIPTION  
 
We consider an intermodal transportation chain which 
based on the import - way and composed by two legs. The 
first one represents maritime transfers from origin port - 
Shanghai port to gateway ports Rijeka and Koper. The 
second leg of the chain represents the inland component of 
the distribution, in which containers are routed from 
gateways to final destination - Belgrade, by road, rail or 
barge. 
The network is composed by three categories of nodes: 
origin port (port of loading), gateway ports (ports of 
discharge) and destination (place of delivery), and two 
categories of links, maritime and inland. Such elements of 
the network are described below. 
 
2.1 Nodes 
 
Each node type has its own characteristics: 
Origin port - As one of the most important foreign trade 
partners in container imports from the Far East to Serbia is 
China with major port - port of Shanghai. It is the world's 
busiest trading port which handles a staggering 32 million 
containers a year, carrying 736 million tonnes of goods to 
far - flung places around the globe. 
Gateway ports are connected with origin port, but only by 
incoming links. From origin port it is possible to reach to 
gateway port but the opposite is not allowed since here we 
are addressing only incoming flows. The one of the main 

87



gateways for container import to Serbia are Rijeka and 
Koper port. 
Destination - Serbia is hinterland country with capital city - 
Belgrade. This region represents the largest percentage of 
Serbian imports in general. It is connected to the gateway 
ports with a direct link, representing the shortest path to 
reach it from that gateway, by truck, rail and barge. 
 
2.2 Links 
 
There are two types of links, maritime and inland, each one 
with its own characteristics, as described below: 
Maritime links are those between origin port and gateway 
ports. As for intercontinental links, there may be more than 
one link connecting an origin port to a gateway port, and 
each such link belongs to a different service with given 
travel time and frequency depends on different operators 
(Maersk Line - MSK, Mediterranean Shipping Company - 
MSC, CMA CGM, Evergreen Line - EMC, China Ocean 
Shipping Company - COSCO and Hapag - Lioyd). 
Inland links are those between gateway ports and place of 
delivery of containers - Belgrade. There are three available 
inland transportation modes which could be chosen 
including truck, railway and barge. Where there are 
available rail or barge linkages, line-haul may be done by 
rail or barge before last mile delivery by truck. Without 
such facilities, containers could also be transported from 
gateway ports to end - customers all the way by truck. 
 
3. MODEL FORMULATION 
  
In this paper we developed matemathical model which 
minimize transit time of container import from Shanghai to 
Belgrade through Rijeka and Koper port.  
It is analyzed transit time of container flow from the 
moment of the ship departure from the port of loading to 
the moment of the arrival container to the place of delivery 
in Belgrade, regarding the six different operators, two 
discharge ports and three different types of services on the 
see legs. The total time includes: transit time of maritime 
container flow from origin port to the gateway port, waiting 
time of containers at the port of discharge (which is 
included in transit time of inland transport) and inland 
transit time from the selected port to the Belgrade using 
different modes of transport. 
Let us introduce the following concepts and 

parameters to be  

used as input data for the model: 

 
 N set of nodes, let N = S ∪ E ∪ B, while S stands for 

origin port, E stands for gateway ports  and B stands for 
place of delivery 

 A set of arcs connecting an origin to a gateway (first - 
leg arcs) 

 C set of arcs connecting gateways to place of delivery  
(second - leg arcs) 

 I number of operator,  
 J number of port,   
 S type of service,  
 K mode of transport,  
 TSEijs transit time on first - leg arcs (expressed in days) 

 TEBjk transit time on second - leg arcs (expressed in 
days) 

 
and the following variables: 
 
 ttij binary time variable representing containers flow on  

first - leg arc, operator i to gateway j,  

 tlkj binary time variable representing containers flow on  
second - leg arc,  gateway j, mode of transport k, 

 

 
The mathematical model can be formulated as follows: 

Minimize Time = (	

 

Constraints:  

 

 

 
Corresponding Explanations: 
 
The objective function (1) minimizes total transit time of 
container import from Shanghai to Belgrade. Constraint (2) 
defines a single best solution for transit time on the ocean 
and depends of different type of service. Constraint (3) 
gives a single best solution for transit time on the second 
leg - arc. Constraint (4) selects the same port for the first 
and second leg - arc and represents one route from origin to 
place of delivery regarding transit time. 
 
4. RESULTS 
 
In this section we analyze the results obtained by our 
developed mathematical optimization model, which 
minimize the transit time of container import from 
Shanghai to Belgrade. Model was programmed in 
MATLAB and simulations were performed on an Intel 
Core i7-3612 QM 2.1 GHz computer. We use original input 
data regarding period July - August 2013. 
The results of our investigations are shown below: 
 
Scenario: 
 
The optimal transit time between Shanghai and Belgrade is 
29 days using ocean and inland freight together (Fig.1). The 
operator COSCO use Far East Black Sea Express Service - 
ABX (Fig.2) from Shanghai to Pireaus, Adriatic Feeder 
Service - AFS from Pireaus to Rijeka (Fig.3), then 
continues with truck to the final destination Belgrade. 
Figure 1 also includes rate per TEU and total distance on 
the optimal route. 
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Fig. 1 Optimal transit time 

 

 
 

Fig. 2 Far East Black Sea Express Service 
 

 

 
 

Fig. 3 Adriatic Feeder Service 
 

Total transit time between Shanghai and Belgrade includes: 
  

 transit time between Shanghai and Pireaus - 22 days 
 waiting time (for feeder to Rijeka) in Pireaus - 2 days  
 transit time from Pireaus to Rijeka - 3 days  
 waiting time in Rijeka port - 1 day 
 transit time from Rijeka to Belgrade by truck - 1 day 
 
A. Maurizio, M. Simona, and R. Andrea [1]  are extended 
the frequency based approach introduced by Bell et al. [2]  
to an intermodal network, adding services capacity 
constraints, loading/unloading and duty check times while 
empty containers repositioning is not treated. They deal 
with container assignment optimization on an intermodal 
network and proposed a linear programming model. 
Computational results showed the efficiency and the 
effectiveness of the approach proposed, even on large size 
instances. 
Bell et al. [2] transferred in theirs paper the classic 
frequency - based transit assignment method of Spiess and 
Florian [4] to containers demonstrating its promise as the 
basis for a global maritime container assignment model. In 
that model, containers are carried by shipping lines 
operating strings (or port rotations) with given service 
frequencies. An origin - destination matrix of full 
containers is assigned to these strings to minimize sailing 
time plus container dwell time at the origin port and any 
intermediate transhipment ports. 
Similar research in terms of testing the bi - objective 
optimization minimizing cost and transit time conducted 
Lam, J. S. L. and Gu, Y. [5] observing import and export 
container flow to and from inland China. The results and 
analysis offer managerial insights of the impact of trade-
offs between cost and transit time. 
 
5. CONCLUSION AND FUTURE RESEARCH 
 
This paper analyzes the supply chain network with primary 
focus on import of containers from Far East (Port of 
Shanghai) to Serbia (city of Belgrade) through selected 
Adriatic ports - Koper and Rijeka, observing the six world's 
largest container operators (Maersk Line, Mediterranean 
Shipping Company, CMA CGM, Evergreen Line, China 
Ocean Shipping Company and Hapag - Lioyd) with theirs 
different type of services. Serbia is hinterland country and 
container import from Far East to Serbia needs to use 
different transport modes on inland to link shipping 
transport in the sea leg including railway, barge and truck. 
Transport users require frequent, accurate and reliable 
implementation of transport. The main goal of this research 
is to provide an optimal route with shortest transit time of 
container import from Shanghai to Belgrade.  
We propose a mathematical model, which give us 
possibility to get reliable data of the minimal transit time, 
which is main advantage of this model. 
The contribution of this paper shows that the experimental 
results are not only a scientific, since it can be applied in 
practice. The application of the model is simple. It is 
recommended to managers who made a policy of the 
company, in order to improve their businesses following the 
constant changes in the market and making reliable 
comparisons. 
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Further research is needed, because this research is recited 
only part of the problem. It can be extended in the future 
and can be imported with a lot of new nodes with the main 
objective to minimize time. This model can be regarded in 
future as multi-objective and implemented with two new 
objectives - transportation costs and emissions. 
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Abstract 
 
The transport system of one area provides many benefits, 
but the all technological, economic and environmental 
impacts despite the progress of science and technology 
today is still difficult to overcome. The greatest 
endangering the environment from the means of transport 
is expressed through the air, making noise and occupation 
of land and airspace. In this paper, attention is paid to 
greenhouse gas emissions from transport. Emissions caused 
by transport accounts for about 13% of total emissions. The 
use of alternative fuels is a solution which is energy 
efficient and which reduce the contribution of transport to 
climate altered, while effectively and efficiently transport 
goods and people where and when it is needed. 
 
Keywords: transport, emissions, environmental aspects, 
alternative fuels 
 
1. INTRODUCTION 
 
The expression environment means the whole system of 
natural and anthropogenic objects and phenomena in which 
the work is done, people are living and resting. Any change 
to the environment that negative reflects on the natural flow 
of life and development, and running the environment system 
from the steady state is degradation or disruption of the 
environment.  
From the aspect of environmental protection a significant 
negative impact of transport is air pollution. Every spent liter 
of fossil fuel combustion produces about 100g of carbon 
monoxide, 30g of nitrogen oxide, 2.5 g of carbon dioxide and 
many other harmful and toxic substances such as lead 
compounds, sulfur compounds and solids particles. All of 
these compounds, to some extent lead to air pollution, either 
by direct effect on the health or globally, for example, 
causing a greenhouse effect [1]. 
The impact of traffic on modern society is immeasurable. 
Today, the mobility of people, goods and services leads the 
modern society to "mobile society". All the efforts and 
improvements in terms of reducing emissions, increasing fuel 

quality, increase fuel efficiency, even the use of alternative 
fuels, fade to information of significant increase in the 
number, strength, and the use of vehicles of all types, 
particularly motor vehicles. Of concern is the increasing use 
of personal vehicles compared to the reduction of the use of 
public forms of transport (bus and rail), which make up less 
harm to the environment. Each car annually emits three times 
more harmful ingredients than is its weight. Each year that 
causes the death of one hundred thousand people.  
Emissions of pollutants from vehicles in Europe have tend to 
decrease, however, in spite of such trends, predictions are 
that the concentration of gas which is the most usual in the 
group of greenhouse gases, CO2, will stay high in most 
urban areas [2]. 
To reduce the negative environmental impact from traffic, it 
is necessary to take a series of measures. With the inevitable 
technical and technological procedures on means of 
transportation, the most efficient is use of transport policy, 
both at the global and national level, which must lead in the 
direction of sustainable development. Measures to improve 
the system as well as preventive measures are vital in the 
process of reducing the negative impact of transport on the 
environment. 
 During the last twenty years, there were intensive developed 
of software package that allows the estimation of emissions 
per kilometer [3]. 
 
2. CLIMATE CHANGE AND AIR 
POLLUTION 
 
To study the impact of the problem of global warming, or 
climate change parameters in the future, it is necessary to 
predict the direction and intensity of these changes. In this 
purpose, a so-called 'Earth model', is used. This model use 
advanced mathematical approaches and most modern 
computer technology [4].  
Summer temperatures across Europe recorded a uniform 
increase until 2050. About 1°C-2°C, except in the West 
where the temperature will rise to around 2°C- 3°C. 
Additional temperature rise is expected on the border with 
Russia and the former Soviet Union. Large changes in the 
average monthly temperature of 8°C- 9°C, will refer to the 
countries of the Balkan region, Austria, as well as some parts 
of the Italian Alps. 
Winter temperature (January) increases  about 1°C-2°C in 
most parts of Western Europe, but also for 1°C-2°C 
additional degrees in North and Eastern Europe, which are 
much cooler and that will cause some extent spared the cruel 
winter. This upward trend in winter temperatures, that can 
certainly be said by 2100., will make that a very cold winter 
in the northern and eastern parts of Europe become much 
milder. Whole Europe except Scandinavia and parts of 
northern Germany, Belgium, Scotland and Northern Poland, 
will record a significant decline in the annual flow of water 
to 2050. year. This will be the most affected of the Dunav, 
which flows through Serbia and Bulgaria, on the Sene in 
France and several rivers in the Iberian Peninsula. 
Estimates, based on climate modeling, the temperate 
scenarios, indicate that the annual temperature in Serbia until 
the end of the century will increase by 2.6°C. Warming will 
not be uniform throughout the year; summer will be warmer 
by 3.5°C, the fall of 2.2°C, 2.3°C for the winter and spring  
2.5°C [5].  
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The transport sector is one of the largest issuers of various 
chemical compounds (carbon dioxide, nitrogen oxides, 
carbon monoxide, methane, ozone, etc.) and the polluting 
particles which affect on climate change [6]. Emissions from 
transport depend on many parameters. Type of vehicle, 
engine size, age, fuel, way the vehicle is used all these 
parameters affect emissions during driving [7].  
Much of the city's population is exposed to the levels of 
emissions that exceed the limit values of air quality 
prescribed for the protection of human health.  
Although, thanks to the introduction of the EURO standards 
for vehicles, the trend of reducing emissions in the transport 
is favorable, the share of the transport sector in the emissions 
of pollutants considered is still significant. 
Internal combustion engines emit a series of different 
pollutants and the emissions are directly dependent on 
technology vehicles or engines and fuel characteristics. Due 
to advancing technology for reduction of emissions from 
vehicles depends on fuel quality, the measures shall include 
in addition to the standards for vehicle, engine and fuel 
standards. Emissions consist for the most part of the 
following elements: the incombustible hydrocarbons, oxides 
of nitrogen, carbon monoxide, particulates, carbon dioxide, 
water vapor, sulfur oxides, ozone, oxides of lead and other 
fuel additives.  
Data on emissions of greenhouse gases to transport modes 
and types of transport are given in Table 1. It may be noted 

that the values of emissions for road transport is significantly 
higher compared to rail transport. 
Emissions of harmful substances depend on the 
characteristics of network transport, traffic intensity and type 
of transportation. These aspects are linked in the following 
way: 
-The structure of network transport determines the spatial 
distribution of the emission of harmful substances. 
Centralized network transport has concentrated traffic and 
because of that emission is centralized too. Dispersed 
networks can be better at the local level, but requires a larger 
amount of energy; 
-Traffic intensity is determined by the degree (level) of 
emissions; 
-Type of traffic determines the nature of the emission. Not all 
types of transportation have the same pollutants. Road traffic 
with the amount of greenhouse gases emitted by road 
vehicles is far ahead from other industries and causes 90% of 
the total external costs. In addition to the emissions that have 
immediate effect and intensified at the local level, some 
programs have delayed / long-term adverse effects in the 

form of global warming and climate change. Transport 
contributes significantly to global climate change. 
Concentrations of carbon dioxide, methane and nitrous oxide 
generated by burning fuel in vehicles cause greenhouse 
gases. Emissions of greenhouse gases (GHG) retained 
electromagnetic radiation and thus lead to global warming of 
the earth's surface. Further some of these gases destroying 
the ozone layer which protects the earth's surface from 
ultraviolet radiation.  
Emissions of CO2 occur in other sectors such as industry, 
household, power plant but in transport is a significant issue 
with 27% [9]. Taking into account all the sectors of transport 
in road transport is the highest CO2 emissions with 72%.  
Air pollution as a negative external effect of traffic is a big 
problem today because it affects many field of human life. 
Emissions do not directly affect human health but indirectly 
through the greenhouse effect and global warming affect. 
  

3. COMBUSTION OF FUELS IN MOTOR 
VEHICLES 

 
Internal combustion engines (IC) used in motor vehicles or 
for other purposes, are the main sources of certain pollutants. 
At the global level, they account for over 60% of the 
emissions of carbon - monoxide, about 50% of the emissions 
of hydrocarbons and 50% in emissions of oxides of nitrogen 
[6]. 
Combustion is the main process during which the chemical 
energy of the fuel is converted into heat and then into 
mechanical work in IC engines. Of the total energy that is 
released during the burning process, about 42% is used to 
start the vehicle, while the remaining 58% is loss. Basically, 
when engine has higher efficiency, there are also smaller 
amounts of harmful exhaust gases. The development and use 
of new technologies in order to reduce emissions, has led to 
such advanced solutions that are harmful gas emissions fell 
by more than 95%. 
Combustion is a very complex chemical process, 
characterized rapid changes in temperature, pressure and 
concentration of reactive substances. The process of 
chemical conversion in the combustion chamber is anything 
but not a simple chemical reaction. Because of that is not yet 
defined a satisfactory theory of combustion described process 
in every detail.  
In the case of perfect combustion the fuel reacts with the air 
and products of this combustion are carbon dioxide, water 
and nitrogen molecules. 
fuel (hydrocarbons) + air (oxygen and nitrogen) = carbon 
dioxide + water + nitrogen molecule 
In practice, perfect combustion is not possible. Apart from 
the basic products of perfect combustion there is formed and 
oxides of nitrogen, incombustible hydrocarbons, and carbon 
monoxide. 
fuel (hydrocarbons) + air (oxygen and nitrogen) = 
incombustible hydrocarbons + oxides of nitrogen + carbon 
monoxide + carbon dioxide + water  
The ratio of the amount of air and fuel plays an important 
role in the efficiency of the combustion process and therefore 
on emissions, fuel economy and engine performance. If the 
mixture is richer (more fuel than air for complete 
combustion), will cause increased fuel consumption and 
emissions (especially CO and HC). In the case of lean 
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Road transport 87 0,48 53 0,700 

Table 1 - Emissions by modes of transport [8] 
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mixture (more air than fuel for complete combustion), it will 
be reflected in a lower engine power. 
In the research possibilities of alternative fuels should be kept 
in mind that the cheapest source of energy, and certainly the 
most desirable. The advantage of the use of oil and its 
derivatives in transport is primarily at relative easy storage 
and efficient combustion in IC engines. Other fossil fuels 
(natural gas, propane and methanol) can also be used in 
transport, but they are more complicated to storage. For the 
general application of these types of alternative fuels requires 
much greater investment plant for distribution in relation to 
conventional fuels. Smaller energy efficiency compared to 
petrol induces a need for greater distribution capacity. 
 

4. ALTERNATIVE FUELS 
 
More and more attention is paid to the application of 
alternative fuels in transport and because of that every day 
there is a more recent result in this field. The best known 
alternative fuels are biofuels (ethanol or biodiesel), hydrogen 
and electricity. There are also various studies in terms of 
construction and implementation of hybrid vehicles. These 
studies are aimed to reduction the greenhouse gas emissions, 
including the most carbon dioxide and reducing the use of 
existing fossil fuel reserves. Larger investments are needed in 
this area to help at the earliest time that is possibly to receive 
adequate and useful results.  
Alternative fuels in the form of refined petroleum attracted 
considerable attention because of the defect of oil reserves, 
increasing oil prices and the need to reduce emissions 
pollutants. 
Biofuels such as ethanol or biodiesel can be obtained by 
fermentation of sugar cane, corn, cereal, etc. Restriction to 
the application of this type of fuel is a great need for 
utilization of land for cultivation and harvesting of these 
plants. For example, it is estimated that one hectare of wheat 
products of less than 1000 liters of fuel per year, representing 
a single energy of a passenger car, which exceeds 10,000 km 
per year. This restriction stems from the limited capability to 
absorb solar energy, which is transformed in the process of 
photosynthesis. Such low productivity cannot successfully 
satisfy the needs of the transport sector.  
Hydrogen is often mentioned as an energy source for the 
future, because it is twice energy efficient than gasoline. 
Restriction to the application is a great energy consumed in 
the production, transfer and storage of hydrogen. Hydrogen 
production requires electricity. Hydrogen-powered vehicles 
require from two to four times more energy compared to an 
electric car, a big problem in service represents the 
flammability of this gas.  
Electricity is also considered as an alternative fuel. The main 
obstacle in the application of electric cars is the overcoming 
great distances and reaching speeds which conventional 
vehicles have. Because of the need charging an electric car 
cannot be used for distances greater than 100 km, a speed 
achieved so far does not exceed 100 km / h. 
The recent development of hybrid vehicles (combination of 
internal combustion engine and electric battery) is a 
favorable combination of energy efficiency by providing 
electric power battery and greater distance transporting 
providing by conventional engines. 
 
 

5. CONCLUSION 
 
Strong demographic growth, which mainly burdens the major 
cities of the developing world, represents a serious challenge 
to the operation of their public transport. The effects of 
intense climate change in recent decades are reflected in 
almost all parts of the world. More often disaster due to bad 
weather concerns the human society, but also there is a 
willingness to continue to mitigate the climate change or 
prevent. For this purpose it is necessary to reduce emissions 
of greenhouse gases, and which concentration in the 
atmosphere suddenly increased, primarily as a result of the 
use of fossil fuels in transport and industry. 
Actuality topics of energy efficiency, on the one hand and the 
greenhouse gas emissions that affect the greenhouse effect, 
on the other, resulted in a series of studies aimed at finding 
optimal solutions to these problems. When it comes to the 
transport sector, one of the main measures to achieve this 
goal is the diversion of cargo flows to more environmentally 
friendly transport sectors as well as environmentally friendly 
fuel. 
In this issue includes all factors that can in any way have 
contact with the vehicle from production to the end of the 
service life of the vehicle. For efficient and environmentally 
friendly transport development in Serbia, it is necessary to 
create appropriate institutional, technical and technological 
base. 
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Abstract 
 
Because of the massive combustion of coal in the power 
plants there are large quantities of energy waste in the form 
of ash, slag and gypsum. For the proper functioning of the 
power plant it is necessary continuous transport of slag and 
ash. There are several systems for removal of slag and ash 
from the power plants. Considering their influence on the 
production of electrical energy it is necessary to choose an 
adequate system for transport and disposal. In this paper 
can be seen the theoretical basis of certain systems and 
measures to be taken to protect the environment from the 
negative impacts of slag and ash.  
 
Keywords: transport, disposal, slag, ash, power plant. 
 
1. INTRODUCTION 
 
Coal as an energy source has marked  economic and 
political development of Europe in the 19th and 20th 
centuries. At the beginning of the 21st century the energy 
from coal represents 25% of the total energy produced in 
Europe and it is the most important individual energy 
source. [1]  Serbia is one of the European countries, where 
coal is the predominant source of energy. Confirmation for 
this statement is obtained if it we look at electricity 
production, more than 74% of electricity is obtained from 
burning coal. Out of the total annual coal production in 
Serbia, in power plants burns 96%, while the remaining part 
is selling as coal for industry and for domestic heating. 
Facility for the preparation, transportation and ash disposal 
is the final link in the chain of electricity production in 
power plants. Amount of annually produced energy waste 
in the world exceeds the amount of one billion tonnes. In 
Serbia the annual production ash and slag is about 7 million 
tonnes. In addition, ash and slag are characterized as inert, 
hazardous and non-hazardous waste, while gypsum is 
classified as non-hazardous waste. Depending on the coal 
mine deposits, the type and quality of coal, the degree of 
dedusting and the quality of combustion facility, quantity of 

ash and slag that remains after the production of electricity 
is between 15% and 26%. 
One of the main environmental problems in the production 
of electricity is the transport and disposal of ash and slag 
from power plants. In order to solve these problems power 
plants use systems for transport and disposal. The purpose 
of these systems is to remove slag generated in the 
combustion chamber and ash separated from the smoke 
gases, from the power plant, often at considerable distances 
(up to 10 km). Solving the problem of transport and 
depositing is possible by introducing modern technologies, 
with better organization and promotion of environmental 
protection measures. [2] 
  
2. PRODUCTION OF SLAG AND ASH 
 
Coal is the mineral raw material composed of solid 
materials (organic and inorganic mineral matter), liquid 
(water) and gaseous (volatiles) phase. Coal can be divided 
on combustible and incombustible part. 
Combustible part consists of solid organic substances and 
volatiles, and noncombustible part consists of moisture and 
ash. The consequence of burning a large amounts of coal is 
a large amount of the solid inorganic materials - ash and 
slag. After combustion in boilers of thermal power plants, 
smoke gases are purified of fly ash particles in the 
electrostatic filters. Separated ash mixes with water in a 
defined ratio and it is transported on the open ash disposal 
site. [3] 
From the aspect of depositing the essential division is on 
slag and ash. The ash is a mixture of a boiler ash and fly 
ash. Slag separates out due to its specific characteristics, 
particularly size and the deposition rate, which significantly 
influence on the choice of transport system. 
In industrial practice, the term "ash" means solid 
incombustible residue that is separated during combustion 
of coal in boilers of  power plants and heating plants. By 
the place of separation, there are different types of "ash". In 
the thermal power plants, where is applied classical 
combustion system of pulverized coal there is a difference 
between: 

- slag, the biggest incombustible residue of 
combustion, which is separated at the bottom of 
the boiler, 

- boiler ash, separated from the boiler with the 
smoke gases, by the influence of gravity the ash is 
deposited and stays bellow the smoke gas channel 
and below the air heater, 

- electrofilter ash or fly ash, the smallest particles 
which are separated from the smoke gases, a 
separation from the smoke gases is performed in 
the electrofilters. In the power plants where coal 
combustion is performed in a fluidized bed, 
separates layer ash mixture that represents a 
combination of the above-mentioned types of 
ash.[4] 
 

3. THE CHOICE OF LOCATION FOR SLAG 
AND ASH DISPOSAL 
 
Disposal site is a technical object whose start of the life 
cycle is clearly defined and it starts with a consideration of 
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possible (potential) sites, but there is no clear time limit for 
the completion of the life cycle. The life cycle begins with 
the selection of locations for future disposal sites and 
planning activities that are essential for a successful and 
safe service. 
The disposal site exploitation can be technically simplified 
and economically acceptable by choosing a good location. 
The choice of location represents the starting phase of 
design and construction, this phase is partly overlapped 
with the phases of the selection and exploitation. Disposal 
site is considered as a "live" object because the construction 
(upgrading and extension) and the exploitation performs at 
the same time and it is necessary constant work on projects 
for further construction.The last phase is called  termination 
of work and closure, this is specific because the period of 
work termination can be clearly defined, but the closure 
lasts for many years and the time is not defined.  Disposal 
site capacity is expressed through the total usable volume, 
and the time period over which site can be used. There is no 
general rule that defines the size of a disposal site, but 
installed equipment (transportation system, drainage 
system, a system for receiving and return water transport, 
etc.) should be fully amortized for 15 to 25 years. Transport 
of energy waste from a thermal power plant to the disposal 
site represents a technical, technological, and economic 
problem. Therefore, it tends to be closer to the facility 
where the waste is generated. It is easier to organize work 
and staying for workers who perform exploitation at the site 
when it is closer to the facility where waste is generated. 
Due to the possibility or needs for expansion of facilities it 
is necessary to take care about the location of the site. It 
should be remembered that the relocation of the disposal 
site is extremely difficult and expensive so it is not 
recommended. 
Due to the large number of factors affecting the choice of 
location for the disposal site of energy waste, this is one of 
the most sensitive engineering problems. 
Grounds for determining the location is the ownership of 
the land, which is potentially a space for the formation of 
the disposal site, and funds available for the land 
acquisition.When the last two items are successfully solved, 
the location of the disposal site should be done taking into 
consideration factors that can be grouped in five categories:  

- technical - technological, 
- urbanistic, 
- environmental, 
- sociological,  
- economic. 

In considering mentioned factors always is involved 
compliance with current legislation. [5] 

Fig.1 Ash disposal site of ТPP “Костолац Б” 
 

4. TRANSPORT TECHNOLOGY DEPENDING 
ON TYPE OF SLAG AND ASH 
 
The amount of ash and slag, which should be taken from 
the power plant depends on the  fuel consumption, method 
of combustion and efficiency of the filters. Required hour 
capacity of the system for the removal of slag (kg/h) is 
determined by the formula: 
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 B - fuel consumption [kg/h] 
PA - dustiness of fuel [%] 

4q  - heat loss due to the unburned fuel [%] 

P
HQ   - lower heating value [MJ/kg] 

32.7 - lower heating value of  carbon [MJ/kg] 

unα  - the dust in gases 

efη  - degree of filtering 

Based on the type of ash and transport technology, there are 
three basic systems of the technological transportation 
process of ash and slag: 

- internal transport, i.e. system for collecting ash and 
slag inside the main production facility, 

- external transport, i.e. system for ash and slag 
transportation  from the main production facility to 
the disposal site, 

- depositing, i.e. the final step in which the collected 
and transported ash and slag safely depositing on 
the specially selected and prepared ground. 

Internal transport: Internal transportation system includes a 
pneumatic transport system for boiler ash and fly ash from 
the exhaust to the collection silos; supporting systems for 
pneumatic transport such as compressed air system; the 
silos equipment for ash collection, which includes systems 
for dedusting, fluidization bottom of the silos, fly ash 
dosing in transportation system and loading into tank 
trucks.  
External transport: This system depends on how it is 
resolved internal transport. If from the inside of the main 
production facility system mixes water, ash and slag then 
the external transport is fully defined as hydraulic. If as 
internal transport is applied dry pneumatic transport there is 
the possibility to choose the most suitable type of external 
transport: dry -  mechanical and pneumatic and the wet - 
hydraulic.  
Depositing: Dry and mechanical external transport dictate 
terms of dry depositing and forming of dry disposal site. 
The use of hydraulic transport basically offers two options: 
depositing in the form of rare hydromixture and as dense 
hydromixture. 
 
5. SLAG AND ASH TRANSPORT 
 
Transport of slag and ash can be: 

- mechanical,  
- pneumatic,  
- hydraulic, 
- mixed. 
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The choice of the system is determined by a number of 
factors: 

1. quantity of ash and slag, 
2. safe and economically profitable system for ash 

and slag transport, 
3. costs of exploitation and the complexity of 

handling, 
4. sanitary-hygienic working conditions, 
5. the existence of suitable sites for catching and 

removal of ash from thermal power plants, 
6. properties of slag and ash (acidity, granular 

composition), 
7. the existence of sufficient quantities of 

consumable water. 
 

5.1 Mechanical transport of slag and ash 
 

In older power plants with less power of the boiler, slag and 
ash were thrown directly below the boiler and transported 
to the disposal site. With the increasing power of facilities, 
in order to avoid problems of hygiene and protection of 
employees, under the opening for discharge of slag were 
introduced  water-filled  container in which the slag is 
falling. After mixing with water, the mixture is  thrown out 
by rotating mechanism in the wagons, Fig. 2.  [6] 

Slika 2. Wet slag remover 
 

For transport of slag and ash can be used trucks (different 
versions and capacity), and conveyors. 
Fig. 3 shows the trucks for transport of wet ash. It can be 
trucks with trailers and tanks. Trailer of the truck has 
specifically designed cover to protect loaded ash during 
transport. After loading the cover is mechanically pulled on 
the trailer, and on arrival at the place of unloading cover is 
opened in the same way. 

Fig. 3 Trucks for transport of wet ash 
 

Conveyors are more often used  to transport slag than ash. 
The reasons for this are related to problems with the 
prevention of air pollution. Fig. 4 shows the conveyors for 
transport of slag, and the pipelines for internal transport of 
ash. In all cases, when mechanical transport is applied, 
before being loaded into a transport vehicle must be done 
soaking or wetting the ash. The  degree of wetting  depends 
on the characteristics of ash and the availability of water, 
usually humidity is in the range of 10 to 30%. 

Fig.4 Transport of slag and ash 
 
The most critical stage in the handling of dry ash by using 
mechanical systems of transportation is the phase of 
unloading at the disposal site. Because of the duration of 
the transportation cycle often case is that ash dries causing  
formation of dust in the wider area around the unloading 
site. In recent times the mechanical systems are replaced 
with new hydraulic and pneumatic systems. 
 
5.2 Pneumatic transport of slag and ash 
 
Pneumatic removal of slag and ash is achieved with air for 
whose movement can be used ejectors or vacuum pumps. 
The most used schemes are with vacuum (sucking) steam 
ejectors. Slag from each bunker goes to the crusher where it 
is crushed up to 35 minutes. Work of receiving device for 
slag and ash is analogous to the work of an ordinary 
cyclone. Transported slag and ash are catching in the 
bunker and the gases with steam ejector  goes into the 
chimney. For normal operation of the system the 
concentration of ash and slag in the mixture must be in the 
appropriate range. Usually, for the diameter of the pipe 90-
120 mm air speed should be 30-35 m/s at the concentration: 
4 - 7 kg of slag and 1 kg of ash per 1 kg of air. The higher 
values correspond to higher speeds and bigger pipeline 
diameter. The main disadvantage of this system is the 
impossibility to transport slag and ash at a distance greater 
than 150-200 m. Often this system is used as a backup 
system for hydraulic systems because of pollution due to 
the use of cyclones. 

Fig.5 Pneumatic transport with a vacuum pump 
1- vacuum pump 8- worm gear for wetting 
2- water separator 9- pipeline 
3- outlet 10- suction nozzle 
4- air pipeline 11- suction container 
5- fine dust separators 12- suction chamber 
6- drain valve 13- slag crusher 
7- ash storage 14- funnel for slag 
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5.3 Hydraulic transport of slag and ash 
 
Hydraulic ash disposal means that after a brief mixing the 
ash in the form of hydromixture is transported to the 
disposal site where it is unloaded by different methods: 

- transport and deposition as rare hydromixture, 
- transport and deposition as dense hydromixture  

Transport and deposition as rare hydromixture: Rare 
hydromixture generally means that the ratio of water : ash = 
10:1 or the participation of water is even more. This is a 
very comfortable system operation as it requires no special 
technological discipline, care and automation, but it is a big 
waste of water and energy, there are a lot of problems with 
maintenance of static and ecological stability of the dump. 
Transport and deposition as dense hydromixture: 
Dense hydromixture means that the ratio of water and ash 
content is about 1:1, and that this ratio is strictly controlled. 
These systems include the strict technological discipline 
and the introduction of highly sophisticated systems of 
automatic control density. The maximum permitted volume 
concentration depends on the type of pump that is used for 
the transport of mineral raw material and the characteristics 
of transported materials. [7] 
There are the following hydraulic systems for transport of 
slag and ash: 

- free fall,  
- slurry pumps. 

Also, these systems can be divided into high-pressure and 
low-pressure systems. The system of free fall can be 
applied in a suitable type of reliefs and short distance 
between power plant and the disposal site. It belongs to the 
low-pressure hydraulic transport of slag. Slag goes in a 
special water-filled chamber below the boiler where the 
slag is quenched with water which is injected into the 
chamber. Quenched slag sliding across the floor to the 
antechambers through the grid, which prevents the passage 
of large pieces (larger than those that can be raised with 
slurry pumps) in the channel, located below the grid. 
Fly ash from the boiler channels, from the dust collector 
and from the chimney mixes with water and discharges into 
the common drainage channel. Dimensions of drainage 
channels, which should have a round bottom with a 
minimum drop of 2.5%, should be determined so that the 
speed of the hydromixture (water, slag, and ash) is less than 
2 to 3 m/s.  Water quantity which is injected into the 
channel varies depending on the characteristics of the slag, 
between 7 and 20 times the quantity of transport ash and 
slag. This kind of system is shown in Fig. 6. 

 
Fig.6 Chamber for slag separation [8] 

 

 
In systems with slurry pumps a hydromixture of water and 
slag is transported by pipeline to a receiving station, where 
performs separating pieces of metal and slag pieces bigger 
than 40 mm. Impellers of slurry pumps have a small 
number of (usually 4) back bent blades. These pumps have 
a low degree of efficiency (35-40%) and they are very often 
out of order. Therefore, in order to ensure safe operation, it 
is necessary that there are at least three batteries of pumps - 
working, spare and one in the process of repair. 
Slag and ash in free fall through the channels come to the 
bunkers. The slope of channels is not less than 1.8% of slag 
and 1% of  ash. Flushing the ash with water is continuously 
and flushing the slag is periodically 1-2 times per shift in 
order to save water. The water pressure in front of the 
nozzle for ash is 2-3 bar and 5-10 bar for slag. In the lack of 
water, system with overflow reservoir is applied. It is a 
concrete pool which is divided into three parts, part for 
slag, ash and clean water. In the first part comes mixture of 
ash and slag. In the first part stays slag, in the second ash, 
and in the third part water which goes back  on the reuse. 
By using the elevators and wagons wet slag and ash is 
transported to the disposal site. The disadvantage of this 
system is the transportation of the wet slag, which can 
freeze in the winter, as well as the large dimensions of the 
pool. Transportation pipelines are made of steel pipes 
diameters 200 - 500 mm. Their number is equal to the 
number of steam generators. 
In the process of choosing the type of transport should be 
paying attention on following: 

1. size of the pieces and the quantity of transported 
slag and ash, 

2. characteristics and quality of slag and ash, 
3. length of the transportation route, 
4. the possibility of using slag and ash, 
5. energy consumption in the transportation process. 

 
6. INFLUENCE OF DISPOSAL SITE ON THE 
ENVIRONMENT 
 
The issue of safe depositing can be considered from two 
aspects : technical and ecological. From an ecological point 
of view, the main problems related to ash and slag 
depositing are connected to:  

- air pollution, 
- surface water and ground water pollution,  
- soil pollution. 

Improving the conditions for environmentally stable 
depositing of energy waste can be considered in three 
groups of measures for the protection: 

- reduction of source pollution, 
- preliminary protection measures,  
- subsequent protection measures. 

Reduction of pollution from the disposal site involves 
activities that the European Community is characterized as 
"preventive waste reduction" and "recycling". For ash and 
slag sites these activities include: 

- selective excavation of coal, 
- cleaning coal before combustion, 
- increasing the efficiency of combustion 

equipment, 
- finding potential ash users. 
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In the first two cases it is about mining operations and 
activities and accordingly to that, it is clear that the 
"producers" of ash and slag (coal-fired power plants) have 
no direct influence. However, as users of coal they can and 
should participate in defining and planning these works. 
Increasing the efficiency of combustion equipment and 
finding potential ash customers are activities that directly 
depend on the power plant and its organization. 
Previous measures of protection can very effectively reduce 
impact, on the environment, to a minimum, while at the 
same time investments are slightly higher. This group of 
protective measures is based on engineering solutions, but 
can not be achieved without broad support not only of the 
community, the population in the region, but also engineers 
from the mine. Previous measures of protection include the 
following activities: 

- choice of rational technology of transport and 
depositing, 

- optimization of the disposal site size, 
- selection of suitable locations for forming disposal 

site, 
- space preparation for depositing. 

Subsequent protection measures have the least effect and 
require major investments, but they are necessary if we 
want to preserve peace of people living in the region of the 
disposal site. Subsequent measures include the following 
activities: [9] 

- maintenance of disposal site on maximum allowed 
size, 

- sprinkling the bare portion of disposal site with 
water or with suspensions of different 
composition, 

- forming the biological cover. 
 

7. CONCLUSION 
 
In the past years, power plants invested significant funds in 
the modernization and construction systems for transport 
and disposing of slag and ash. The aim of reconstruction of 
these systems is to replace the existing systems with 
environmentally more favorable technological solution. 
One of the modern systems has been already mentioned 
system of transporting and depositing in the form of a dense 
hydromixture. Depositing of ash and slag in the form of 
dense hydromixture (ash: water = 1:1) contribute to the 
preservation of a healthy environment in the area of thermal 
power plants.  
The advantages of this technological process are: 

- smaller surface for depositing, 
- a smaller quantity of water, 
- no pollution of surface and groundwater, 
- significant reduction of air pollution 
- reduction of soil pollution, 
- rational electricity consumption, 
- increased stability of the disposal sites due to the 

smaller water quantities. 
In addition to the cost and conditions of work that must be 
achieved, the system for transport and depositing of slag 
and ash is defined by the conditions that must be satisfied in 
terms of environmental protection. 
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Abstract 
 
Taking fatigue into account is an inevitable step in crane 
design process according to EN, and crane SHM (structural 
health monitoring) as well. Fatigue analysis in engineering 
design and estimation of components/structure remaining 
life-time, demands profound knowledge on the character of 
changes, intensity and occurence frequency of loadings in 
crane real operation conditions. As norms still have no 
actual answer concerning the influence of crane skewing 
forces upon crane structure life-time, the  aim of the paper is 
to point out the importance of skewing forces permanent 
monitoring, as a part of crane SHM strategy, especially when 
a crane is "critical machine" for corresponding technologic 
processes (e.g. harbor crane). 
 
Keywords: cranes, skewing forces, SHM (structural health 
  monitoring), harbor cranes 
 
1. INTRODUCTION 
 
Crane skewing is an inevitable phenomenon and it takes 
place especially in cranes travelling along large span rail-
tracks (e.g. gantry & bridge cranes). It is caused by unequal 
distribution of wheel vertical loadings and forces resisting 
to travelling among the crane endtrucks and resulting 
unequal driving wheels wear, deformations of crane and 
rail-track structures, unsynchronized operation and different 
mechanical characteristics (torque-rpm) of electric motors 
and brakes in independent crane travelling drives, a whole 
lot of errors/imperfections in crane design, during manufac-
turing/mounting of crane driving components, structure and 
rail-track, etc. 

First research papers considering the tribology problems of 
crane wheel-rail system, motion mechanics and corres-
ponding loads date back to 1960-ies [1, 2]. Experimental 
results pointed out their stochastic character and numerous 
factors exerting influence on their magnitude [1, 2, 3]. Later 
developed kinetostatic model has been integrated into DIN 
15 018-1 in 1974, and later into EN 13 001-2 & EN 15 011. 

Fatigue consideration is absolutely inevitable in crane 
driving mechanisms and supporting structure proof of 
competence according to newly adopted ENs, demanding 
profound knowledge of character of changes, intensity and 
occurrence frequency of relevant loadings. ENs in effect 
contain detailed models and procedures for defining the 
skewing load values for characteristic cases, but no guide 
lines concerning the corresponding values in real working 
conditions. According to previous norms, crane skewing 
forces were classified as occasional loadings, but new EN 
15 011 classifies them under certain circumstances as 
regular, including them in fatigue strength proofs of wheel 
assembly and crane supporting structure [12]. 

Increased intensity of world logistic flows causes ever 
growing importance of larger crane condition monitoring in 
important harbors all over Europe and world [13, 14, 15]. In 
European river ports there is a lot of cranes manufactured 
30 years ago. In Danube ports on Balkan quay cranes are 
averagely 40 years old, similar situation is e.g. in Croatian 
sea ports [16]. Meanwhile, apart from the fact that these 
cranes were designed according to obsolete technical rules, 
working conditions and demands on operation have been 
significantly changed. So, more frequent failures are to be 
expected. But, nowadays the supranational transportation 
systems are ever more demanding in respect of SCRAMP 
parameters (safety, cost, reliability, availability, maintain-
ability, productivity). In the project TR 35036 [4] research 
activities concerning harbor system permanent monitoring 
as a part of the supranational general IT system, network 
connected with European environment, included the study 
of possibilities and justification of gantry and quay cranes 
(including their skewing forces) permanent monitoring. 
 
2. NEGATIVE CONSEQUENCES OF SKEWING 
   LOADS EFFECT 
 
Frequent acting of skewing forces during crane travelling 
causes occurence of various damage forms of wheels and 
other components of crane travelling mechanisms, crane 
structure, rails, and rail-track supporting structure. The 
most frequent are wheels and rails damages, Fig. 1. 

Significant wear of a crane wheel flange is easy to see in 
practice (Fig. 1.a). especially e.g. in bridge cranes which 
attend mostly to one workshop side, causing contact of rail 
head mostly with the same wheel flanges. Also a rail head 
side wear emerges from relevant lateral loads and slip-
friction forces in contact points rail head-wheel flange (Fig. 
1.a, e). If a flange is excessively thinned down, this can 
cause its fracture (Fig. 1.b). 

Skewing loads can cause rail ends deformation in points of 
rail joints (Fig. 1.c). Wheel flanges and crane guiding 
lateral rollers (if any) repeatedly come across and keep 
colliding with deformed rail ends, thus causing severe 
impacts upon the crane structures. 
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Fig. 3 Skewing force values measurement system 
 

An example of a crane guiding horizontal rollers forces 
record for one crane travelling action is given in Fig. 4.  

 

Fig. 4 Skewing force vs. time presented in nCode 
(trolley position R, mains supply, load mass mQ = 2 800 kg) 

 
Measurement data were transfered into the common data 

base in previously outlined form of variable guiding rollers 
forces time histories and processed in the software package 
nCode. Time histories were prepared for further processing 
(noise and undesirable signal parts were removed, signal 
record parts put together into longer records, when required, 
corresponding transformations carried out). Needed analyses 
were easy and effectively realised in nCode GlyphWorks, e.g. 
measured data were statistically processed and histograms 
automatically calculated, showing the occurance frequency 
of various intensity loadings. Results are presented in a form 
of generated report (Fig. 5), containing the most important 
informations. Forming a chain of mutually connected soft-
ware tools (Glyphs) in nCode, the structure life-time is easily 
obtained. 

 

Fig. 5 Generating report on analyzed measurement results 
by means of nCode software tool "Studio Display" 

Basic aims of crane skewing monitoring in [4] are: 

 expanding the contemporary knowledge on occurence 
frequency and changes in skewing forces character, 

 defining the influence of skewing forces in real working 
conditions upon the fatigue damage of crane and rail 
track structures & components, i.e. further development 
of calculation models for defining skewing loads, and 

 analysis of justification of skewing loads monitoring 
under various conditions and necessity of developing the 
simple effective module for permanent measurement of 
lateral forces on cranes belonging to "critical machines". 

 
6. IMPORTANCE OF A HARBOR CRANE 
    CONDITION MONITORING 
 
In the next period proactive maintenance of "critical 
machines" will dominate. Important variables (e.g. vibration 
level in mechanical power transmission devices, force values 
in ropes, stress values in relevant points of crane structure 
etc.) shall be monitored permanently or in defined time 
intervals, on machine operating in real working conditions. 

Permanent cranes condition monitoring in their real 
working conditions using appropriate integrated monitoring 
system, can provide data useful for: crane users, especially 
crane maintenace engineers; institutions authorized for 
periodical crane inspection and testing; crane designers and 
manufacturers; and standardization bodies. 

Acquired data analysis provides a lot of informations for 
the crane maintenance staff, helping in: prediction of failure 
occurence possibility; localization of emerged damage; 
finding out causes and observing damage progress; compre-
hending possible regularities during damage growth; and 
scheduling crane maintenance activities (replacement of 
certain assembly parts, rotating parts balancing, machine 
overhaul etc.). Further data transfer and processing depends 
on harbor organization, technical equipment, connections 
with authorited bodies etc. Basic scheme is given in Fig. 6. 

 

Fig. 6 Scheme of crane monitorig system, [4] 
 
In the era of ever raising level of all relevant harbor 
parameters, a deep insight into the real condition of harbor 
cranes is very important for the harbor management. So, 
cranes monitoring data have to be promptly integrated in the 
information system of harbor operative segment (Fig. 7). 

103



F
 
7. C
 
In 
ena
situ
ma
Ap
imp
pre
trac

Du
alo
sys
for
and
mo
for
val

Cal
fro
cat
uns
des
and
fati

Thu
SH
cha
acq
ma
of n
and

All
fee

 
T
IT
th
su
T

Fig. 7 Informat

CONCLUSI

the first lin
ables effective
uations and ac
aintenance org
part from this
poving the fat
ediction of cra
ck supporting 

ue to bridge an
ong rail-tracks
stems, lateral f
rms of rails an
d structure. E
odels and proc
r characteristic
lues in real wo

lculated value
m measured v

tions and limit
sufficiently ex
sign, this espe
d their influen
igue damage. 

us, permanen
HM system pr
aracter of thes
quired measur
ation can be o
new calculatio
d procedures a

l the data obta
edback for cran

 

A

The paper is a
IT in harbours
he network s
upported by

Technological 

tion system of h

IONS 

ne, permanent
e user's mana
ccidents conn
ganization lev
, it also give
tigue damage 
ane structure a
structure. 

nd gantry cra
s and their inap
forces arise an
nd their suppo
European norm
cedures for de
c cases, but n
orking conditi

es of loads s
values, due to 
tations, numer
xplored proble
ecially applies

nce upon the c

nt crane opera
ractice is nece
se loads and th
red data, new 
obtained, whic
on models or t
already well-kn

ained by monit
ne designer an

ACKNOWL

a part of proje
s of Serbia - f
system of EU
y Serbian M

Development

harbor operat

t crane opera
agement react
nected with cr
vel, as well a
es a lot of da
calculations a

and componen

anes skewing 
ppropriate dri
nd often cause
orting structur
ms in effect 
fining the ske

no guide lines 
ions. 

sometimes co
various assum

ous influencin
ems. Today, c
s to the crane

crane structure

ation monitor
essary for ide
heir effects. B
scientific and

ch can initiate 
the improvem
nown in techn

toring represen
nd manufacture

LEDGMENT

ct TR 35036 
from machines
U environmen
Ministry of 
t. 

tive segment, [

ation monitor
tions to alarm
ranes, raising 
as a safety le
ata necessary 
and thus life-t
nts and their r

during travell
iving and guid
e various dam
res, crane whe
contain deta

ewing load val
concerning th

onsiderably di
mptions, simp
ng parameters
concerning cr
e skewing for
e and compone

ring according
entifying the 
By processing 
d technical in
the developm

ment of the mod
nical literature.

nt also a valua
er. 

T 

(Application 
s monitoring 
nt), financial

Science an

 

[4] 

ring 
ming 

the 
evel. 

for 
time 
rail-

ling 
ding 

mage 
eels 
iled 
lues 
heir 

iffer 
lifi-
and 

rane 
rces 
ents 

g to 
real 
the 

nfor-
ment 
dels 
. 

able 

of 
to 
ly 
nd 

 

[1] G
U

[2] M
(H
V

[3] H
S
1

[4] M
A
m
s
D

[5] W
H
2

[6] w

[7] R
S

[8] C
L
G

[9] w

[10] E
a

[11] E
C

[12] V
a
v

[13] C
H
Z
C
(
2

[14] B
s
R
2

[15] W
C
C
S

[16] Č
p
z
p

[17] C
S
W

 
Contac
Prof. R
Faculty
21000 N
Trg Do
E-mail

G. Pajer, M. Sc
Unstetigförderer

M. Scheffler, K
Hebezeuge, A

Vieweg, 1998, p

H.-O. Hannover
Spurführungsme
19-83. 

M. Georgijević
Application of 
monitoring to 
upported by Se

Development, N

W. Baumann, 
Hebezeuge und
2005, pp. 256-2

www.hoistmaga

R. Thoß, "Steu
Stahlbau, vol. 1,

C. Seeßelberg,
Laufkrane" in F
GmbH, 2005, pp

www.demagcran

EN 13 001-2: C
actions, Brussel

EN 15 011: Cr
CEN, 2011, pp. 

V. A. Kopnov, "
a Travelling Gan
vol. 6, Oxford: E

C. Hongyan, Z
Health Monitor
ZigBee Technol
Conference on
Guilin, China)

2012, pp. 801-8

B. Iung, G. Mo
trategy for h

Robotica, Camb
2003, pp. 313-3

W. Zhixin, H. X
Condition Mo
Container-Crane
Springer-Verlag

Č. Dundović an
prekrcajnih kap
zbornik, Rijeka
pomorstva repub

C. Boller, F.-K. 
Structural Heal
Wiley & Sons, 2

ct address: 
Rastislav ŠOSTA
y of Technical S
NOVI SAD 

ositeja Obradov
: sostakov@uns

REFEREN

cheffler, P. Grä
r 1, Berlin: Tech

K. Feyrer and K
Aufzüge, Flurf
pp. 96-112. 

r, Fahrverhalten
echanik, Düsse

ć and others, 
IT in harbours
the network s

erbian Ministry 
Novi Sad: Fakul

"Messtechnik z
d Fördermittel, 
59. 

azine.com (acce

uerbare Einwir
, Berlin: Ernst &

"Zum Entwu
FRILO-magazin
p. 20-30. (Avai

nes.de (accesse

Crane safety-G
s: CEN, 2011, p

ranes - Bridge 
19-25. 

"Fatigue Life P
ntry Crane" in 
Elsevier, 1999, 

Z. Longbiao, H
ring System o
logy", in Proce

n Digital Ma
), Washington
04. 

orel and J. B. L
arbour crane 
bridge: Cambrid
24. 

Xiong and C. Z
onitoring and 
es" in Proceedi
g, 2006, pp. 898

nd I. Kolanović,
aciteta hrvatski
a: Društvo za
blike Hrvatske,

Chang and Y. 
lth Monitoring 
2009, pp. 1-2. 

AKOV, Ph.D. 
Sciences 

vića 6 
s.ac.rs 

NCES 

äbner, G. Adam
hnik, 1989, pp. 1

K. Matthias, Fö
förderzeuge), 

n von Kranen 
eldorf: VDI-Ve

Research proj
s of Serbia - f
system of EU
of Science and

ltet tehničkih na

zur Krananlage
vol. 4, Berlin: 

essed on Februa

rkungen auf K
& Sohn, 2011, p

urf von Kranb
n, Stuttgart: Frie
lable from www

ed on February 

General design 
pp. 21-25. 

and gantry cr

Prediction of the
Engineering Fa
pp. 131-141. 

H. Xi, Z. Yih
of Gantry Cra
eedings of Thir
anufacturing &
n: IEEE Com

Léger, "Proactiv
operation imp

dge University 

Zhaoneng, "Stu
Assessing o

ings of 1st WCE
8-903. 

, "Ocjena i tend
ih morskih luka

a proučavanje 
 vol. 39, 2001, 

Fujino (eds), E
- Vol. 1, Ch

m and F. Kurth,
101-112. 

ördermaschinen
Braunschweig:

- Ein ABC der
rlag, 1974, pp.

ect TR 35036
from machines

U environment,
d Technological
auka, 2011-13.

en-Prüfung" in
Huss Medien,

ary 12. 2014.) 

Kranbahnen" in
pp. 39-45. 

bahnträger für
edrich+Lochner
w.frilo.eu) 

05. 2014.) 

- Part 2: Load

anes, Brussels:

e Metalwork of
ailure Analysis,

hui, "Structural
ane Based on
rd International
& Automation

mputer Society,

ve maintenance
provement" in
Press, vol. 21,

udy of Remote
on Quayside-
EAM, London:

dencije razvitka
a" in Pomorski
i unapređenje
pp. 137-152. 

Encyclopedia of
hichester: John

, 

n 
: 

r 
. 

6 
s 
, 
l 
 

n 
, 

n 

r 
r 

d 

: 

f 
, 

l 
n 
l 
n 
, 

e 
n 
, 

e 
-
: 

a 
i 
e 

f 
n 

104



UNIVERSITY OF NIS  FACULTY OF  MECHANICAL  ENGINEERING 

     

THE FIFTH INTERNATIONAL CONFERENCE  

TRANSPORT AND LOGISTICS 
 

 
 

  
 
 

UTILIZATION OF AN 
INTERMITTENT MOTION 

MECHANISM FOR ENERGY 
HARVESTING FROM VEHICLE 

SUSPENSIONS 
 
 

Milan PAVLOVIĆ1 
Vukašin PAVLOVIĆ1 

Miša TOMIĆ1 
Andrija MILOJEVIĆ1 
Miloš MILOŠEVIĆ1 

Ljubiša TJUPA2 
 

1)Mechatronics and Control, Faculty of Mechanical 
Engineering, Niš 

2)ETŠ Mija Stanimirović, Niš   
 

 
Abstract 

  
This paper presents the utilization of a mechanism with 
intermittent motion for converting mechanical energy from 
shock absorbers of vehicle suspensions to electrical energy. 
The applied mechanism consists of a rack, a pair of gears, 
and an intermitent system for performing one-way rotational 
movement. The basic idea is to convert input linear motion 
of a rack joined to a shock absorber to output rotation 
motion of the intermittent system connected to an electric 
generator. In this paper, the proposed converting system 
was modeled using the SolidWorks software, while the 
SolidWorks Motion module was used for the motion 
analysis of the system. To simulate the behavior of the 
system in real conditions and obtain angular velocities of 
the output member, three cases with different time 
dependent lows of motion of the shock absorber were 
researched. The results show that angular velocities of the 
output member of this mechanism type could be used for 
driving an electric generator, so that the proposed way is 
adequate for energy harvesting from shock absorbers of 
vehicle suspensions.  
 
Keywords: Mechanism, Intermittent motion, Shock 
absorber, Energy harvesting, CAD. 
 
1. INTRODUCTION 
 
Modern life and business without transport of people, goods 
and services is unimaginable. For that purpose, vehicles as 
automobiles, trucks and other, are widely used. Increasing of 
demands for transportation leads to increasing number of 

vehicles, what further leads to increasing of fuel and energy 
demands. Enhancement of fuel consumption directly affects 
to increasing environmental pollution. On the other side, 
modern vehicles, especially automobiles, are comprehensive 
mechatronic systems which consist many of combined 
systems with tasks to reduce fuel consumption, increase 
safety, comfort etc. [1] However, vehicles manufactures 
directly and indirectly make efforts to reduce fuel and energy 
consumption with increasing comfort, using of new or 
improving of current systems. 
It is well-known that one of the systems, which affects on 
increasing comfort on vehicle, is suspension. The primary 
function of suspension system on vehicle is to reduce the 
vibration disturbance from road roughness, acceleration, 
deceleration, etc. in order to achieve better ride comfort and 
to maintain good tire–ground contact force for better 
vehicle handling and mobility. One of the most important 
parts of this system is shock absorber. Many researchers 
and companies are paying special attention on development 
and designing of shock absorbers. From the beginning, 
models of the shock absorbers were developed with springs, 
hydraulic, hybrid and pneumatics, which are known as 
passive absorbers. In order to cross over the permanent 
tradeoff between quality of ride and road handling, semi-
active and active suspension systems have been proposed 
over the past several decades. [2]  
On the other side, besides combustion process in engines, 
one of the great energy losses in vehicles is the dissipation 
of kinetic energy by shock absorbers in the suspension 
system, caused by road irregularity and vehicle acceleration 
or deceleration. Possibility of using this energy (which is 
otherwise dissipated) was explored two decades ago. The 
regenerative shock absorber, which utilizes the dissipated 
kinetic energy by the vehicle's suspension system, was 
proposed in [3]. This type of shock absorber, converts 
linear motion and vibration, inducted by road roughness 
and vehicle motion, into energy which can be used, for 
example, as electricity. Using of energy which is generated 
by regenerative shock absorber can increase fuel efficiency 
by reducing the electrical demand to the car alternators and, 
thus, reduce the engine’s workload, without affecting to the 
comfort of the vehicle. [2].  
Many authors explored different principles and mechanisms 
of converting motion and vibration of shock absorber into 
useful energy. In [4] authors carried out two experiments 
using optimally designed regenerative electromagnetic 
shock absorbers , in order to determine the effectiveness of 
efficiently transforming  kinetic energy of shock absorber 
into electrical power. It was concluded that, with a set of 
optimized regenerative shock absorbers, the average vehicle 
on the average road driving at about 70 km/h might be able 
to recover up to 70% of the power that is needed for such a 
vehicle to travel on a smooth road at that speed. The 
authors in [5] developed theoretical model of retrofit 
regenerative shock absorber and showed with experiment, 
that this type of shock absorber can recover the vibration 
energy from vehicle suspension at high efficiency with 
relatively low weight, and without loss of ride comfort. 
Furthermore, Li et al. presented in [2], a retrofit rack-
pinion-based electromagnetic regenerative shock absorber 
which is designed, produced and tested in real conditions. 
The experiment results were showed that the generated 
voltage reflects the road irregularities well. Generated 
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power can be obtained from four energy-harvesting shock 
absorbers when the vehicle travels at 48 km/h on a fairly 
smooth campus road. In [6], comparation of utilization of 
rotary and linear electromagnetic generator in order to use 
energy from shock absorbers in vehicles was discussed. 
Authors in this paper made two models of energy harvester 
mechanisms and then analyze both of energy absorption 
and comfortability of vehicle which was modeled as quarter 
car. Based on obtained results, it was concluded that both of 
energy harvester mechanisms increase comfort and vehicle 
handling than conventional suspension. Linear 
electromagnetic shock absorber harvests much of energy 
than angular. Besides this, it also makes vehicle more 
comfort and good in handling, but, the construction is more 
complex. However, efficiency use of shock absorber energy 
can be increased with new structures and mechanisms.  
On the other side, development and producing of systems, 
such as this, requires complex approach. This approach 
includes use of CAD software for modeling and analysis 
which leads to faster prototype development [7, 8]. As 
result of application of this approach, development and 
producing times and costs are reduced with constantly 
increasing of quality. 
This paper presents application of developed mechanism in 
process of harvesting shock absorber energy. With 
proposed mechanism, linear motion of vehicle shock 
absorber (caused by vehicle acceleration or deceleration 
and road irregularity) can be converted into rotation. In 
order to use kinetic energy of shock absorber as much as 
possible, this kind of energy converting is desirable, 
because mechanical energy in form of rotation can be very 
simple converted to other form of energy, for example, in 
electricity, using common electrical generator. 
As the CAD software, SolidWorks was used for modeling 
and its module Motion, for analyzing the proposed 
mechanism. Mechanism consists of stand with gears, pins 
and rack, and subassembly system for one-way rotation. 
Vertical motion of the rack, i.e. its displacement, represents 
motion of vehicle shock absorber in real condition. 
Depending on the rack displacement, angular velocity of 
the output member was obtained for three cases - when 
change of the rack displacement is linear, sine and random 
time depended function, i.e. stochastic, which is the most 
suitable to the real conditions of shock absorber motion. 
Time intervals for all of three cases were t=12 s. 
 
 
2. DEVELOPMENT PROCESS OF           
    MECHANISM 
 
A development of proposed mechanism had two phases: 
 
• Modeling in SolidWorks software; 
• Analysis of the mechanism motion with obtaining the        
        angular velocity of the output member. 
 
I. Modeling in SolidWorks software 
 

Nowadays, modern engineering is unimaginable without use 
of the CAD software. Whether, there is development of a 
new product, or existing product that has to be tested in 
environment with specific conditions that can cause damage, 
CAD software is indispensable tool, that helps to reduce 

design time, and lower the final product cost. In addition, 
virtual prototyping is a useful tool for visualization of the 
prototype product. FEM and motion analysis can be used to 
simulate behavior of the product under certain circumstances, 
in almost real conditions. In this paper, SolidWorks software 
was used for modeling and analysis of the proposed 
mechanism.  
Based on the multibody systems theory [9] mechanical part 
has been defined as a set of bodies joined by joints. 
Depending on the degrees of freedom, these joints allow 
rotary or rectilinear movement. Using SolidWorks, the 
mechanical part that consists of many independent parts, was 
modeled. These parts have been assembled in one assembly 
using mates, between parts, which represent joints. 
Mechanical part consists of stand, on which set of gears, 
pins, rack and subassembly system for one-way rotation, 
have been attached (Fig. 1). 
 

 
 

Fig. 1 Mechanism 
 
Subassembly system for one-way rotation consists of 
mechanism for intermittent motion that has been connected 
to the main gear via central gear of the mechanism. Central 
gear is rigidly connected to the central member. Mechanism 
has two wings that are connected to the central member. 
When central member rotates, wings spread under the 
influence of centrifugal force and hook the output member of 
the mechanism and rotate it (Fig. 2). 
 
 

 
 
 

Fig. 2 System for one-way rotation 

The main gear is connected to the rack on the right side of 
the whole assembly (Fig. 4), while, on the left side of the 
assembly, the main gear is connected to the central member 
of the system for one-way rotation. When the rack moves up 
and down, it rotates the main gear. Rotation of the main gear 
causes the rotation of the central member which spread the 

StandMain gear 

Rack 

Pins 

System for one-way 
rotation 

Central gear Central member Wing 

Output member 
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wings under the influence of centrifugal force and hook 
output member. Then, wings and output member of the 
mechanism rotate together. When central member moves in 
opposite direction (rack is moving in opposite way), wings 
collapse and do not have contact with the output part of the 
mechanism. With the movement of the rack, as the driving 
element, with the stroke ±15 mm, various angular velocities 
can be obtained at the output. 
 
I. Analyzing of Angular Velocity 
 
Converting linear motion, i.e. vertical motion of shock 
absorber, to rotation is goal of this mechanism, because 
rotating can be converted to other form of energy, for 
example electricity, very simple, using of common electrical 
generator. Electricity can be used for headlights, charging 
vehicle battery etc., in order to reduce vehicle fuel 
consumption. Because of that, analyze of angular velocity as 
output of this mechanism, depending to vertical motion 
(displacement) of shock absorber is necessary for fulfill 
overview of efficiency of proposed mechanism. 
In order to obtain the angular velocity of the output member 
of the proposed mechanism, when the rack is moving, 
SolidWorks Motion module was used. With this module, the 
motion of moving parts can be analyzed in various ways. To 
simulate the contact behavior between moving parts contact 
boundary condition was used. First contact was set between 
central member and two wings (Fig. 3 a) in the mechanism 
for intermittent motion, while the second contact was set 
between the wings and output member (Fig. 3 b). As an 
input, virtual linear motor (actuator) was attached at the rack, 
in order to simulate vertical motion of shock absorber in real 
conditions (Fig. 4). 

 

           
 
Fig. 3 Contact between: a) central member and two wings; 

b) two wings and output member 
 

 
 

Fig. 4 Setting the input (virtual linear motor) at the rack 
 

Totally three cases with different time dependent lows of 
motion of the rack (time intervals for all cases were t=12 s) 
were investigated. First case was with linear low of motion 
as is shown in Fig. 5. For this kind of motion of the rack, 

the obtained angular velocity of the output member is 
shown in Fig. 6.  

 
 

Fig. 5 Displacement diagram (linear low of motion) of the 
rack 

 

 
 

Fig. 6 The angular velocity diagram of the output member 
for the linear low of motion of the rack 

 
The second investigated case was with sine low of motion 
(Fig. 7). The obtained angular velocity of the output member 
for this case is shown in Fig. 8.  
 

 
 
Fig. 7 Displacement diagram (sine low of motion) of the rack 
 

 
 

Fig. 8 The angular velocity diagram of the output member 
for the sine low of motion of the rack 

 
To simulate the random behavior of the shock absorber, for 
the third case, function with random values was used (Fig. 9). 
This case corresponds to the motion of the shock absorber in 
real conditions. This function was generated using the 
MatLAB software and introduced into the SolidWorks 
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Motion module. In Fig. 10, angular velocity of the bottom 
part for the rack random motion is shown. 
 

 
 

Fig. 9 Displacement diagram of the rack for the random 
generated function 

 

 
 

Fig. 10 The angular velocity diagram of the output member 
for the random law of motion of the rack 

 
 
3. CONCLUSION 
 
In this paper, harvesting of shock absorber energy using of 
mechanism for intermittent motion is presented through two 
phases. Because of possibility for using kinetic energy of 
shock absorber, caused by vehicle acceleration or 
deceleration and road irregularity, mechanism for 
converting linear motion of shock absorber into rotation is 
developed and modeled in SolidWorks software, as the first 
phase of development process.  
However, rotation, as a form of mechanical energy can be 
converted to the electricity using simple electrical 
generator. Generated electricity can be used directly on the 
vehicle for electrical devices and generally for reducing of 
fuel consumption through decreasing engine workload. 
Solid Works module Motion is used to obtain the angular 
velocity of the output member (second phase of 
development process). The angular velocity is very 
important for process of converting rotation into electricity. 
Depending on the vertical motion (displacement) of the 
rack as an input, which represents behavior of the shock 
absorber in real conditions, angular velocity of output 
member is obtained in three cases: linear, sine and random 
motion of rack. In the first and second cases, results of 
analysis showed that angular velocity exists when rack 
displacement value are positive, what is expected for input 
defined on this way. Otherwise, value of angular velocity is 
zero, because there is no rotation of output member because 
wings are collapsed. However, for the third case, when 
motion of rack is defined as a random time dependent 
function, i.e. stochastic, which represents motion of the shock 

absorber in real condition, angular velocity exists in some 
interval, but value is constantly positive. This result is 
desired, because it shows that energy of shock absorber 
(which is otherwise dissipated) can be used for converting in 
some other form. Based on the results of analysis, it can be 
concluded that proposed mechanism showed results which 
represent good starting point for further research in this field.  
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Abstract 

 
In this paper is performed analysis of the components of 
slewing platforms drive mechanisms and given the 
algorithm of the sofrtware to their optimal synthesis. 
 
Keywords: slewing platforms drive 
 
1. INTRODUCTION 
 
Manipulators of mobile machines represent a transmission of 
the kinematic chain machine that connects the support and 
movement mechanism member with executive members - 
machine tools. The primary function of the manipulator is to 
enable active work tools on the subject of work in a 
particular working area of machines. Depending on the shape 
of the work area, manipulators kinematic chain can be planar 
or spatial configuration. Spatial manipulators provide the 
necessary spatial manipulation of machine. Spatial working 
area is usually achieved the first member link - slewing 
platform and support and movement mechanism by slewing 
joint with a vertical axis relative to the support surface    
machines. Relying on the surface the support and movement 
mechanism is relatively stationary member relative to a 
slewing platform that can realize unlimited range of rotation 
in both directions around vertical axis of the joint. 
 
2. DRIVE ANALYSIS 
 
To drive the slewing platform is used to drive mechanisms 
with hydraulic motor c22 (sl.1 b,v) and  reducing gear c23, 
whose housing is securely connected to the skeleton of 
platform, output shaft has a gear wheel c24 conjugated with 
ring gear c25 of axial bearing. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Slewing platforms drive of mobile machine 
 

In principle, drive components of slewing platform create 
planetary mechanism where the rotation of the output gear 
reducer c24, with angular velocity ω24 as satellites and the 
drive member, also turns slewing platform L2, with angular 
velocity ω2, as a carrier of the satellite (reducer), whereby the 
toothed wreath  c25 a bearing as a central stationary gear is 
attached to the support and movement mechanism of 
machine. 
The input parameters of platform drive are the pressure p 
and flow Q of hydraulic motors, and the output 
parameters are  number of revolutions n2 and moment M2 
of slewing platform, linked the following transfer functions: 
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where: nm, Mm - number of revolutions and moment of 
hydraulic motor, qm - specific flow of the hydraulic motor, 
ir,r - transmission ratio and the efficiency degree of 
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reducing gear, il,l - transmission ratio and the efficiency 
degree of toothed pair of gear and bearing [1]. 
Transfer function slewing platforms drive show that for the 
same input parameters can achieve the same output 
parameters with less specific flow of hydraulic motor and 
large reducer transmission ratio and vice versa. Distinguished 
are three typical variations slewing platforms drive.  
Variant I. - Drive  with slow speed high torque hydromotor 
c22 (Fig.2a) in which the output shaft mounted small gear 
c24 which directly engages with the toothed wreath axial 
bearing. The total transfer function of the drive is achieved 
with a relatively high specific flow slow speed radial piston 
hydromotors. 
Variant II. - Drive with high speed axial piston hydromotor 
c22 (sl.2b) and two-stage or three-stage gear c23. The 
derived as a separate solution so that the hydromotor and 
gear selected independently and among themselves 
harmonized. In these drives stands out conceptual design of 
kinematics gear with one pair of cylindrical gears and one or 
two planetary sets and special derivative for drum brakes c27.  
Variant III. - Drive with high speed axial piston hydromotor 
c22 (sl.2b) and two-stage or three-stage gear c23, derived as a 
one module. Kinematics of gear creates one, two or three 
planetary sets. Hydraulic motor with custom shape housing 
that the most part located within the gearbox and thus 
partially protected while reducing the total size of the 
gear. Brakes drive with fins c27 hydraulic activated, 
located in the gear unit housing on the output shaft of 
the hydraulic motor. 
The total transfer function drive variants II and III is 
achieved by increasing the transmission gear ratio 
considering relatively low specific flow axial piston motors. 
The latest solutions slewing platform drive have axial 
piston motors with integrated control-activation, security 
and non-return valves (sl.2d). Control valves allow quiet 
(gradually) startup platforms, without impact, so it can 
achieve favorable characteristics 1,2,3,4 (fig. 2) changes in 
hydromotors pressure p and flow Q, depending on the 
command pressure pst system of the machine [1]. Slewing 
platform drive of mobile machine can build open or closed 
circuit in hydrostatic system of the machine. In closed 
circuit (fig.3) change direction of slewing platform is 
achieved through two-way hydraulic pump c21 which 
control is realizes command c28.  
Slewing bearings of slewing platform drive are large size, 
which can accommodate axial, radial loads which act either 
separately or combined in any direction. Slewing bearings 
(Fig. 1a) consist of an inner ring, outer ring and rolling 
elements - balls or cylindrical rollers - which are separated by 
a spacer polyamide. Rolling elements can be arranged in one, 
two or three rows (single-row, double-row or three-row). 
One of the rings is toothed and has hole for connection with 
support and movement member [2]. 
Components of slewing drive mechanism of the mobile 
machine platform manufacture specialized world 
manufacturer with many models of variant solutions and 
characteristics. 
 
3. THE SYNTHESIS OF THE DRIVE MECHANISM 
 
Based on the given parameters of the function, the synthesis 
of the complete drive mechanism of a hydraulic excavator 
slewing platform is performed by the following procedure: 
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Figure 3 Drives of slewing platforms with closed 
hydrostatic circuit  

Figure 2.  Solutions gear of slewing  platform drive [1] 
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a) selection of the concept drive solution, b) selection of the 
slewing bearing based on a detailed analysis of loads in the 
whole working area of the machine, c) definition of 
attachment elements and elements of the support movement 
structure to which the bearing is attached, d) selection of the 
hydraulic pump, hydraulic motor and slewing drive reducer.  
In this paper is developed software for the synthesis of the 
drive mechanism for the concept corresponds to the analyzed 
variant III. Under the synthesis implies defining the size of 
the specific flow hydraulic pump, specific flow hydraulic 
motor and gear drive transmission ratio. Where the known 
size of the slewing bearing the previously determined on the 
basis of detailed analysis of loads depending on the type of 
mobile machines and their working conditions [3].  
The choice of slewing drive components from a set of 
available sizes is done using the developed software based on 
a given set of quantities: 
 

 en25umax2max2o n,z,t,n,JP                                                (3) 
 

where: J2max - the maximal moment of inertia of the 
platform and links of manipulator’s linkage for axis of 
rotation of machine’s platform [kgm2], n2max - maximal 
speed platform [min-1], tu - desired acceleration time 
platform [s], z25 - number of teeth toothed wreath selected 
slewing bearing, nen - number of revolutions diesel engine 
machines at maximum power [min-1]. 
The software contains the available file: hydraulic motor 
Dm reducer Dr and hydraulic pump Dp (Fig. 4). 
The file of available hydraulics motor consist set of 
quantities: 
 

 maxmmaxmmvmmmmmm n,p,,,J,m,qD                              (4) 
 

where: qm - specific flow of the hydraulic motor [cm3], mm - 
mass of hydraulic motor [kg],  Jm - moment of inertia of the 
hydraulic motor [kgm2], mvmm , - the mechanical and 

volume efficiency of hydraulic motor, pmmax - maximum 
allowable pressure [MPa], nmmax - number of revolutions 
hydraulic motor [min-1]. 
The file of available hydraulics reducer consist set of 
quantities: 
 

 24maxrrrrrr z,M,,J,m,iD                                             (5) 
 

where: ir - transmission ratio  of reducing gear, mr - mass of 
reducer [kg],  Jr - moment of inertia of the reducer [kgm2], 

r - the efficiency of the reducing gear,  Mrmax - maximal 

moment of reducer,  z24 - number of teeth of gear wheel on 
output shaft of the reducing gear. 
The file of available hydraulics pump consist set of 
quantities: 
 

 maxpmaxppvpmpppp n,p,,,J,m,qD                                (6) 
 

where: qp - specific flow of the hydraulic pump [cm3],  mp - 
mass of hydraulic pump [kg], Jp - moment of inertia of the 
hydraulic pump [kgm2], pvpm , - the mechanical and 

volume efficiency of hydraulic pump,  pmmax – maximum 
allowable pressure [MPa],  nmmax -  number of revolutions 
hydraulic pump [min-1]. At the beginning of the software 

determines the maximum angular acceleration 2  of 

platforms:  
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and then maximal moment which has to overcome the 
resistance of the platform n the phase of initial accelerated 
revolution: 
 

2max2max2 JkM                                                            (8) 

 

Table 1. Driver groups and service time categories to FEM [4] 

Fig.4 Software algorithm for optimal synthesis of slewing 
platform drive mechanisms of mobile machine 
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where: k - is coefficient of moment increasing due to other 
resistances which occur during the turning (wind resistance, 
frictional resistances in axial bearing), Table 1. 
For the selected gear size, first to determine the gear ratio 
between the inner toothed wreath of slewing bearing with 
the number of teeth z25, and gears on the output shaft gear 
with number of teeth z24: 
 

24

2425
l z

zz
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
 ,                                                                    (9) 

 

and then maximal moment of reducer output shaft of 
slewing drive: 
 

l

max2
max24 i

M
M                                                                (10) 

with the check whether the calculated moment in the 
specified limits with respect to the permitted output 
moment: 
 

0)MM(M max24maxrr                                            (11)  
    

where: rM - given permissible deviation of moments. 

With satisfaction of the previous conditions, for selected 
size of hydraulic motors, is determined moment of motors:  
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and slewing platform moment: 
 

llrrmaxm2 iiMM                                                    (13) 
 

with the check whether the slewing platform moment in the 
specified given limitation : 
 

0)MM(M max222                                                            (14) 
 

where: 2M - given permissible deviation of moments. 

If the previous condition filled, with choice of hydraulic 
pump sizes is determines the hydraulic pump flow: 
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then, number of revolutions hydraulic motor: 
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and number of platform revolutions: 
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with the check whether the calculated number of 
revolutions in the limits of  permissible deviation with 
respect to given number of platform revolutions: 

 
 
 
 
 
 
 
 
 

2max22 nnn                                                               (18) 
 

where: 2n - given permissible deviation of of platform 

revolutions.  

At the output of the software are obtained a possible variant 
solutions of slewing drive mechanism with data of selected  
the hydraulic pump, hydraulic motor and reducer. From the 
set of possible solutions, the optimal solution is selected 
according to the criteria of minimum mass of components of 
the drive and the minimum time acceleration platforms. 
As an example of using the developed software gives the 
results (Table 2) synthesis of the drive mechanism of 
hydraulic excavator mass m = 16000 kg equipped with 
backhoe manipulator. From the set of 51 possible solutions 
offered by the company Bosch Rexroth, are singled out only 
two solutions drive. 
 
CONCLUSION 
 
Analysis of the concept of slewing drive mechanism of  
mobile machine indicates the number of alternative solutions 
components drive which produce specialized world  
manufacturers. For optimum synthesis of mechanisms 
developed software that enables selection of optimal variant 
from a set of possible solutions using the following criteria: 
minimum drive mass and minimum acceleration of slewing 
platform. Results show that the synthesis of the slewing drive 
mechanism of mobile machinery should strive choice to 
hydraulic motors with smaller specific flow and higher 
transmission ratio of gear. 
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Possible 
variations 
of drive 

Spec. flow of the 
hydraulic pump 

Spec. flow of the 
hydraulic motor 

Transmission 
ratio reducer 

Given number of 
platform revolutions

number of  
platform revol. 

Total mass of 
drive  

Time 
  acceleration platf.

qp [cm3] qm [cm3] ir n2max [min-1] n2 [min-1] mc2 [kg] tu [s] 
   

1 75 32,0 110,29 6,0 5,75 275 1,39 
2 75 80,4 43,90 6,0 5,81 349 1,41 

Table 2. Possible variations of slewing platform drive mechanism of hydraulic excavator
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Abstract 
 
The research of this paper covers the analyses of the 
combustion of the primary fuel with the addition of the 
supplementary component generated by the catalytic 
reactor that uses the heat of the exhaust gases for its 
catalytic function on a single cylinder diesel engine of an 
electric generator under load for powering an electrical 
heating device. The results of the research indicate that the 
use of the supplementary component for the combustion of 
the primary diesel fuel leads to the reduction of harmful 
and toxic substances emission in the exhaust gases and 
improves the energy value of the fuel mixture and the 
combustion process. The proposed system requires no 
maintenance or adjustment because the amount of the 
produced supplementary component is directly 
proportional to the engine load. It can be upgraded to any 
existing internal combustion engine and it requires neither 
modification of the engine nor additional loading of the 
vehicle electrical system.  
 
Keywords: Catalytic Reactor, Diesel Engines, Energy 
efficiency, Ecology. 
 
 
1. INTRODUCTION 
 
Diesel engines are one of the most commonly used types of 
mobile drives. They are widespread in vehicles 
(automobiles, trucks, submarines, ships, and in a wide 
variety of aircraft and locomotives) and construction 

machinery. They are used as a more efficient replacement 
for stationary steam engines in heavy equipment and 
electric generating plants. Diesel engines have a primary 
use in agricultural machinery and industrial sector. These 
wide fields of usage of diesel engines have entailed a high 
consumption of diesel fuel. The depletion of petroleum 
reserves and increasing demand induce a steep rise in fuel 
prices as well. On the other hand, their exhaust emissions 
are harmful to natural environment and living beings [1,2]. 
Much effort is being paid worldwide to reduce the diesel 
exhaust contaminants: carbon monoxide (CO), hydrocarbon 
(HC), carbon dioxide (CO2), nitrogen oxides (NOx) and 
particulate matter (PM) [3]. One solution that is being 
imposed is resorting to the use of renewable fuels: biodiesel 
fuels and vegetable oils. [4-6]. Another way is installation 
of modern mechatronic automotive systems characterized 
by embedded electronics and software for changing and 
improving diesel engine operating parameters [7,8]. There 
are recent advances in the combustion of water fuel 
emulsion which consists of base diesel fuel and water 
doped [9,10].  
 

Moreover, one more possible way to reduce the exhaust 
emissions and increase the fuel efficiency of the 
combustion process of diesel fuel in existing diesel engines 
is mixing a certain amount of hydrogen with intake air as a 
supplementary component for enhancing the combustion of 
the primary diesel fuel [11,12]. There are systems working 
on the principle of the electrolysis that could be installed at 
vehicles with diesel engines producing a mixture of 
oxyhydrogen (a ratio of 2:1 hydrogen:oxygen) that may 
also be referred to as Brown's gas or HHO gas [13,14]. The 
electrolysis is one the most important processes for the 
industrial production of hydrogen and tends to become even 
more important in the future [15]. Hydrogen can be 
produced from water, except by the electorysis, as well as 
by a thermolysis, thermochemical cycle, ferrosilicon 
method, photobiological water splitting, photocatalytic 
water splitting, biohydrogen routes and xylose [16]. 
However, one of the successful application that has been 
claimed working well and giving a significant increase in 
reducing exhaust emissions and increasing fuel efficiency is 
the “reforming” technology based on a special “reactor” 
patented by the inventor Paul Pantone as a Multi-Fuel 
Processor (PMC - Processeur Multi-Carburants) [17]. One 
of the successful replications of this technology that 
processes the water through the PMC reactor is the G 
Pantone system (G – Giller, the name of the inventor) 
[18,19]. It represents an efficient catalytic reactor of the 
supplementary component containing hydrogen, obtained 
by passing some vacuum made water vapor through the 
PMC reactor heated by the exhaust pipe, which mixed with 
the primary fuel improves the energy value of the 
combustion process giving reduction in primary fuel 
consumption, reduces pollution, increases engine life and 
reduces noise levels [20].  
 

In this paper an experimental research of effects of using a 
supplementary component generated by a catalytic reactor 
developed using the G Pantone technology on the 
combustion of the primary fuel of a loaded single cylinder 
diesel engine of an electric generator is presented. 
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2. THE DESCRIPTION OF THE TESTED 
SYSTEM WITH THE INTEGRATED 
CATALYTIC REACTOR 
 
The tested catalytic device Reactor S-1 is intended to be 
retrofitted in all types of internal combustion engines 
regardless of the primary fuel: diesel, gasoline, liquefied 
petroleum gas LPG or compressed natural gas CNG. One 
catalytic reactor meets the needs of engines up to 2000 cm3. 
For high-volume engine it is enough to make combination 
and multiplication of catalytic reactors for every additional 
2000 cm3. The appropriate combination of catalytic devices 
influences the multiplication of the quantity of the 
generated supplementary component.  
The basic unit of the catalytic devices Reactor S-1 is with a 
circular cross section and it is threaded on each end for easy 
installation. The outer part of the reactor is made of steel, 
while the interior of the reactor is made according to the 
technology of catalytic devices. The outer diameter of the 
reactor equals 0.017 m and the length of the reactor is 0.110 
m. The weight of the reactor is 0.210 kg. The basic unit of 
the tested catalytic device Reactor S-1 is shown in Fig. 1. 
 

 
Fig. 1. The basic unit of the catalytic device Reactor S-1 
 
The experimental research of effects of adding a 
supplementary component generated by the tested catalytic 
reactor Reactor S-1 on the combustion of the primary fuel 
at a diesel internal combustion engine of an electric 
generator was done on the examined system consisting of: 
 a single cylinder diesel engine, 
 the basic unit of the tested catalytic reactor Reactor S-1, 
 a bubbler representing a distilled water tank, 
 a diffuser of the supplementary component placed on 

the engine air intake part, 
 two tubes, the first one for transporting humid air from 

the bubbler to the reactor and the second one for 
transporting the generated supplementary component 
from the reactor to the engine air intake part. 

The complete examined system for testing the catalytic 
device on the test diesel engine DMB 3 DM 515 is shown 
in Fig. 2 The basic unit of the catalytic reactor is installed in 
the exhaust system of the test engine, Fig. 3. The diffuser of 
the generated supplementary component is inserted into the 
hole on the engine air intake part, Fig. 4. The operation 
principle of the catalytic reactor system is shown 
schematically in Fig. 5. Due to the vacuum forming in the 
intake part of the engine, a "bubbling" is provided in the 
tank with water. That means, there is the suction of a 
certain amount of the ambient air into the tank with the 
distilled water, called "bubbler", through the one-way valve 
forming the humid air by passing through the water. 
Further, the humid air goes into to the catalytic reactor, 
which is heated by the exhaust gases from the engine. By 
passing over the heated inner part of the catalytic reactor, 
the supplementary component is generated by catalytic 

reactions from the humid air. For the catalytic reactor to be 
able to perform its catalytic function it is necessary to be 
the operating temperature at the exhaust system of about 
300 0C. The generated supplementary component is further 
leaded into the intake manifold and the engine combustion 
chamber. There it is mixed with air and atomized primary 
fuel and the mixture is ready for the combustion process. 
 

 
Fig. 2. The complete examined system for testing the 

catalytic device  
 

  
Fig. 3. The tested catalytic 

device in the exhaust 
system of the test engine 

 
 
 

 
Fig. 4. The installation 
position of the diffuser  

 
 
 

 
Fig. 5. The operation principle of the catalytic reactor 

system 
 

The main characteristics of the test diesel engine DMB 3 
DM 515 are shown in Tab. 1. 
 

Tab. 1. The main characteristics of the test diesel engine 
DMB 3 DM 515 

Engine label: DMB 3 DM 515 
Engine type: single cylinder 

diesel engine 
Cylinder number: 1 
Cylinder diameter: 85 mm 
Piston stroke: 91 mm 
Capacity: 515 ccm 
Compression ratio: 17,5 : 1 
Power at 3000 min-1 according 
to ISO 1585: 

9,2 kW 

Max torque at 2000 min-1: 37,5 Nm 
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3. THE MEASURING EQUIPMENT 
 
The measuring equipment that was used for the measuring 
purposes for analyzing effects of using the supplementary 
component generated by the catalytic reactor embedded in 
the exhaust pipe of the examined configuration of the test 
diesel engine DMB 3 DM 515, shown in Fig. 2, is 
presented in Fig. 6 on the block diagram of the test 
configuration. The measuring equipment consisted of: 
exhaust-gas measuring device BOSCH BEA 250 (RPM’s of 
the engine crankshaft, oil temperature of the engine, 
concentrations of CO, CO2, HC, O2 and values of the Air-
Fuel equivalence ratio ), smoke-opacity measuring device 
BOSCH BEA 150 (degree of opacity) and infrared 
thermometer FLUKE 66 (for the temperature measuring on 
the exhaust part where the catalytic reactor was built).  
 

 
Fig. 6. The block scheme for testing the catalytic device 

 
The exhaust-gas and smoke-opacity measuring devices 
were calibrated before the experiment by using the standard 
mixture of gases. The main characteristics of the measuring 
devices used in this test are given in Tab. 2.  
 
Tab. 2. The main characteristics of the measuring devices 

BOSCH BEA 250 BOSCH BEA 150 

parameter unit range parameter unit range 

RPM’s min-1 10012000 
Degree of 

opacity 
% 0100 

Oil temp. °C -20150 
Environmental 
temperature: 540 °C 

CO % vol 010 Supply Power: 220V AC 

CO2 % vol 018 FLUKE 66 

HC ppm 09999 parameter unit range 

O2 % 022 Temp. °C -32600  

λ  0.59,999 
Environmental 
temperature: 050 °C 

Environmental 
temperature: 540 °C Supply Power: 9V DC 

Supply Power: 220V AC  

 
4. EXPERIMENTAL RESULTS  
 
During the research ten measurement cycles were carried 
out. The study was conducted in two test phases. 
In the first test phase the engine was operated without load 
and six measurements were conducted. The RPM’s of the 
crankshaft were maintained at three levels: 1000, 2000 and 
3000 min-1. At each of the defined RPM’s the test engine 
operated without and with the supplementary component 
generated by the catalytic reactor for enhancing the 
combustion of primary euro diesel fuel. In addition to the 
RPM’s of the crankshaft the temperature of the engine oil 
and the temperature of the engine exhaust part were 

controlled. The characteristics of the exhaust gases, the 
results for carbon monoxide CO, carbon dioxide CO2, 
unburned hydrocarbons HC, oxygen O2, coefficient of 
excess air  and degree of opacity, were recorded. In 
parallel with the measurement of the composition of the 
exhaust gases, the measurement of the consumption of the 
primary euro diesel fuel was performed. The consumed fuel 
quantities were kept track for the time of 5 minutes. The 
measuring results of the first research phase are shown in 
Tab. 3 and Tab. 4 for the test engine operating without and 
with the supplementary component respectively. 
 
Tab. 3. The measuring results of the first test phase for the 

test engine operating without the supplementary component 

RPM’s 
(min-1)

Exhaust 
part 

temp. 
(°C) 

Engine 
oil 

temp.
(°C) 

CO 
(%)

CO2 

(%) 
HC 

(ppm) 
O2 
(%)  

Deg. 
of 

opacity
(%) 

Cons.
(ml) 

1000 103 65 0.116 1.7 94 18.28 >5 34.2 101 

2000 141 67 0.135 2.47 152 17.41 >5 42.8 158 

3000 248 71 0.202 4.08 180 15.01 3.256 47.2 271 
 
Tab. 4. The measuring results of the first test phase for the 
test engine operating with the supplementary component 

RPM’s 
(min-1)

Exhaust 
part 

temp. 
(°C) 

Engine 
oil 

temp.
(°C) 

CO 
(%)

CO2 

(%) 
HC 

(ppm) 
O2 
(%)  

Deg. 
of 

opacity
(%) 

Cons.
(ml) 

1000 105 66 0.108 1.86 74 18.18 >5 12.4 101 

2000 143 68 0.130 2.75 123 16.98 4.823 15.9 158 

3000 265 72 0.187 4.29 154 14.71 3.128 18.5 271 
 
For better detecting differences of the test engine 
combusting the mixture of intake air and diesel and intake 
air, diesel and the supplementary component, the results of 
Tab. 3 and Tab. 4 are displayed graphically, Fig. 7.  
By analysing the results presented in Fig. 7 of the 
experimental research of the test engine operating without 
load, the following conclusions can be derived. Considering 
the engine, it is distinguished that temperatures of the 
exhaust part (a) and oil in the engine (b) slightly increase 
when combusting the mixture of intake air, diesel and the 
supplementary component. For the exhaust gases the 
following have been observed: concentrations of CO (c) 
and HC (e) decrease for combusting the mixture of intake 
air, diesel and the supplementary component, with the 
significantly smaller amounts of the HC component. In 
accordance with these, the concentrations values of CO2 (d) 
are higher for combusting with the supplementary 
component than for the case without it. The combustion of 
the mixture of intake air, diesel and the supplementary 
component leads to decrease values of the concentration of 
O2 (f) and the coefficient of excess air  (g) in relation to 
the engine operation with the primary fuel - diesel. The 
most important result was obtained for the observation of 
diesel particulate matter as the main parameter ecological 
regulations for diesel engines. It is highly noticed (h) that 
the values of the degree of opacity for the combustion 
process of the mixture of intake air, diesel and the 
supplementary component obtained at the test engine are 
significantly smaller compared to the mixture without the 
supplementary component.  
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Fig.7. Graphically displayed test results of the engine operating without load 

 

     

a) b) c) d) e) 

   

f) g) h) i) j) 

 
Fig. 8. Graphically displayed test results of the engine operating with load 
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During the research of the consumption of the primary fuel 
– diesel, for the time of 5 minutes and for the operating 
conditions without load for the test engine, it was not 
possible to determine the difference between the case 
combusting the mixture of intake air and diesel, and then 
the mixture of intake air, diesel and the generated 
supplementary component (i). All these facts point to the 
conclusion that the combustion process with the help of the 
supplementary component is more complete and efficient 
process effecting the quality of the exhaust gases resulting 
in reduction of pollution. 
In the second test phase the engine was operated with load 
and four measurements were conducted. The load 
conditions for the test engine was performed by connecting 
a thermal consumer, an electric heater with the power of 2 
kW, to an electrical generator of the installed power of 5kW 
joined by a couple to the crankshaft of the test engine for 
converting mechanical energy to electrical energy. In this 
phase of the test it was provided for the engine crankshaft 
to rotate with 2000 and 3000 min-1, and all the parameters 
that had been analyzed in the previous phase were 
measured as well, with the addition of the voltage at the 
output of the electric generator. The measuring results of 
the second research phase are shown in Tab. 5 and Tab. 6 
for the loaded test engine operating without and with the 
supplementary component respectively. It is necessary to 
mention that, for the consumption determination, for engine 
crankshaft RPM’s of 2000 min-1 the consumption of the 
primary fuel was determined for the time of 5 minutes, 
while for RPM’s of 3000 min-1 the measurement time of the 
consumption of the primary fuel was reduced to 4 minutes 
due to extreme loads to which the engine was exposed to. 
 
Tab. 5. The measuring results of the second test phase for 

the loaded test engine operating without the supplementary 
component 

RPM’s 
(min-1) 

Exh. 
part 

temp. 
(°C) 

Eng. 
oil 

temp. 
(°C) 

CO 
(%) 

CO2 

(%) 
HC 

(ppm) 
O2 
(%)  

Deg.  
of 

opacity 
(%) 

Cons.
 (ml)

Volt. 
(V) 

2000 171 68 0.122 3.35 103 16.14 4.04 11.8 180 103 

3000 327 76 0.187 5.94 127 12.71 2.353 33.0 305 163 

 
Tab. 6. The measuring results of the second test phase for 
the loaded test engine operating with the supplementary 

component 

RPM’s 
(min-1) 

Exh. 
part 

temp. 
(°C) 

Eng. 
oil 

temp. 
(°C) 

CO 
(%) 

CO2 

(%) 
HC 

(ppm) 
O2 
(%)  

Deg.  
of 

opacity 
(%) 

Cons.
 (ml)

Volt. 
(V) 

2020 178 70 0.119 3.43 89 16.04 3.966 11.4 165 105 

3030 330 78 0.174 6.16 102 12.64 2.308 29.7 282 167 

 
The first fact that can be noticed from Tab. 5 and Tab. 6 is 
that RPM’s of the loaded test engine crankshaft are slightly 
higher in the case of combusting intake air, diesel and the 
supplementary component. 
For better detecting differences of the loaded test engine 
combusting the mixture of intake air and diesel and intake 
air, diesel and the supplementary component, the results of 
Tab. 5 and Tab. 6 are displayed graphically, Fig. 8.  
 

 

According to the results presented in Fig. 8 of the 
experimental research of the test engine operating with 
load, the following conclusions can be derived. Considering 
the engine, it is repeated that temperatures of the exhaust 
part (a) and oil in the engine (b) are slightly increased for 
combusting the mixture of intake air, diesel and the 
supplementary component. For the exhaust gases the 
similar as for the operation of the test engine without load 
can be observed: concentrations of CO (c) and HC (e) 
decrease for combusting the mixture of intake air, diesel 
and the supplementary component, with the significantly 
smaller amounts of the HC component. In accordance with 
these, the concentrations values of CO2 (d) are higher for 
combusting with the supplementary component than for the 
case without it. However, for the combustion of the mixture 
of intake air, diesel and the supplementary component at 
the loaded test engine there is an insignificant decrease of 
the concentration of O2 (f) and the coefficient of excess air 
 (g) in relation to the loaded engine operation with the 
primary fuel – diesel, which is different from the case 
without load. Also, there is a different behavior of the 
loaded test engine in the observation of diesel particulate 
matter. It can be noticed (h), that the values of the degree of 
opacity for the combustion process of the mixture of intake 
air, diesel and the supplementary component obtained at the 
test engine operated with load are slightly smaller 
compared to the mixture without the supplementary 
component, unlike the case for the unloaded test engine 
where this reduction was significant. For the loaded test 
engine it was possible to determine the difference of the 
consumption of the primary fuel – diesel for the operating 
conditions combusting the mixture of intake air and diesel, 
and then the mixture of intake air, diesel and the generated 
supplementary component. According to the results of the 
diesel consumption test for combusting the mixture of 
intake air and diesel, adding the generated supplementary 
component to the mixture of intake air and diesel resulted 
in fuel economy (i). For the case of the loaded test engine 
the saving of the primary diesel fuel was around 10%. 
Better results of the output voltage (j) of the electric 
generator for the case of combusting intake air, diesel and 
the supplementary component are the consequence of 
higher RPM’s of the engine crankshaft for that case. All 
these facts point as well to the conclusion that the 
combustion with the help of the supplementary component 
results in better quality of the exhaust gases and in fuel 
savings regardless of the engine load. 
 
5. CONCLUSION 
 
In this paper the experimental research of the composition 
of the exhaust gases as well as the consumption of primary 
fuel of a loaded single cylinder diesel engine of an electric 
generator operating without and with adding the 
supplementary component for improving the combustion of 
the primary fuel generated by a catalytic reactor is 
presented. From the analyzed results, it can be concluded 
that the addition of the supplementary component for the 
combustion of the primary fuel improves the energy value 
of the fuel mixture and the combustion process leading to 
the reduction of harmful and toxic substances emission in 
the exhaust gases and less consumption of the primary fuel, 
for both regimes of operation, without and with load. 
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Moreover, higher values of the output voltage of the 
electric generator were obtained for the case of combusting 
intake air, diesel and the supplementary component which 
was the consequence of increased RPM’s of the engine 
crankshaft. 
The researched catalytic reactor is able to be used on any 
type of internal combustion engines (diesel/petrol), both for 
new and old generations. By an appropriate combination of 
the basic units of the catalytic reactor it is possible to obtain 
adequate response in the quantity of the generated 
supplementary component for combustion of the primary 
fuel corresponding to different capacities of engines 
vehicles. The installation is easy, as well as the removal. It 
does not require modification of engine feed/fuel injection 
systems. There is no additional load on electronic systems 
of adapted vehicles. The system is completely self-
regulating, the engine sucks a certain amount of humid air 
required for that operating mode which, by passing through 
the reactor, becomes the supplementary component for the 
combustion of the primary fuel, so the system uses all the 
generated supplementary component and it is not necessary 
to store it. Hence, the amount of the produced 
supplementary component is directly proportional to the 
engine load. The proposed system after installation requires 
no additional maintenance other than periodic refueling of 
clean distilled water in the bubbler. 
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Abstract 
 

This paper presents the mathematical model and program 
for the dynamic analysis of wheel loader with the Z-bar 
working mechanism. Dynamic analysis determined an 
inertial force and rotational inertia torque of centar of 
mass for the members of kinematic chain of the machine by 
Newton-Euler equations. As an example, the results of 
dynamic analysis are given for the wheel loader whose 
mass is 15000 kg and volume of bucket is 2.7 m3  
 
Key words: Z-bar linkage, wheel loader, dynamic analysis 
 
 
1. INTRODUCTION 
 
For general configuration of the kinematic chain of the 
wheel loader with Z-bar working mechanism, a 
mathematical  model  and  calculation,  is  developed for a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

detailed kinematic and dynamic analysis of  machine 
parameters.  The observed general configuration of 
kinematic chain consists of: the rear L1 (Fig. 1) and front L2 
moving mechanism and the manipulator with arm L3 and 
bucket L4. 
This paper presents a part of research and developed 
program related to the dynamic analysis of the loader. 
 
2. MATHEMATICAL MODEL 
 
Defined mathematical model of the loader kinematic chain 
is based on general theorems of mechanics. The members 
of the loader kinematic chain builds kinematic pairs of fifth 
class - rotary joint with one degree of freedom. 
The member of loader kinematic chain Li is determined in 
its local coordinate system Oixiyizi with set of a geometric 
and dynamic sizes: 
 

 iiiiii J
~

,m,~,~,~L tse                                                           (1) 
 

where is: - i
~e  - orientation of an axis of joint Oi with whom the 

member Li is connected to previous member Li-1, i
~s  - 

position vector of the joint center with whom the member Li is 
conected to forward member Li+1, intensity of vector si 

represents the kinematic length of member, i
~t - position 

vector of center of mass m1 of member chain Li in absolute 

coordinate system, i
~
J - moment of inertia tensor of 

member. Values that is tagged with "wave" above the mark, 
are defined in the local coordinate system of members. The 
mathematical model is designed to allow the numerical 
simulation of working task of the loader operational cycle 
to determine the kinematic and dynamic parameters of the 
kinematic chain and the drive mechanism of machine. 
[1][2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1 Mathematical model of the loader 
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The simulation starts from a set of given values: 
 

 cizz4u t,Y,,,b,VP                                                      (2) 
 

where is: V - volume of bucket, b4 - width of bucket, ρz - 
angle of material slope, Yi - unloading height, tc - time of 
manipulative task. 
The work of loader is characteristic in that the manipulative 
tasks are numerous and cyclic but with the same operations 
structure. However, at each cycle, a operation have 
different parameters.  
For ease defining, each parameter of the manipulative task 
is marked with index ij, where index i denotes the number 
of the kinematic chain member that carrier operations with 
the index j.  
The manipulative task that is analyzed in this paper consists 
of the following operations: 
 loading the material with bucket (j=1),   
 lifting the material to a certain height (j=2),  and  
 unloading the bucket (j=3). 

 
Kinematic chain corresponds to the next inner (generalized) 
coordinates by given parameters and coordinates of path of 
manipulative task: 
 

 431i ,,                                                                     (3) 
 

where is: θ1 - penetration lenght of bucket, respectively the 
relative angle position of the loader in relation to the 
surface, θ3 - relative angle position of arm L3 relative to the 
x - axis of the previous member L2, θ4 - relative angle of the 
bucket L4 relative to the x - axis of the previous member L3. 
The generalized coordinates determine position of the 
members of kinematic chain L3 and L4, relative to an 
absolute coordinate system, and they are: 
  

33                                                                                 (4) 

 

434                                                                         (5) 
 

The inner coordinates of operations j of manipulative task 
corresponds to a specific range of motion of each kinematic 
chain member Li: 
 

   ij1ij4ij                                                                   (6) 
 

where is: δij - movement range of the members i and the 
operation j, ij1, ij4 - inner coordinates of the member 
position Li, on start k=1 and on end k=4 of operation j. 
For each member Li of the kinematic chain and for each 
operation j the phase time are given: a) time tij1 of 
beginning of the operation and the start of acceleration 
(Table 1), b) end time tij2 of acceleration, c) beginning time 
tij3 of deceleration, d) end time tij4 of operation and end of 
deceleration.  
The members of loaders kinematic chain, which are carriers 
of certain operations manipulative task, with a known range 
of motion, given phase times and adopted the character of 
the motion change, corresponding to a certain maximum 
speeds are: 
 

)tt()tt(

2

2ij1ij4ij3ij

ij
ijm 




                                           (7) 

 

according to which are define the rest inner coordinates of 

Table 1. Speed and acceleration of member  Li    
Change of speed 
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state:  speed 

ij  and   acceleration ij  of   kinematic   chain 

members at any time of manipulative task (Table 1)[3][4][5]. 
 
As an example, the inner coordinates of the members L1 
and L2 at the operation of loading material (j = 1) aree: 
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The vectors of: position of the center of the joint ri, the 
center of mass rti of kinematic chain members and the 
center of the cutting edge of the bucket rw, relative to an 
absolute coordinate system are determined by the 
equations: 
 







1i

1j
jjoi

~A sr                                                                     (9) 





4

1j
jjow

~A sr                                                                 (10) 

iioiti
~A trr                                                                    (11) 

 

where is: Ajo, Aio - transformation matrix for the transformation of a  
vector from the local to  the  absolute coordinate system. 
The kinematic values of the kinematic chain members of 
loaders are: linear vi and angular velocity ωi and linear ai 
and angular accelerations εi of chain member Li, and they 
are determine relative to an absolute coordinate system with 
recursive equations [6]: 
 

 ii1ii  eωω                                                                (12) 
 

 iiiii1ii  eωeεε                                                       (13)  
 

ii1i,iii,1i1i1ii erωrωvv                                 (14) 
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The dynamic values of the kinematic chain Li member of 
loader are the inertial force Fi, rotational inertia torque Mi, 
they are determined for of the center of mass, using the 
Newton-Euler equations: 
 

iii m aF                                                                         (16) 
 

  iioiiiiiii

~
A~J

~~~J
~~

MMωωεM       ;                       (17) 

 
3. ANALYSIS 
 
Based on predefined  mathematical  model, program (Fig.3)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

was developed which provides a detailed dynamic analysis 
of the kinematic chain members by simulation of given 
manipulative tasks. 
 
As an example, using the developed software, dynamic 
analysis of kinematic chain members was performed of  
wheel loaders with Z-bar manipulator, mass of loader is 
15000 kg and a volume of bucket is 2.7 m3. 
Simulated manipulative task, consisted of next operations: 
loading of material, transport of affected material and 
unloading at a given height. 
This paper presents results of bucket dynamic analysis.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Dynamic analysis of wheel loader: a) change of generalized coordinates, b) change of inertial force,  
c) change of rotational inertia torque components 
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Fig. 3 Algoritram of developed programs 

 
The changes of generalized coordinates of kinematic chain 
members (Fig.2a) shows that at loading it comes to 
simultaneous movements of the moving mechanism members 
L1 and L2 and the bucket rotation L4.The operation of lifting a 
loaded material on given height is accomplished by movement 
of arm L3 and depending on movement of bucket L4. 
  
Bucket rotation, while arm is lifting, occurs because the drive 
mechanism of bucket is dependent on drive mechanism of 
arm with aim to maintain the bucket in a position where there 
is no spilling materials when arm is lifting. Unloading 
operations are carried out only by running buckets [7][8]. 
Analysis of obtained results shows that the biggest inertial 
forces (Fzi) (sl.2b) causing mass of affected land at the 
beginning of a transport operation and that the largest 
rotational inertia torque (M3) (Fig. 2c) occur at arm at the 
end of transport operation.  
 
4. CONCLUSION 
 
The wheel loaders models of all sizes have predominantly Z-
bar working mechanism. This type of working mechanism 
provides easy manipulation of the material, transport and 
unloading of materials. Since the drive mechanism of bucket 
dependent on drive mechanism of arm, when arm is lifting 
comes to correction of the bucket so that a  materials does not 
spilling out from the bucket. Moreover Z-bar mechanism 
allows to achieve higher digging forces with smaller sizes of 
hydraulic cylinders of bucket drive  mechanism. 
 
In the development of wheel loaders is necessary kinematic 
and dynamic analysis of kinematic chain members and drive 
mechanisms analysis of the machine in order to evaluate 
compliance of the setted requirements which are related to 
the Z-bar working mechanism.  
For these reasons, here are developed a mathematical model 
and program for detailed kinematic and dynamic analysis of 
all members of the kinematic chain during simulated 
manipulative task which consists of operations: loading, 
transport and unloading of materials.  
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Abstract 
 
Rapid development of industry has brought to a growing 
need for installation of single girder bridge cranes and 
monorail tracks. "I" section has been recognized as the 
most appropriate one for the main girder. Limitations in 
their usage can appear due to the loss of lateral stability or 
occurence of local stress increase under trolley wheels 
when total stresses go beyond the limit values. The paper 
considers the references of number of authors for 
calculating the stress in the zone of wheel and section 
contact in order to determine its carrying capacity. 
Comparison was made between obtained and finite element 
method (FEM) results and experimental researches. On the 
base of comparison, designers were given the references 
that can be of great importance for choice of calculation 
method from the point of determining the maximum stress 
values of "I" section bottom flange.  
 
Keywords: I-section, single-girder crane, bottom flange 
stress, crane runway. 
  
 
1. INTRODUCTION 
 
With growth of industry and widening of production 
capacities there is a greater need for installation of single 
girder bridge cranes or monorail tracks which serve the 
production plants. In order to establish this transport 
system, its static calculation must be done. Static 
calculation is defined by certain technical regulations. 
These regulations are not the same in all countries, so a 
difference appears in the calculation way of single girder 
bridge cranes and monorail track structures. Common is the 

fact that bottom flange, upon which trolley runs, is critical 
for dimensioning the I-section (Figure 1). 
In the paper the analysis was done of bottom flange stress 
of standard INP section with reinforcement and 
reccomendation was given for its stress determination. 
At points below the wheel, the biaxial bending of flange 
profile appears, so there occurs biaxial stress state that is 
superimposed with stresses of global loading (Figure 2) [1]. 
These girders are usually made from various types of I 
sections with additional reinforcement (Figure 3a) or 
without it (Figure 3b). The paper considers the case of 
bottom flange reinforcement (Figure 3a). The aim of the 
research in this paper is comparative analysis of the results 
of bottom flange local stresses values obtained using 
different expressions recommended in literature and 
regulations. Regardless of its great influence, lateral 
stability of the bottom flange was not considered in the 
paper. Lateral stability influence is of special significance if 
it comes to the cranes of bigger span an capacity.  
 

 
Fig. 1 Wheel-track contact 

 
Fig. 2 Biaxial local stresses on flange 
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Fig. 3 Review of bottom flange characteristic points 
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2. RECOMMENDATIONS FOR CALCULATION 
OF I-SECTION BOTTOM FLANGE  

 
Bottom flange local stresses depend on 3 parameters: 

-trolley wheel pressure force (P), 
-wheels position related to profile edge (a-c) and  
-bottom flange thickness below the wheel (t). 

Contact of wheel and flange is near the flange outer edge. 
In a local perspective, the flange is subjected to bending. 
We usually use Mendel’s expression for calculating the 
local stress, according to standard JUS C.B3.131 [1-3]. 
Bottom flange stresses depend on point location. 
Stresses in point "A" read: 

A
x,l A,x 2

P
k

t
      

A
z ,l A,z 2

P
k

t
               (1) 

A A
z 1

max

y

y
    

Stresses in point "C" read: 

C
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P
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    

C
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1
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Stresses in point "B" read: 

B
z ,l B ,z 2

P
k

t
     

1
B
z                      (3) 

Coefficients (by Mendel) given in previous expressions 
depend on relations of values c and a  (Figure 4). 
 

 
Fig. 4 Bottom flange bending coefficients [2] 

 
Expression that is often used is stress check by swiss 
recommendations B1[4-5]. By this recommendation bending 

moment Mx  should taken by the section 1-1 which has width 
2.2 a (Figure 5). On base of that we get the expression: 

x
x z ,1

x

M

W
              (4) 

Standard Euronorm EN 1993-6: 2007(E) [6] defines three 
characteristic sections for calculation (Figure 6).  
Characteristic section lines are: 

-"0"-line in connection between web and flange plate, 
-"1"- wheel loading line, 
-"2"-flange outer edge. 
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Fig. 5 Characteristic points for calculation [4] 
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Fig. 6 Characteristic sections for calculation [6] 

 
Calculation method depends on trolley wheels distance. If the 
trolley wheels distance is not less than  1.5 b (b-flange width) 
bending stresses are: 

- ,
, 2

1

z Ed
x Ed x

F
c

t                (5) 

- ,
, 2

1

z Ed
y Ed y

F
c

t               (6) 

- ,x Ed - longitudinal bending tension,  

- ,y Ed - transverse bending tension, 

- 1t - belt thickness in section under force. 
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Coefficients ( xc , yc ) depend on cross section  in which the 

stress is calculated  as well as on parameter : 

-
2

w

n

b t
 


,             (7) 

- wt - web thickness. 

Abramovič [7] defined the expression which totally matches 
the recommendations regulated by Euronorm [6], difference 

is only in marks in the picture. By [7], coefficients ( xc , yc ) 

can be obtained by reading from diagrams shown in Figure 7, 
where  axis x matches axis y in Fig. 6, and axis z to axis x. 
Parameter   matches parameter . 

 

 
 

Fig. 7 Diagrams for coefficients determination [7] 
 
When bottom flange is reinforced by a plate of thickness t2, 
obtained stresses in previous expressions are corrected by 
coefficient k which depends on relation of thicknesses tsr and 
t2  (Table 1). 
Table 1. 

tsr / t2 0,25 0,5 1,0 2,0 & more 
k 0,85 0,75 0,6 0,5 

 
By Alexandrov [8] three points are referential for the 
calculation. Layout of points matches Mendel's methodology, 
i.e. the standard JUS C.B3.131 (Figure 8). 
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Fig. 8 Characteristic points for calculation [8] 
 
Local bending stresses are: 

- 1
2x
k

k P

t
 

   - in plane xy,                  (8) 

- 2
2y
k

k P

t
 

   - in plane yz,                       (9) 

Sign "+" relates to point "A", and sign "-" to point "C". 
Local bending stress at flange end, parallel to plain yz, is: 

- 3
, 2y cb

cp

k P

t
 

   .             (10) 

By Ricker [9-10] there are three points that respond to the 
method shown in [8], where expressions for stress calculation 
match those given  in Euronorm [6]. 
Besides the local stress increase, a number of authors dealt 
also with researches of girder lateral stability  [11-17]. 
 

 
Fig. 9 Diagrams for coefficients determination [9] 

 
 
3. EXPERIMENTAL STRESSES 

DETERMININATION  
 
Verification and comparison of obtained results using the 
previously mentioned recommendations was carried out by 
experimental examination. Single girder crane that was 
examined has the following technical characteristics: 

-Loading capacity Q=5 t, 
-Bridge span L=11,7 m, 
-Longitudinal distance of trolley wheels  b=300 mm,  
-Electric winch type Balkancar T10632. 

Girder cross section is shown in Figure 10. 
 

 
 

Fig. 10 Girder cross section  
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Strain gauges layout is shown in Figure 11. In figure 12 the 
strain gauges positions are shown in relation to the edge of 
flange. Strain gauges middle line 2-3 matches the middle line 
of strain gauge 6. 
 

 
Fig. 11 Strain gauges locations on bottom flange  

a) inner side b) outer side 
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Fig. 12 Strain gauges locations on bottom flange  
a) inner side b) outer side 

 
Measurings were done for three cases (Figure 12): 

-first wheel is distant 150 mm from the line 2-3,  
-first wheel is above the line 2-3, 
-line 2-3 is between the wheels.  

To compare the results with previously mentioned 
recommendations, the results for the case when the wheel is 
above the line 2-3 will be analysed in the paper. 
At experimental examination there was used the strain 
guage of following characteristics: 

-type  LA-22 10/120,  
-resistance  R=120 Ω 0.5 %, 
-constant K=2.051%. 

Scheme of measuring equipment chain is shown in Figure 13. 
 

 
Fig. 13 Scheme of measuring equipment 

 
 
4. STRESS DETERMINATION USING THE 

FINITE ELEMENT METHOD  
 
Verification and comparison of obtained results of 
previously mentioned recommendations was also done by 
finite element method (FEM). Techical features of single 
girder crane on which the examination was done are given 
in section 3. 3D model of single girder crane was formed by 
synthesis of all structural parts. Model represents a 
continuum discretized by ten-nodal tetrahedral elements.  

 

 

 
 
 
 

Fig. 14 Stress distribution: a) main girder b) bottom flange 
– inner side c) bottom flange – outer side 
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5. COMPARATIVE PRESENTATION OF 
STRESSES 

 
Evaluation of results obtained using some of recommended 
expressions can be done by comparing with results obtained 
by experimental examination and FEM method. Comparison 
was done for points "C", "A"and "B", and results are shown 
in tables 2,3&4 respectively. Axis z is directed along axis of 
main girder, while axis x is directed transversely to it. 

Table 1 
Stress in "C" 
[kN/cm2] Force P (kN) 
Method 20.7 31.2 42.2 51.7 67.8 

FEA 

σ‚z 2.9 4.0 5.1 6.4 8.6 
σ‚x 0.4 0.7 0.8 1 1.4 
σ‚u 3.0 4.0 5.3 6.5 8.6 

Testing 

σ‚z 2.6 3.8 5.2 6.4 8.6 
σ‚x 1.7 2.2 2.8 3.3 4.3 
σ‚u 2.3 3.3 4.5 5.5 7.4 

[6] 

σ‚z 3.5 5.0 6.7 8.1 10.5 
σ‚x 0.6 0.9 1.1 1.4 1.8 
σ‚u 3.2 4.7 6.2 7.5 9.7 

[2] 

σ‚z 3.9 5.6 7.3 8.9 11.5 
σ‚x 2.1 2.9 3.8 4.6 5.8 
σ‚u 3.3 4.8 6.4 7.7 10.0 

[8] σ‚u 0 0 0 0 0

[7] 

σ‚z 2.2 3.3 4.4 5.3 6.9 
σ‚x 0.5 0.7 0.9 1.0 1.3 
σ‚u 2.0 3.0 4.0 4.9 6.3 

[4] σ‚u 0 0 0 0 0
[9] σ‚u 0 0 0 0 0

 
Table 2 

Stress in 
"A" 
[kN/cm2] 

Force P (kN) 

Method 2070 3115 4220 5170 6775 

FEA 

σ‚z 1.2 1.7 2.2 2.6 3.4 
σ‚x -1.5 -2.1 -2.7 -3.2 -4.2 
σ‚u 2.3 3.3 4.3 5.0 6.6 

Testing 

σ‚z 2.0 3.2 4.2 5.1 6.7 
σ‚x 1.2 1.9 2.4 2.9 3.8 
σ‚u 1.7 2.8 3.6 4.4 5.8 

[6] 

σ‚z 1.6 2.5 3.2 3.9 5.2 
σ‚x -0.9 -1.3 -1.7 -2.0 -2.6 
σ‚u 2.2 3.3 4.3 5.2 6.9 

[2] 

σ‚z 1.9 3.0 3.8 4.6 6.2 
σ‚x 2.0 3.0 3.7 4.4 5.9 
σ‚u 2.0 3.0 3.8 4.5 6.1 

[8] 
 

σ‚z 1.8 2.8 3.6 4.4 5.9
σ‚x 1.5 2.1 2.7 3.2 4.2
σ‚u 1.7 2.5 3.2 3.9 5.2

 
[7] 

σ‚z 1.5 2.4 3.1 3.8 5.1 
σ‚x -0.5 -0.7 -0.8 -1.0 -1.3 
σ‚u 1.8 2.8 3.6 4.4 5.9 

[4] 

σ‚z 2.5 3.8 4.8 5.8 7.8
σ‚x 1.1 1.6 2.0 2.4 3.2
σ‚u 2.1 3.3 4.2 5.1 6.8

[9] 

σ‚z 1.4 2.2 2.8 3.4 4
σ‚x 2.4 3.5 4.4 5.3 7.0
σ‚u 2.1 3.1 3.9 4.7 6.2

 

Table 3 
Stress in "B" 
[kN/cm2] Force P (kN) 
Method 22.5 30.4 41.1 51.7 67.7 
FEA σ‚z 1.7 2.2 2.8 3.4 4.4 
Testing σ‚z 2.4 3.3 4.6 5.9 7.8 
[6] σ‚z 3.8 4.9 6.5 8.1 10.5 
[2] σ‚z 2.5 3.4 4.5 5.6 7.2 
[8] σ‚z 2.7 3.6 4.7 5.9 7.7 
[7] σ‚z 2.0 2.6 3.5 4.4 5.7 
[4] σ‚z 0 0 0 0 0
[9] σ‚z 0 0 0 0 0

 
6. CONCLUSION 
 
Results obtained in this paper can be of great importance at 
designing single girder bridge cranes but also monorail tracks 
at which the bottom flange is -"I" profile. Researches have 
shown the necessity of stress check in characteristic sections 
which are defined in literature, i.e. in sections "C","B"and 
"A".  
Point "A", beneath the radius that connects web and flange, 
has the lowest stresses, so the stress analysis in it is of less 
importance. 
Stresses on outer edge of flange under point "A" are higher 
and should be checked. 
For stress determination in point"C", best results gives the 
methodology defined in [7], while for point "B" methodology 
defined in [2] and [8].  
For stress determination in point "A", the best results are 
given by  methodologies defined in  [7] [2]and [9], but also 
the results obtained by methodologies [8] [4] and [6] do not 
have big deviations. 

 
ACKNOWLEDGMENT 

 
A part of this work is a contribution to the Ministry of 
Science and Technological Development of Serbia funded 
Project TR35038. 
 

REFERENCES 
 

[1] Z. Petković, D. Ostrić, “Metal structures in machine-
building,” Faculty of Mechanical Engineering Belgrade, 
1996 (In Serbian). 

[2] G. Mendel, “Berechnung der Tragerflansch-beansprung mit 
Hilfe der Plattentheorie,” Forden und Heben, vol. 14. 

[3] G. Huber, F. Tshemmernegg, “Modelling of steel 
connections,” Journal of Constructional Steel Research, vol. 
45, pp.199-316, 1998. 

[4] B. Zarić, D. Buđevac, B. Stipanić, “Steel structures in 
costruction,” Faculty of Civil Engineering Belgrade, 2000 
(In Serbian)  

[5] S. Bošnjak, Z. Petković, P. Matejić, “ Analysis of tension 
state  due to local belt and girder bending,” Transport in 
industry, Faculty of Mechanical Enginering  Belgrade, 
pp.337-342, 1994. 

[6] CEN-“European Committee for standardization Eurocode 3: 
Design of steel structures 1993-6, Crane supporting 
structures,” 2007. 

127



[7] I.I. Abramovič, “Industrial hoisting machines,” Mašinstvo-
Moskva,  1989 (in Russian). 

[8] “Hoist-transport machines,” Visoka škola-Moskva,  2006 (in 
Russian). 

[9] T.D. Ricker, “Steel interchange,” Modern Steel 
Construction, 1999. 

[10] T.D. Ricker, “Tips for avoiding crane runway problems,” 
Engineering Journal, Vol 4. 1982. 

[11] N. Zrnić, S. Bošnjak, V.Gašić,  “Loading capaties curves for 
I-sections runway beams according to bottom flange 
bending and lateral buckling,” Machine design, pp.181-186, 
2008. 

[12] W.J. Lee, “Behavior of Connection with Beam Bearing on 
Bottom Flange of Girder,”Blacksburg, 2001. 

[13] N.S. Trahair, “Steel cantilever strenght by inelastic lateral 
buckling,”School of civil engineering, Sidney, 2001. 

[14] N.S. Trahair, “Lateral-Distortional buckling of 
Monorails,”School of civil engineering, Sidney, 2006. 

[15] M. Ahnlen, “Lateral torsional buckling of I-beams,” 
Department of civil and environmental engineering, 
Geteborg, 2013. 

[16] N.D. Lagaros, M. Papadrakakis,  “Applied soft computing 
for optimum design of structures,” Struct. Multidisc.Optim., 
vol 45. pp.787-799, 2012. 

[17] J.S. Park, D.Y Yoon, B. H. Choi,  “Moment gradient 
Modifier of Continuously Braced Nonuniform Beams with 
Top Flange Loading,” KSCE Journal of Civil Engineering, 
vol 9.No2.  pp.125-133, 2005. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contact address: 
 
Milomir Gašić 
Faculty of Mechanical and Civil Engineering Kraljevo 
36000 KRALJEVO 
Dositejeva 19 
E-mail: gasic.m@mfkv.kg.ac.rs  
 
Mile Savković 
Faculty of Mechanical and Civil Engineering Kraljevo 
36000 KRALJEVO 
Dositejeva 19 
E-mail: savkovic.m@mfkv.kg.ac.rs  
 
Nebojša Zdravković 
Faculty of Mechanical and Civil Engineering Kraljevo 
36000 KRALJEVO 
Dositejeva 19 
E-mail: zdravkovic.n@mfkv.kg.ac.rs  
 
Goran Marković 
Faculty of Mechanical and Civil Engineering Kraljevo 
36000 KRALJEVO 
Dositejeva 19 
E-mail: markovic.g@mfkv.kg.ac.rs  
 
Hajruš Hot 
Technical school in Tutin 
36320 Tutin 
7. Jula 18 
 
 

128



UNIVERSITY  OF  NIS   FACULTY  OF  MECHANICAL  ENGINEERING 

     

THE FIFTH INTERNATIONAL CONFERENCE  

TRANSPORT AND LOGISTICS 
 

 
 

  
 
 
 

EVALUATION OF EFFICIENCY OF 
URBAN BUS LINES IN NIŠ  

 
 

Nikola PETROVIĆ1 
Ljubislav VASIN1 

Tanja PAREZANOVIĆ2 
 
 

1)University of Nis, Faculty of Mechanical Engineering 
2)University of Belgrade, Faculty of Transport and Traffic 

Engineering 
 
 

Abstract 
 
The efficiency of transport systems is determined by the 
ratio of the achieved results of the system and consumed 
resources (vehicles, living labor, energy, etc..) in the 
process of making transportation services. Besides an 
efficient UPPT system, citizens should be offered public 
transport an appropriate quality of transport services in 
order to retain existing and attract new customers. Quality 
of service must be measured, controlled and maintained on 
the basis of continuous user satisfaction research. The 
paper integrates Data Envelopment Analysis (DEA) for 
examination operational efficiency and the quality of the 
transport services of public urban transport system in Niš. 
Based on the calculated and compared values is obtained 
the overall efficiency of bus routes and given are some 
recommendations for the justification of the change bus 
routes after the UPPT Study conducted in Nis 2007th.  
 
Keywords: DEA, UPPT, Quality of the transport services. 
 
 
1. INTRODUCTION 
 
Modern cities are faced with the problems posed by the 
growing number of individual vehicles, which require more 
traffic areas than what the city can offer, and getting worse 
the living conditions and quality of life. The increased 
number of passenger cars in cities has resulted in traffic 
congestion and inefficient public transport, as well as 
worsening of the environment due to exhaust emissions and 
noise. The only solution that can alleviate and overcome the 
traffic problems in cities is radically reform and 
modernization of Urban Public Passenger Transport 
(UPPT). Quality of UPPT should be raised to a level that 
meets the criteria of the modern citizen and who would thus 
become attractive for the part of citizens who mostly use 

their cars for transportation. In the 50 largest cities in the 
world in operational use is about 55,700 buses [1]. The 
growth of urban areas and their changes represent a 
challenge for regional development, particularly in 
connection with issues of sustainability. Public transport 
will no doubt continue to play a major role in the urban 
areas. There has been much research over the past ten years 
on aspects of service and efficiency of bus transport system. 
Common to all the studies of public transport is a necessity 
to assess transportation system which serve a population. 
Public agencies for passanger transport are trying to operate 
more efficiently as the level of government funding declines, 
or as a result of changes in ownerships or regulations. Many 
agencies have also begun to focus more on service planning, 
attempting to analyze regional and local demographics in 
relation to transport services. This trend has stimulated much 
research interest in the evaluation of the performance of 
public transportation systems. The majority of existing 
research focuses on evaluating the performance of agencies 
for passanger transport from management perspectives [2]. 
The last ten years there has been major changes in Serbia, 
which led to changes in the systems of urban and suburban 
passenger transport. Considering the conditions in which 
are operated the 90s, the current domestic carriers have 
emerged from this period considerably weakened, with old 
vehicles, a large number of employees, low production and 
economic efficiency, and there are new companies that 
have the resources and knowledge are not enough trained 
for the challenges of the new trends in technology and 
management. New systems of UPPT in cities are becoming 
more complex and in structure (more carriers, more 
subsystems) and in operation (integration needs of carriers 
in the system in a functional, tariff and logical sense), and 
as a consequence and in organization and management.  
Methodological, the paper integrates Data Envelopment 
Analysis (DEA) for examination operational efficiency and 
the quality of the transport services of public urban transport 
system in Niš. Efficiency in passenger transport, are achieved 
primarily by minimizing the spent resources, because the 
results are precisely defined by the user as far as space, time 
and quality of realization services. The quality of service 
means a general effect of service properties that determines 
the degree of satisfaction of the needs of the service user. 
From the viewpoint of transport users, the most important 
parameters of quality of transport services in passenger 
transport can be categorized into the following:  
 the speed of transportation (ie travel time from point of 

departure to destination),  
 transportation costs (direct expenditure which user has 

when performing travel),  
 comfort (conditions under which transport is performed 

- approaching the vehicle, payment services, kindness 
services, etc.), 

 safety (probability that travel are performed without 
accident ie without harmful consequences) and 

 reliability (guaranteeing a certain time travel, which can 
be predicted in advance). 

Because of the data lack for the new bus lines which 
established after study done, were been used data collected for 
the then existing bus lines from 2007. The aim is to identify 
the best, and insufficiently efficient or ineffective bus lines. 
Then are given analysis of the results and comments on the 
changes bus routes after conducting the Study. 
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2. REVIEW OF LITERATURE FROM THE 
FIELD OF DEA FOR EVALUATING 
PERFORMANCE PUBLIC TRANSPORT 
 
There has been much research over the past 20 years on 
evaluating public transport performance with DEA. Chu, 
Fielding, and Lamar (1992) developed a single index for 
measuring service efficiency as well as service 
effectiveness of public agencies for passanger transport. 
Obeng (1994) addressed the influence of subsidies on the 
efficiencies of US public transportation systems. Nolan 
(1996) did a DEA study of 25 mid-sized bus agencies using 
USDOT section 15 data from 1989 to 1993. He also tried to 
identify the relationships between the efficiency scores and 
agency characteristics using Tobit regression. Viton (1997) 
and Viton (1998) examined the technical efficiency of US 
multimode bus transit and discussed technological 
challenges facing the industry [2]. 
Boilé (2001) evaluated 23 urban transportation systems and 
identified inefficiencies related to input and output 
variables in the DEA models as well as inefficiencies 
attributed to external factors. In the paper was developed 
four DEA models and are used to assess the performance of 
a group of bus transport systems in the United States [6]. 
The most efficient systems within the group were 
identified, while for the remaining systems the types and 
sources of inefficiency were determined. The types of 
inefficiencies that were considered are global and local 
technical inefficiencies and scale inefficiencies. Systems 
that operate locally inefficiently may improve their service 
by utilizing operation strategies, which will result in better 
use of resources to provide service. Systems that exhibit 
scale inefficiencies may be improved upon by identifying 
and dealing with external factors that create 
disadvantageous conditions for the systems. The methods 
demonstrated in this paper are more comprehensive 
compared to the single input/output ratios typically used as 
transit performance indicators. However, they are not 
intended to be used as the sole measure of transport 
efficiency. Results of these methods provide decision 
makers in transport organizations with additional useful 
information to determine the relative performance of their 
systems, identify sources of inefficiency, and assist them in 
allocating resources and making investment decisions [6]. 
De Borger et al. (2002) gave an extensive review and 
analysis of the literature on the production and cost 
frontiers for public transit operators. The paper summarized 
many critical issues insightfully, including technical versus 
scale versus allocative efficiencies, the selection of input 
and output measures, returns to scale and scope, and the 
impact of ownership and government subsidies [2].  
Finally, Tsamboulas (2006) evaluated performance of 15 
European transit systems operating under different 
regulatory regimes. Each of the transportation system 
included in the sample was chosen to cover different 
situations with regard to regulatory and organizational 
forms of European cities. These transit systems were, then, 
clustered into four groups, according to the area and 
population size of each city, in order to avoid misleading 
results as far as their performance assessment is concerned 
[7]. The final four clusters are “very large”, “large”, 
“medium” and “small” cities, whereas, the final data set 

created for this study refers to a 10-year period of time 
(1990–2000) and includes operating characteristics, such as 
number of vehicles used on a yearly basis by each transit 
system, number of employees�operators, maintenance, and 
administrative personnel, vehicle kilometers traveled and 
number of passengers [7].  
From the brief overview above it is clear that existing DEA 
literature has primarily been devoted to comparing and 
evaluating public transportation agencies at regional or 
national levels. These studies have provided rich and 
insightful information on DEA based assessment theory, 
methodology, and empirical findings for public 
transportation agencies. However, as Triantis (2004, p. 426) 
pointed out, “very little research has focused on the 
evaluation of performance at the transportation process 
level”. Bus lines are only researched in the paper [2], which 
tries to fill this gap by evaluating performance of bus lines 
within a public transport agency. 
 
3. USING DEA FOR EVALUATING 
PERFORMANCE OF BUS LINES IN THE CITY 
OF NIŠ  
 
3.1. DEA model 
 
DEA is a linear programming technique to measure relative 
efficiencies of a set of peer units called decision making 
units (DMU) [2]. The basic assumption is that each DMU 
requires certain resources (inputs) to produce its goods or 
services (outputs). A DEA model essentially establishes an 
empirical and piecewise linear production frontier to 
monitor the “conversion” of each DMU’s inputs into 
outputs. A DMU’s relative efficiency is calculated by 
comparing its production function with the estimated 
production frontier. Thus a DMU’s performance is directly 
compared against the “best practice” of a peer or a 
combination of peers. DEA does not require an assumption 
of a functional form relating inputs to outputs. Further, 
inputs and outputs may have very different units. DEA has 
become a popular and powerful approach largely due to its 
ability to model multiple input and output relationships 
without a priori information about the trade-offs [2]. 
In this paper, each bus line is treated as a decision making 
unit (DMU). Adopted DEA model is the output-oriented 
BCC model (Banker et al., 1984), as the overall objective of 
a bus line is to serve as many passengers as possible [2]. 
Another reason why is chosen the BCC model is that it 
makes the variable returns to scale (VRS) assumption, 
which means that efficiency may increase or decrease with 
a change of size in input or output. The VRS assumption is 
more appropriate for bus lines with higher variability of 
productivity. Mathematically, VRS suggests that the 
estimated production frontier can pass anywhere relative to 
the origin in input–output space [2]. 
First it is necessary to define the model variables: 
j: index of DMUs, j = 1, . . . , n, 
i: index of input,, i = 1,. . . , m, 
r: index of output, r = 1, . . . , s, 
xij: the i-th input for DMUj, 
yrj: the r-th output for DMUj, 
λj: the nonnegative scalars (weight) for DMUj, 
μ: the optimal output level. 
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Mathematically, the output-oriented BCC model (Banker et 
al., 1984) can be written as [2]: 
 

Max             (1)  

m,,1ixx.t.s
n

1j
jijio 



        (2) 

s,,1ryy
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         (3) 





n

1j
j 1             (4) 

n,,1j0j            (5) 
 

Since the model needs to be solved n times (once for every 
DMU), we use DMUo to represent one of the n DMUs under 
evaluation. xio and yro are the i-th input and r-th output for 
DMUo, respectively. The DEA model essentially seeks to 
create the most efficient virtual DMU for a given DMUo, 
whose productivity is based on the linear combination of peer 
DMUs’ input and output. The objective function (1) attempts 
to maximize the level of output for the virtual DMU. 
Constraint (2) sets the limit of input to no more than the 
observed amount of input. Constraint (3) specifies that the 
output level is at least as good as that of DMUo. Constraint 
(4) ensures that the DEA model’s variable returns to scale 
(VRS) status. Constraint (5) imposes non-negativity 
restrictions for λj [2].  
It may be noted that μ = 1.0 is always a feasible solution to 
the DEA model. If it also turns out to be μ = 1.0 the optimal 
solution, then DMUо is technically efficient, since the 
model is unable to find a virtual DMU with a higher level 
of output without increasing the current level of input. If the 
optimal solution μ is greater than 1.0, then the DEA model 
has identified a virtual DMU that can perform better than 
DMUо. This indicates that DMUo is not technically 
efficient. The higher the value of μ is, the less efficient the 
DMUо is. The relative efficiency score of DMUo can be 
calculated as 1/ μ [2]. 
 
3.2. Impact of DEA model on operational efficiency  
 
When is DEA model chosen, the next critical step is to 
select the input and output indicators for the DMUs. There 
are many variations in specifying input–output factors in 
DEA literature for assessing transportation agencies. Most 
commonly, labor, capital and energy are used as inputs; and 
vehicle-km, seat-km, or passenger-km are used as outputs 
(De Borger et al., 2002) [2].  
By using the output-oriented BCC model (Banker et al., 
1984.), in paper are taken into account the 15 urban bus 
routes in the city of Niš. Considering the values of inputs in 
terms of the Length of bus routes (LAB+ LBA), the number 
of bus stops (nAB+nBA), the average distance between bus 
stops (dsr) and travel time (Tp) (Table 1) [3], the aim was to 
maximize the total number of passengers carried per day 
(P). The model is solved using the software MaxDEA [8].  
The result of the DEA model is displayed in Table 1. Out of 
the 15 fixed routes, five bus lines are technically efficient 
(1/μ = 1.0); two bus lines are fairly efficient (1/μ > 0.6); and 
8 bus lines are considered inefficient (1/μ<0.6). Why are 
there so many relatively inefficient bus routes? The most 
likely reason is that certain aspects of bus services, such as 

schedules, frequencies, or stop locations, are not adequate 
to meet the needs of users. As a result, only a very small 
portion of the target population is being served by buses. 
The second possibility is that part of the target population 
may not be interested in bus services as they are already 
well served by other means of transportation. Second, the 
presence of a very productive bus route, Line 1, has made 
many other bus lines appear very inefficient. First of all, 
most of these inefficient bus routes serving the area of Niš 
with a low population density. An example of this was Line 
12. Line 38, length 15 of kilometers, representing a line in 
its characteristics and is not a typical city line. Line 34 was 
ineffective (1/μ=0.258187) because it was a circular line in 
one direction. 
 
3.3. Impact of DEA model on quality of the transport 
services  
 
As the basic unit for defining the characteristics of quality 
can be observed line of transportation that is an integral part 
of the overall UPPT system. Between quality of UPPT 
system and quality of transport service exists 
interdependence based on unifying the interests of service 
users, carriers and strategy development community, ie the 
overall transport system. Quality of public passenger 
transport is defined as the projected level of satisfaction of 
transport user needs, in which the system is designed on the 
basis of pre-defined quality characteristics.  
By recording the departure times of all UPPT vehicles during 
the time of their functioning during the day in the UPPT 
system have been researched characteristics (indicators) of 
quality UPPT system. Quality indicators of UPPT (Table 2) 
which have been investigated by certain lines are as follows: 
F (veh/day) - Vehicles frequency, C (seats/day) - the 
Working capacity of the line, BTR1 (veh.km/day) - Gross 
transport work, BTR2 (seats.km/day) - Gross transport work 
and Ki-Coefficient of capacity line [3].  
By using the output-oriented BCC model (Banker et al., 
1984.), in paper are also taken into account the 15 urban 
bus routes in the city of Niš. Considering the values of 
inputs in terms of vehicles frequency, working capacity of 
lines, gross transport work and the coefficient of capacity 
lines (Table 2), the aim was to maximize the total number 
of passengers carried per day (P).  
In Table 2 is displayed the result of the DEA model for 
quality of the transport services. It is interesting to note that 
15 bus routes can be divided into two groups. 8 of them are 
technically efficient (1/μ = 1.0) while the remaining 7 lines 
fairly efficient (1/μ > 0.6). This indicates that the quality of 
the service provided was on high level and also that a large 
part of the services UPPT is not well understood by the 
local population.  
 
3.4. Comparison of operational efficiency and quality of 
the transport services  
 
The best way to obtain a comprehensive picture of bus line 
performance is to compare operational efficiency with 
quality of the transport services (Table 3). In other words, 
bus lines with high operational efficiency scores may or may 
not have high quality of the transport services scores, and 
vice versa. Therefore, were further examined the two 
performance scores for bus lines and search for implications 
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Table 1 Input, output indicators for the DEA model and calculated efficiency 
 

Line 
No  Line name 

LAB+ LBA 
(km) 

nAB+ nBA dsr 

(km) 
Tp 

(min) 
P 

(passengers/day) 
Efficiency 
1/ μ 

1 Niška Banja – Novo selo 17+17 26+28 0.654 62.2 41431 1 
2 Bubanj – Donja Vrežina 7.1+7.1 18+15 0.394 53.0 16542 1 
3 Mokranjčeva – N. R. Jović 6.7+6.7 15+15 0.447 46.7 5565 0.379373 
5 Žel. stanica - Somborska 5.3+5.3 12+10 0.442 37.5 5632 0.668316 
6 Žel. stanica - Duvanište 6.1+6.1 14+14 0.436 44.9 11259 0.867801 
7 Trg Ka – Kalač brdo 3.2+3.2 9+9 0.356 21.2 477 1 
8 Trg KA – Novo Groblje 6.1+6.1 9+9 0.678 36.4 2381 0.411592 
9 Trg KA - Pribojska 4.5+4.5 11+11 0.409 34.1 3177 0.450144 
9a Trg KA – Donji Komren 5.2+5.2 11+11 0.473 36.1 2766 0.32805 
10 Trg KA – Gabrovačka reka 5.1+5.1 14+14 0.364 34.8 1964 0.508926 
11 Trg KA - Medoševac 3.5+3.3 7+6 0.500 28.4 834 1 
12 Njegoševa – Tehnički fakulteti 4.55+4.0 12+8 0.379 37.5 163 0.038824 
13 Trg KA – Ćele kula 4.4+4.4 11+11 0.400 37.3 7824 1 
38 Mramor - Čalije 15+15 28+26 0.536 79.2 4534 0.150455 
34 Aerodrom – Autobuska stanica – 

Žel. stanica - Aerodrom 
20.88 45 0.464 71.5 6001 0.258187 

 
 

Table 2 Input, output indicators for the DEA model and calculated efficiency 
 

Line 
No.  

Line name 
F 

(veh/day) 
C 

(seats/day) 
BTR1 

(veh.km/day)
BTR2 

(seats.km/day) 
Ki 
(-) 

P 
(passengers/day) 

Efficiency 
1/ μ 

1 Niška Banja – Novo selo 193.0 33969.15 4299.80 756764.800 0.205 41431 1 
2 Bubanj – Donja Vrežina 137.5 20660.57 1946.80 293380.11 0.155 16542 0.949449 
3 Mokranjčeva – N. R. Jović 56.5 9351.49 757.5 125310.00 0.102 5565 0.775247 
5 Žel. stanica - Somborska 71.3 9720.58 755.6 103038.10 0.12 5632 0.80187 
6 Žel. stanica - Duvanište 114.5 11450.00 1396.90 139690.00 0.205 11259 1 
7 Trg Ka – Kalač brdo 16.0 1600.00 102.4 10240.00 0.09 477 1 
8 Trg KA – Novo Groblje 29.5 3097.50 359.9 37789.50 0.226 2381 0.967753 
9 Trg KA - Pribojska 34.5 4455.00 310.5 40095.00 0.189 3177 1 
9a Trg KA – Donji Komren 30.0 4224.00 312 43929.60 0.155 2766 0.952799 
10 Trg KA – Gabrovačka reka 33.0 3630.00 336.6 37026.00 0.16 1964 0.684834 
11 Trg KA - Medoševac 20.0 2620.00 136 17816.00 0.112 834 0.913528 
12 Njegoševa – Tehnički fakulteti 11.0 1100.00 94.6 9460.00 0.03 163 1 
13 Trg KA – Ćele kula 84.0 11004.00 739.2 96835.20 0.168 7824 1 
38 Mramor - Čalije 36.0 3912.33 1067.00 117370.00 0.172 4534 1 
34 Aerodrom – Autobuska 

stanica – Žel. stanica - 
Aerodrom 

63.0 5040.00 1348.20 107856.00 0.213 6001 1 

 
 

Table 3 DEA results: Operational efficiency in relation to the quality of transport services 
  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Line 
No.  

Line name 
Operational 
efficiency 

Quality of 
transport services 

Difference 

1 Niška Banja – Novo selo 1 1 0 
7 Trg KA – Kalač brdo 1 1 0 
13 Trg KA – Ćele kula 1 1 0 
2 Bubanj – Donja Vrežina 1 0.949449 0.050551 
11 Trg KA – Medoševac 1 0.913528 0.086472 
 

12 Njegoševa– Tehnički fakulteti 0.038824 1 -0.96118 
38 Mramor – Čalije 0.150455 1 -0.84955 
9 Trg KA – Pribojska 0.450144 1 -0.54986 
6 Žel. stanica – Duvanište 0.867801 1 -0.1322 
34 Aerodrom – Autobuska stanica 

– Žel. stanica – Aerodrom 0.258187 
 
1 -0.74181 

8 Trg KA – Novo Groblje 0.411592 0.967753 -0.55616 
9a Trg KA – Donji Komren 0.32805 0.952799 -0.62475 
 

5 Žel. stanica – Somborska 0.668316 0.80187 -0.13355 
10 Trg KA – Gabrovačka reka 0.508926 0.684834 -0.17591 
3 Mokranjčeva – N. R. Jović 0.379373 0.775247 -0.39587 
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Table 4 Basic characteristics of the existing network of city lines 
 

Line 
No.  

Line name 
LAB 
(km) 

nAB LBA 
(km) 

nBA dsr 
(km) 

1 Niška banja - Ledena stena 12.9 20 12.9 22 0.645 
10 Ćele kula - Novo selo 9.7 17 9.7 19 0.571 
2 Bubanj - Donja Vrežina 7.1 18 7.1 15 0.458 
3 N.R. Jović - EI 9.1 17 9.1 16 0.587 
4 Bubanj - Čalije 9.5 23 9.5 20 0.463 
5 Železnička stanica - Somborska 5.3 12 5.3 10 0.530 
6 Železnička stanica - Duvanište 6.1 14 6.1 14 0.469 
7 Trg KA - Kalač brdo 3.2 9 3.2 9 0.400 
8 Novo groblje - Gabrovačka reka 11.2 22 11.2 22 0.533 
9 Trg KA - Pribojska 4.5 11 4.5 11 0.450 
9a Trg KA - Donji komren 5.2 11 5.2 11 0.520 
11 Medoševac - Mokranjčeva 6.4 13 6.6 14 0.520 
12 Donji Komren - Njegoševa 7.1 12 7.2 13 0.622 
13 Trg KA - Ćele kula 4.4 11 4.4 11 0.440 
34 Aerodrom - Autobuska stanica - 

Žel. stanica - Aerodrom 
20.88 45 20.88 45 0.464 

 
of their relationships. 
The best-performing bus lines have very high scores in both 
operational efficiency and quality of the transport services. 
They are Lines 1, 7, 13, 2 and 11. Technically, these bus 
lines are located on or near the production frontier derived 
from the two DEA models. They provide benchmarks for 
performance evaluation. Specifically, Lines 1 and 13 are 
primary routes that serve major urban areas. Lines 7, 2 and   
11 are routes which linking bigger settlements within the 
city of Niš.  
Bus lines with very low operational efficiency and quality 
of the transport services scores are the worst performers 
that should be carefully re-planned or even eliminated. 
Seven bus lines belong to this category: Lines 12, 38, 9, 6, 
34, 8 and 9а. 
If are observed the resulting data carried DEA analysis 
(Table 3) and the current state of bus lines in Niš (Table 4) 
it can be observed some similarities:  
 
 Lines 13, 7, 2, 6 and 5 have remained unchanged (1/μ 

> 0.6). 
 Lines 10 and 8 are modified in a single Line, Novo 

groblje - Gabrovačka reka. 
 Introducing another direction on the Line 34 is 

justified because of the low value of the operational 
efficiency (0.258187). 

 The quality of transport services is not influenced on 
the change lines, but only operational efficiency.  

 
4. CONCLUSION 
 
In this paper was used Data Envelopment Analysis (DEA) 
to examine operational efficiency and quality of transport 
services UPPT in Niš and analyzed the 15 urban bus lines. 
On the basis of the paper [2] and the data from listed 
Study [3], are formed the input and output indicators for 
DMUs. Each bus line is treated as a decision-making unit 
(DMU). DEA model used is output-oriented BCC model 

for the reason that the bus line service as many passengers 
as possible. 
For operational efficiency has been taken: length of bus 
routes, the number of bus stops, the average distance 
between bus stops and travel time. In this paper was used 
real-time travelling as opposed to many other studies of 
public transport which used round distance as a measure 
of reasonable alternative real-time travel. For evaluating 
the quality of transport services as inputs were used: 
vehicles frequency, working capacity of the line, gross 
transport work, gross transport work and coefficient of 
capacity line. In both DEA model of operational 
efficiency and quality of transport services of UPPT in 
Niš, was adopted as the output indicator the total number 
of passengers carried per day and line. 
The analysis shows that in the UPPT in Niš most efficient 
are bus lines 1, 7, 13, 2 and 11. Also, are given some 
recommendations related to the justification of changes in 
bus lines after conducting the Study. It can be concluded 
that the quality of transport services is not affected by the 
lines change.  
It should be noted that this DEA models are based on a 
relatively small transit market. Therefore, the difference is 
not taken between the bus lines with different 
characteristics; otherwise the data set would be too small 
from the DEA modeling perspective. Performed research 
and the results in this paper, it should be noted, were 
obtained through two limitations. One is to treat each bus 
line independently and are not considered a transfer points 
between the bus lines. Current DEA model cannot easily 
account for the impact of interdependence within the 
transport system. Significant modification to the model 
may be needed to address this limitation in future 
research. The second limitation is in the form of lack data 
about the age structure of the users bus services relating to 
individual bus lines and therefore not carried out analysis 
of the impact of spatial effectiveness. 
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Abstract 
 
Environmentally cleaner system of public passengers 
transport is imperative for sustainable development of 
cities. Vehicles with conventional propulsion, in which 
includes most of the city bus transport of passengers, are 
one of the major causes of urban pollution and emissions in 
cities. Considering that is necessary to introduce 
alternative propulsion systems in public transport, and 
there are a number of limitations and uncertainties, it is a 
decision on the selection of appropriate alternatives are 
very complex. In paper, with TOPSIS method, according to 
the adopted criteria, is carried out multi-criteria ranking of 
alternative propulsion systems and fuels for buses and 
additional sub-urban public passenger transport with 
electric propulsion (trolleybus and tram).  
 
Keywords: TOPSIS, Urban Public Passenger Transport, 
alternative fuels. 
 
 
1. INTRODUCTION 
 
Key problems of humanity are lack of energy and 
environmental pollution. Increase mobility while reducing 
pollution, congestion and accidents are the challenges faced 
by most European cities. The European Commission is in the 
White Paper 2011th recommends that it is necessary to halve 
the use of “conventionally powered” cars in urban transport 
to the 2030th, remove them from the towns in 2050th, and 
introduce alternative propulsion systems and fuels in the fleet 
of city buses. Public passenger transport in the city is a 

significant energy consumer and polluter of the environment 
and therefore need to be improved. At the Faculty of 
Mechanical Engineering has conducted research of public 
passenger transport in the city of Niš, which is performed on 
the lines of a total length of 134 km, with 124 buses that 
annually exceed about 8.8 million km. Accordingly, this 
paper set the goal to perform multi-criteria analysis of 
alternative propulsion systems and fuels for buses, to be 
included in the analysis, and other forms of transport, 
trolleybus and tram, make ranking adopted alternatives and 
determine the best alternative that corresponds to the adopted 
criteria. Used alternatives and criteria are adopted based on 
the review of foreign scientific and technical literature and by 
expert estimates of authors.  
 
2. URBAN PUBLIC PASSENGER TRANSPORT 
 
Urban Public Passenger Transport (UPPT) provides 
transportation services available to all users by pre-defined 
and well-known operating conditions. The role of public 
transportation is important for all the cities, especially to 
solve the problem of traffic in the central city area.  
Urban transport is responsible for about a quarter of carbon 
dioxide emissions in the transport [1]. Gradually removal of 
vehicles with conventional fuels from the urban areas is a 
major contribution to reducing the large oil dependence, 
greenhouse gas emissions, pollution and noise. To ensure 
this, it is necessary to introduce a new vehicle with 
appropriate alternative sources of energy. Considering that 
the vehicles of public transportation are major “polluters”, 
the introduction of alternative energy sources is particularly 
effective in the fleet of city buses. 
 
2.1. Bus subsystem of UPPT 
 
Bus subsystem of UPPT is today the most widely used 
technology in passenger transport, with the basic 
characteristics of the autonomous movement of the vehicle, 
with the power unit as energy commonly used conventional 
fossil fuel (oil) or today the so-called alternative energy 
sources (natural gas, renewable biofuels (biodiesel, ethanol, 
biogas), hydrogen, etc.) [2]. 
Bus subsystem has a wide range of vehicles by capacity and 
performance (type of propulsion energy, engine, 
transmission, ergonomic elements, body, etc.), whose 
application depends on the transport requirements of the 
line, the morphological structure of the city (above all 
configuration of the terrain and street network), type of the 
route line, the desired quality of service, etc. [2].  
Nowadays, increasingly, the buses are divide by type of 
propulsion energy which vehicle use, ie:  

 Bus with conventional diesel engine (oil). 
Conventional diesel buses represent the solution that in 
Serbia used to transport passengers in over 99% of cases 
[3]. Represents a major source of environmental pollutants 
in urban conditions, especially particulate pollution and 
nitrogen oxide. Today, after the famous energy crisis in the 
world and the most harmful emissions buses with diesel 
engine, the more it comes to finding new technological 
solutions based on the application of new type of 
propulsion (alternative fuels), improving the combustion 
process, ie reduce emissions of pollutants.  
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 Bus powered by Compressed Natural Gas-CNG or 
Liquid Natural Gas - LNG. A technology vehicle with 
compressed natural gas is already commercialized around 
the world and there are about four million CNG vehicles in 
the world. Vehicle to compressed natural gas is widespread 
in countries with their own natural gas. This vehicle emits 
only small amounts of carbon dioxide, has a high-octane 
value and is suitable for use as a public transport vehicle. A 
large number of buses powered by compressed natural gas 
are present in EU cities: Rome (400) Madrid (381), 
Barcelona (300) Torino (222), Porto (255), Lille (167), and 
Paris (130) [3]. In Belgrade, the use of gas-powered buses 
carried only in research/experimental purposes, while is in 
Novi Sad from 2011th in the implementation six buses on 
compressed natural gas. Natural gas supply, distribution, 
and security are issues that require improvement [4]. In 
Japan, Italy and Canada as much as 7% of buses is powered 
by LNG and some European countries are planning to 
introduce LNG in vehicles to reduce pollution [5]. 

 Bus powered by renewable biofuels (biodiesel, ethanol 
and biogas). Biodiesel is a liquid form of renewable energy 
derived from biomass, ie oil obtained from the seeds of oil 
crops. Characteristics of biodiesel are similar to diesel fossil 
and improvement comes from the oxygen content in 
biodiesel, which provides better combustion process and 
improves lubrication, which partly compensates for the 
impact of lower energy content. Because biodiesel is 
technically perfect substitute for fossil diesel and no 
significant modification of the diesel engine are not needed. 

 Hybrid electric bus with diesel engine. Hybrid 
propulsion of buses means the two power units that use 
different sources of energy. Propulsion system of hybrid 
vehicles consists of the internal combustion engine, electric 
generator, electric motor, power converters and battery. In 
addition, the combustion engine powered the alternator 
which supplies the electric motor power of 100 -150 kW. 
The excess of electricity is stored in batteries, allowing 
independent movement of vehicles on the route 5-10 km, 
and when driving downhill, braking and stopping, the 
engine further complements the battery [4]. In some cities, 
such as Berlin, Brislel, London and Paris began the use of 
buses with a combined (hybrid) diesel-electric drive. 

 Bus powered by hydrogen (H2). Fuel cells are 
electrochemical devices for the immediate conversion of 
chemical energy, contained in some chemical element or 
compound, in DC electricity [3]. As a fuel is commonly used 
hydrogen in the tanks located in the liquid or gaseous state. 
Application of hydrogen as drive fuel buses has not been 
widespread, despite the great potential that lies primarily in 
the zero emissions of pollutants. All the world's leading 
vehicle manufacturers have long been working on the 
development of fuel cell powered vehicles. Mercedes has 35 
buses experimentally put into operation in different cities of 
the world, in order to test the application of fuel cells. 

 Bus powered by electricity. Implies an autonomous 
vehicle that is powered by electricity, which is stored in the 
battery of the vehicle. Electric vehicles are extensively 
developed for large manufacturers in the world, and special 
emphasis is the development of highly capacitive battery. 
Bus with electric DC motor has very favorable operating 
characteristics due simple control of the drive torque. A key 
issue in the exploitation of this category bus is the restoration 
of electricity sources (battery). In principle, this solved in two 

ways: recharging discharged batteries or replacing 
discharged battery with charged [5]. Restoration of electricity 
sources is still a major disadvantage of this technology. 
 
2.2. Trolleybus subsystem of UPPT 
 
Trolleybus subsystem is the subsystem of UPPT very 
similar to the bus subsystem, which is characterized by a 
vehicle with electric powered on tires (rubber wheels), 
which is in constant conjunction with a two-wire air-contact 
line via trolley electricity.  
Today trolleybus subsystem experienced an expansion in 
cities around the world, while in 86 cities of the EU appears 
as the main form of transportation [2]. In the Russian 
Federation, today there are 89 systems with 14,110 
vehicles, with the Moscow trolleybus subsystem as the 
largest in the world, with 2,032 vehicles. Beside him in EU 
the most developed trolleybus subsystem is in Athens with 
315 vehicles. In Italy and Switzerland, there are a 15 and 14 
trolleybus companies with cutting-edge technology, and 
these two countries are leading in developing trolleybus 
technology, while in many other countries, this form of 
transport again introduced or plans to introduce it [2]. 
Some of the major advantages of trolleybus subsystem of 
UPPT over conventional bus are [2]: 1. Environmentally 
friendly, without harmful emissions and the lowest noise 
level in comparison to other forms of public transport, 2. 
Economic (cost) more effective than conventional bus, 
because it uses renewable energy sources, 3. Cost effective 
due to increase the average life expectancy of exploitation 
trolley (about 15 years) compared to buses, etc. 
Disadvantages of trolleybus subsystem of UPPT compared 
to traditional bus are: 1. Higher level of investment costs in 
relation to bus subsystem for about 10%, 2. Power supply 
network requires maintenance, 3. Less flexible compared to 
the bus subsystem, and so on. 
 
2.3. Tram subsystem of UPPT 
 
Today, electricity is the dominant form of propulsion power 
in the rail sub-UPPT. This type of propulsion energy gives 
excellent dynamic performance of the vehicle. Engines are 
very clean and suitable for maintenance. Environmentally is 
friendly and provides absolutely the possibility of energy 
recovery during braking.  
Tram subsystem represents this form of rail subsystems 
UPPT, within which work vehicles-trams along a fixed 
routes according to the timetable. Trams as propulsion 
power use electrical energy obtained through constant 
contact electric trolley (pantograph) and air contact line [2].  
 
3. MULTI-CRITERIA DECISION METHODS 
 
From the sixties until today, is developed a large number of 
methods, which can be more or less successfully to solve 
most real problems of multi-criteria analysis. According to 
the type of information, all methods are divided into two 
groups [6]. The first group are the methods without 
information about the criteria: method of domination, 
MAXIMIN method, MAXIMAX method. The second 
group are the methods that require certain information 
about the criteria: Conjunctive, Disjunctive, ELECTRE, 
TOPSIS, PROMETHEE, and so on.  
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In order to take a good decision, it is necessary to specify 
the alternatives by defining of appropriate criteria. It is also 
necessary to define the weight coefficients of each criterion, 
ie the importance of each criterion relative to the other. The 
weight coefficients are numbers that can be obtained by any 
of the following methods: Eigenvector, Minimum weighted 
squares method, Entropy method, etc.  
In addition, for each criterion is determined whether it is 
necessary choose an alternative so that criterion be 
minimum or maximum, ie what is the nature of this criteria. 
Thereafter, by each criterion are especially evaluated 
alternatives on the basis exactly determined of parameters 
or subjective evaluation. The way in which are presented 
those evaluations depends on the chosen method which is 
used for solving problems. 
In this paper will be used the entropy method, which is 
explained in detail in [7], to determine the weight 
coefficients and TOPSIS (Technique for Order Preference 
by Similarity to Ideal Solution) method for ranking the 
alternatives which is described in [8]. 
 
4. MULTI-CRITERIA ANALYSIS OF 

ALTERNATIVE PROPULSION SYSTEMS 
AND FUELS FOR PUBLIC TRANSPORT 
PASSENGERS IN NIŠ 

 
The aim is to perform multi-criteria analysis of alternative 
propulsion systems and fuels for buses in the city of Niš, as 
well as that are in the analysis includes additional subsystems 
UPPT with electric propulsion, trolleybus and tram, make a 
ranking of the adopted alternatives and determine the best 
alternative that corresponds to the adopted criteria. 
Alternative solutions considered in this paper are: 
a1 - Bus with conventional diesel engine (oil);  
a2 - Bus powered by Compressed Natural Gas-CNG or   
       Liquid Natural Gas - LNG;  
a3 - Bus powered by renewable biofuels (biodiesel);  
a4 - Hybrid electric bus with diesel engine;  
a5 - Bus powered by electricity;  
a6 - Bus powered by hydrogen (H2);  
a7 - Trolleybus like subsystem of UPPT with electric  
       propulsion;  
a8 - Tram like subsystem of UPPT with electric propulsion.  
 

The criteria that are taken for evaluation of alternative 
propulsion systems and modes of transport for the public 
transport of passengers in Niš:  
f1 - Energy supply;  
f2 - Energy efficiency;  
f3 - Air pollution; (PM, NOx, HC, CO, CO2) - respectively     
      (f3, f4, f5, f6, f7) - variant I 
f4 - Noise;  
f5 - Technical characteristics of the vehicle (Vehicle capacity, 
power, acceleration, braking, comfort, average speed);  
f6 - Investment costs (price of the vehicle);  
f7 - Maintenance costs;  
f8 - Inclusion the domestic industry.  
 

Considering that air pollution is treated as the most 
important criterion, that the analysis is performed in two 
ways, primarily with 12 criterion (variant I) where are 
individually considered PM, NOx, HC, CO and CO2, 
respectively as criteria f3, f4, f5, f6 and f7 (Table 1), and the 

second (variant II) in which is used as a criterion of air 
pollution f3 only CO2 (Table 2).  
During the formation of the matrix of decision making, it 
is often the case that the criteria values for each alternative 
by certain criteria represent as qualitative value. There is 
the problem how to perform comparison qualitative with 
quantitative criteria values. For overcoming the above 
mentioned problem, is done so called quantification of 
qualitative criteria, ie translating qualitative criteria in a 
quantitative. There are various ways of translating 
qualitative attribute values in quantitative: ordinal scale, 
interval scale and ratio scale. 
As the usually applies interval scale, this method is used 
and in this paper to translate qualitative values to 
quantitative. The range of the scale is in the interval from 1 
to 9. Values 0 and 10, are not included because are do not 
know the explicit extreme values of the observed criterion.  
Criterion f1 - Energy supply. Evaluation of this criterion 
(min-1, max-9) is based on the possibility of providing 
energy, the cost of providing energy resources, developed 
infrastructure, supplies, etc. Evaluation performed by the 
information from [5] and the personal evaluation for 
trolleybuses and trams.  
Criterion f2 - Energy efficiency. Evaluation made based 
on information from [5] and [9]; for trolleybuses and trams 
used the relation: 1 liter of diesel fuel = 3.67 kWh. 
Criterion f3 - Air pollution. Evaluation carried out on the 
basis of data on maximum measurements of gas emissions 
given in the literature [5] and [4]. (Note - values * were 
adopted 50% less than the alternative A1). 
Criterion f4 - Noise [dB]. Evaluation made based on 
information from [5] and personal evaluation for trolleybus 
and tram. 
Criterion f5 - Technical characteristics of the vehicle 
(Vehicle capacity, power, acceleration, braking, comfort, 
average speed). Evaluation carried out on the basis of [5] and 
personal evaluation for trolleybus and tram, where it was taken 
into account that the capacity the tram is greater than bus.  
Criterion f6 - Investment costs (price of the vehicle). 
Information from the [5], [9] and [10]. 
Criterion f7 - Maintenance costs [$]. Evaluation made 
based on information from [5] and personal evaluation for 
trolleybus and tram. 
Criterion f8 - Inclusion the domestic industry. Evaluation 
carried out on the basis of personal evaluation. 
On the basis of the adopted alternatives and criteria are 
established quantified decision matrixes for I and II variant, 
by using which to determine weight coefficients of 
individual criteria influence at the adopted alternatives and 
conduct multi-criteria decision making procedure.  
Assign the appropriate set of weight coefficients is the way 
of transformation that is used in cases where multi-criteria 
decision making problems require information about the 
relative importance of individual criteria. Weighting 
coefficients for both variants are calculated using entropy 
method. 
As input data is used quantified decision matrix which is 
normalized, ie its members are reduced to the interval from 
zero to one. Then, such a normalized matrix is multiplied 
by the weighting coefficients, calculated relative closeness 
which represents the compromise between proximity ideal 
and negative ideal point for each alternative separately and 
formed rank alternatives. 
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Table 1 Analysis with the 12 criteria (variant I) where are individually considered PM, NOx, HC, CO i CO2 respectively 
 

 
 

Table 2 Analysis with the 8 criteria (variant II) where is considered only CO2 
 

 

Topsis method was found, in both variants of criteria decision 
making, it is the best alternative A5 (Bus powered by 
electricity). Also in both variants is the worst evaluated bus 
with conventional diesel engine (oil). Alternative solutions, 
A3-Bus powered by renewable biofuels (biodiesel), A4-Hybrid 
electric bus with diesel engine, A6-Bus powered by hydrogen 
(H2) and A7-Trolleybus like subsystem of UPPT with electric 
propulsion, are evaluated as good solutions. 
 
5. CONCLUSION 
 
Within the paper was performed multi-criteria analysis of 
various subsystems UPPT, buses with conventional diesel 
engines and with alternative propulsion as well as the 
subsystem trolleybuses and trams. From alternative 
propulsion of bus, were considered propulsion at natural 
gas and biofuels, then diesel-electric ie hybrid, electric and 
hydrogen. The criteria according which the alternatives are 
evaluated were: Energy supply, Energy efficiency, Noise, 
Technical characteristics of the vehicle, Investment costs, 
Maintenance costs, Inclusion the domestic industry and as 
the most important criterion air pollution. TOPSIS method 
was found that is the best alternative - bus powered by 
electricity. However, bus powered by electricity is not yet 
technically developed for mass use because of unresolved 
issues needs for frequent recharging. That is why 
alternative solutions, such as bus at bio-diesel and hybrid 
propulsion, have exceptional significance for short 
term/immediate solutions. Propulsion on hydrogen is 
propulsion of future, but it is still in the development phase. 
The complexity of transport in cities is often poorly 
understood, and the impact of transport in urban areas is 
often underestimated. The goal of transportation planning 
should be not only efficient transport system, already and 
creation of modern cities with good and quality life, which 
implies a high level of mobility but also and clean air. 
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 f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 
TOPSIS 

(Si) 
Ranking 

max max min min min min min max max min min max 
Weight 

coefficient 
0.0195 0.0896 0.2294 0.1275 0.1874 0.1048 0.1147 0.0009 0.0032 0.0915 0.0118 0.0199 

A1 7 1.0 1.26 15.66 1.30 10.23 1700 0.42 0.79 100000 11400 7 0.387991461 8 
A2 5 0.8 0.02 7.25 9.87 0.73 1400 0.55 0.73 300000 10410 6 0.53598002 7 
A3 2 0.8 0.07 4.28 1.31 5.25 1.8 0.58 0.52 120000 14700 6 0.757568759 4 
A4 5 1.5 0.23 8.64 0.65 5.12 1.1 0.58 0.67 360000 22200 5 0.721169 6 
A5 5 10.9 0.00 0.00 0.00 0.00 300 0.59 0.47 300000 18495 2 0.948299654 1 
A6 1 1.9 0.00 0.03 0.32 6.23 200 0.58 0.56 600000 30720 1 0.784973559 3 
A7 3 1.1 0.00 0.00 0.00 0.00 300 0.58 0.50 300000 10000 3 0.808275333 2 
A8 3 1.5 0.00 0.00 0.00 0.00 100 0.50 0.80 2500000 15000 4 0.746367995 5 

 f1 f2 f3 f4 f5 f6 f7 f8 
TOPSIS 

(Si) 
Ranking 

max max min max max min min max 
Weight 

coefficient 
0.0555 0.2552 0.3268 0.0025 0.0091 0.2607 0.0335 0.0567 

A1 7 1.0 1700 0.42 0.79 100000 11400 7 0.419507073 8 
A2 5 0.8 1400 0.55 0.73 300000 10410 6 0.422704073 7 
A3 2 0.8 1.8 0.58 0.52 120000 14700 6 0.600073734 3 
A4 5 1.5 1.1 0.58 0.67 360000 22200 5 0.605292742 2 
A5 5 10.9 300 0.59 0.47 300000 18495 2 0.875076042 1 
A6 1 1.9 200 0.58 0.56 600000 30720 1 0.574804237 4 
A7 3 1.1 300 0.58 0.50 300000 10000 3 0.568616091 5 
A8 3 1.5 100 0.50 0.80 2500000 15000 4 0.423927569 6 

138



UNIVERSITY  OF  NIS   FACULTY  OF  MECHANICAL  ENGINEERING 

     

THE FIFTH INTERNATIONAL CONFERENCE  

TRANSPORT AND LOGISTICS 
 

 
 

  
 
 
 

SCENARIOS ACCIDENTS AND RISK 
ASSESSMENT MODEL IN THE 
TRANSPORT OF DANGEROUS 

GOODS BY RAIL 
 

Suzana GRAOVAC 
Tomislav JOVANOVIĆ  

Milan ŽIVANOVIĆ 
 

Institute „Kirilo Savić“, Belgrade, Serbia 
 

Abstract 
 
In this paper attention is focused on the problem of 
transport of dangerous goods by rail. The subject of the 
research is to make decisions in an accident when not all 
the parameters known on the basis of which decisions are 
made, or when they have to predict future events while not 
known probability events. The basic hypothesis of which is 
based on the analysis of the risk that the emergence and 
development of the accidents are conditioned to sudden, 
unforeseen and unexpected circumstances of high risk, and 
is often therefore can not be analyzed and solved on the 
basis of past experience. The aim of this study is that using 
risk analysis techniques provide support for evaluations, 
and the uncertainty embedded in the problems of transport 
of hazardous materials treated with fuzzy logic. 
 
Keywords: Rail transport, hazardous materials, risk 
management, fuzzy approach, scenarios accident 
 
1. INTRODUCTION 
 
This paper considers the scenario of an accident during the 
transport of dangerous goods between loading and unloading, 
and the proposed method estimates the accident scenarios. 
Presented is the application of fuzzy logic model for risk 
assessment, the application of which is possible in real time 
and can be used to support the dispatcher in making 
decisions. Using fuzzy logic, the risk is determined based on 
the probability of an accident, damage from accidents and 
population density. Also, three different routes of 
transportation of sulfuric acid, between Novi Sad and 
Sombor, for the factory in Sombor, was performed a risk 
assessment and presented the advantages and disadvantages 
of the present solutions. Risk assessment in this case was 
made on the basis of the length of the transportation route, 
the quality of lines, types of transport vessel, the area of 
chemical exposure and population density.  
 

2.  SCENARIOS FOR ACCIDENTS IN 
RELATION LOADING AND UNLOADING 
OF DANGEROUS GOODS 

 
The problem of managing environmental risk in the 
production, use and transportation of hazardous materials 
is a topical issue in the world and in Serbia. We have a 
large number of plants in which within the ordinary 
activities of products and apply hazardous materials, 
perform transport, storing and saving, so there is a constant 
potential danger of uncontrolled product to reach in the 
environment. A particular problem is the fact that you can 
not predict when it will occur and the location where the 
accident occur. 
In the process of transport of dangerous goods there are 
several places where accidents can occur. On the way from 
the loading to the unloading of hazardous materials, we can 
define the following "critical point": 

- the place of loading, the industry, 
-shunting movement, 
-the first technical station, 
-transport to the next technical station, 
-the second technical station, 
-the place of unloading, the industry. 

 

For each specified critical point, routing of dangerous 
goods, can be determined the activities that can cause an 
accident as well as possible consequences. Thus, at the 
loading terminal, the critical activities are: 

- loading, and 
- formation shunting composition. 

 

When loading, an accident can cause damaged device for 
loading, transport vessel that is damaged, damaged 
packaging as well as the failure of workers. In the case of 
damaged packaging can occur spills of hazardous materials 
(with or without evaporation), fire (with or without 
evaporation), but there is a possibility that damaged 
packaging will not cause either one, depending on the 
characteristics of hazardous substances. 
Freight trains can be in transit some technical stations (no 
re-forming). In this case, performed only the reception, 
processing and dispatch which is significantly different from 
re-forming of the train that includes: combining, collection , 
forming a train and provision on departure track. 
 

3. ESTIMATES OF SCENARIO ACCIDENT  
 

Given the complexity of the issues under consideration and 
the lack of a database on the Serbian Railways, estimates of 
accident scenarios can be achieved based on fuzzy logic. 
 

3.1 Application of fuzzy logic for assessing 
scenarios of accidents 

 

Fuzzy logic provides a different approach to control and 
classification problems. This method focuses on what the 
system should do, not modeled mode. Also, fuzzy logic can 
concentrate on solving the problem rather than the 
mathematical modeling of the system, even when it is 
possible. On the other hand, fuzzy approach requires expert 
knowledge for the formulation of the rule base, a 
combination of fuzzy sets and defuzzification. Generally, 
the use of fuzzy logic can be useful for very complex 
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process, when we do not have a simple mathematical model 
(eg. risk assessment in the transport of dangerous goods), 
for a non-linear process or if you need to be committed 
processing (linguistic formulation) of expert knowledge. 
The basic element of fuzzy logic is fazzy set which can 
present each activity during transport of hazardous 
materials (Scheme 1). Display characteristic features fazzy 
set is given in Figure 1. 

  

Fig. 1 The characteristic function of fuzzy sets 
 

3.1.2 Application of fuzzy logic for assessing risk 
 
Risk assessment with fuzzy logic does not require a large 
sample, and the results obtained thereby are applicable in 
real-time. Therefore, the fuzzy logic is suitable for Serbian 
Railways, because does not have an adequate database on 
accidents. 
The Scheme 1 shows the factors affecting the risk when 
transporting hazardous materials. As the train can be 
considered a robot operated by a man, we have a surface for 
modify of the scheme, and so we get the base variables of 
fuzzy model. 
 

R
IS

K
 

Traffic 

-  Railway (substructure and 
superstructure, signalling) 

- Vehicle (stability, maintenance) 
- Organization (management, technical 
support) 

- Availability of infrastructure 

Vehicle 

- Tank container  
- Tank wagon  
- Freight flat car (series S and R) 
- Box car (series G and H) 

Transhipment  
place 

- Industry track (test and maintenance) 
- Equipment (fire extinguishers, 
systems for detection and fire 
fighting, hydrant network) 

- Inspection and testing equipment 

Transfer of 
information 

- SNCF signalling device  
- Remote control  
- Remote control of fixed installations  
- Integrated systems 

The human 
factor 

- Competence 
- Education 
- Motivation 

Physical 
barriers 

- Mountains  
- Tress 
- Buildings  
- High voltage power lines 

Weather 
conditions 

- Temperature (cold, hot, ice) 
- Rainfall (rain, snow, sleet, fog) 
- Turbulence (wind, air currents) 

Terrorism 
- Army  
- Police  
- Civilians 

Scheme 1. Factors affecting the risk when transporting 
hazardous materials 

In the process of risk assessment, the risk of an accident is 
usually determined by the probability of accidents and the 
possible consequences for the life and health of people and 
the environment (Fig. 2 and 3). 
As a third input variable is taken population density (Fig. 
4). 
  

 
 

Fig. 2 Membership functions of fuzzy sets "Small", 
"Medium" i "High" probability of an accident 

 
Possible consequences of the accident, which are expressed 
over damage from accidents, combines the death toll, the 
number of injured, dead domestic animals, dead wild 
animals, dead fish and surface contamination, as well as 
costs for their rehabilitation and payment of compensation. 
Possible consequences may be insignificant, significant and 
big. 
 

 
 

Fig. 3  Membership functions of fuzzy sets "Insignificant", 
"Significant" and "Big" consequences of  accident 

 

 
 

Fig. 4 Membership functions of fuzzy sets "Small", 
„Medium " and "Large" population density 

 
For these input variables (probability of an accident, the 
possible consequences of accidents and population density) 
output variable is the risk of accidents that can be 
insignificant, small, medium, large and very large (Fig. 5). 
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Fig. 5 Membership functions of fuzzy sets "Insignificant", 
"Small", "Medium", "High" and "Very high" risk accident 

 
To solve this problem for fuzzy risk assessment in the 
transport of hazardous materials has been used UnFuzzy 
software which is based on fuzzy logic systems.  
The values of the risk of accidents for different values of 
the probability of an accident, the potential consequences of 
accidents and population density are shown in Table 1. 
 
Table 1. The values of the risk of accidents for different 

values of the probability of an accident, the 
potential consequences of accidents and 
population density 

Probability 
of accident 

Possible 
consequences of 

the accident 

Population 
density 

Risk of 
accident 

Fuzzy risk 
value 

0,01 24 250 4,500090 Medium 

0,056 0,24 25 0,759160 Insignificant 

0,9 100 1500 8,751930 Very large 

1,5 0,38 50 5,063097 Medium 

2 39 50 7,769886 Very large 

0,01 5 68 2,499990 Small 

0,121 0,12 0 1,313116 Insignificant 

0,121 20 0 2,964181 Small 

28 15 100 6,500026 Large 

 
For different values of the input variables we get different 
values of output variables. Risk values obtained by using 
fuzzy logic is a measure the degree of an accident, and does 
not give us the answer to the question of whether the 
accident to come or not, but can help in taking measures of 
prevention, preparedness and response to accidents. This 
model can be used to support the dispatcher in making 
decisions. 
 
4.  RISK ASSESSMENT MODEL FOR THE 

DIFFERENT TRANSPORTATION ROUTES 
 
Under current conditions 35-40% of transported 
consignments of goods from Serbia are the categories of 
dangerous goods (according to RID). It is real to expect an 
increase in the quantity of hazardous materials in 
transportation, and thereby increasing the risk of accidents. 
This increase is related to the transport of both domestic 
and international traffic. Therefore, it is very important to 
risk assessment for the route carrying hazardous materials 
because the only way we can establish guidelines for future 
action, to preserve the health and life of humans and the 
environment. 

In this part of the work was carried out risk assessments for 
three railway routes to transport sulfuric acid from Novi 
Sad to Sombor, for the factory in Sombor. The main 
variables that are considered as:  

- the length of the transportation route, 
- the quality of lines,  
- type of transport vessel,  
- the area of chemical exposure and  
- population density. 

 
4.1  Risk analysis model 
 
A formal definition of risk is the multiplication of the 
probability of an event by the consequence of that event. In 
the context of railroad hazardous materials transportation, 
risk (R) is defined as followed: 
 

CPPR CR                                    (1) 

 
where: 

PR  - probability that a tank car is involved in a release 
accident 

PC  - probability of a particular release scenario 
occurring 

C   - consequence level (defined here as the number of 
people affected) 

 
Each element in the risk calculation will be discussed in the 
following sections. In Section 4.5, the expected risk is 
calculated by considering all possible scenarios as follows: 
 

ijkC
ijk

R CPPR
ijk
                         (2)           

                
where: 

i   - small or large spill size 
j   - atmospheric condition (day or night) 
k   - population density classes 

 
4.2  Tank car design features for transport of 

sulfuric acid 
 
Sulfuric acid is transported by tankers Zas. These are Z 
quad car capable of transportation of hazardous materials at 
a maximum speed of 100 km/h. Their capacity is 60m3 and 
the weight of 24.3 t. 
 
4.3  Rail route features 
 
Route-specific variables considered in this analysis include 
the track classes by length, total length and population 
density distribution. Transport of sulfuric acid from Novi 
Sad and Sombor can be achieved through Vrbas, Odžaci 
and Bogojevo. In the following will be assumed certain 
data in order to indicate the influence of parameters at risk 
during the transport of dangerous goods. For purposes of 
analysis it is assumed that the transport route across the 
Vrbas in good condition and passes through urban areas. 
Transport route across the Odžaci is of poor quality of the 
road over Bogojeva. Both go through the suburban and 
rural areas. Length of the first route is 96 km, second 110 
km and third 125 km. 
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Fig. 6  Route Map 
 
4.4  Accident caused release 
 
The estimated rate of release for a tank car (PR) is a product 
of the conditional probability of release given the car (PR/A ) 
and the accident rate (Z), defined as follows: 
 

ZPP
A

RR                           (3) 

 
MPZ A   

 
where: 

PA  - tank car derailment rate per kilometer 
M   - number of vehicle kilometre 

 
LSM   

 
where: 

S - number of shipments  
L - route specific distance per shipment 

 
4.4.1  Conditional probability of release, PR/A      
 
The conditional probability of release tank cars (PR/A) serial 
number Zas is assumed to be 0,05 and it is determined by 
analyzing the statistical data, which unfortunately are not 
available. 
 
4.4.2  Number of vehicle kilometre, M 
 
If it is assumed that the delivery of sulfuric acid from Novi 
Sad to Sombor daily basis, then the number of shipment 
monthly 30. Number of vehicle kilometre is obtained by 
multiplying the number of shipments with route length: 

- first route        -   30 · 96 = 2880 vehicle kilometre 
- second route   -   30 · 110 = 3300 vehicle kilometre 
- third route       -   30 · 125 = 3750 vehicle kilometre 

 
4.4.3  Tank car accident rate, PA 
 
Anderson & Barkan analyzed accident data for use in 
hazardous materials transportation risk analysis. Their work 
updated and extended previous work by Nayak and 
Treichel & Barkan that found that derailment rate was 
inversely correlated with track class. 

The accident rate for tank car per kilometer (PA) is 
determined in this analysis for each specific route as 
follows: 

 


f
f

f

f
AfA L

L
PP                        (4)                           

where: 
  PAf  - accident rate for a tank car on track class f 
  Lf    - total length of track class f 

 
In this work accident rate for tank car serial number Zas  on 
first route is 19·10-6 vehicle kilometre, on second 47·10-6 
vehicle kilometre and on third 35·10-6 vehicle kilometre. 
 
4.4.4  Probability of release, PR 
 
Conditional probabilities of release (PR/A ) are multiplied by 
the number of vehicle kilometre (M) and the tank car 
accident rate (PA) (Table 1.) to estimate the probabilities of 
release (PR), were used for the risk estimation. 
 
Table 2. Probability of release, PR 

Route Tank car PR/A PA M PR 

First route    Zas 0,05 19·10-6 2880 0,002736 

Second route   Zas 0,05 47·10-6 3300 0,007755 

Third route   Zas 0,05 35·10-6 3750 0,006562 

 
4.5  Release consequences 
 
Possible levels of consequences are determined by 
multiplying the hazard exposure area for all of the scenarios 
considered in the following section with population 
densities as described in Section 4.5.2. 
 
4.5.1  Hazard exposure model 
 
The Department of Transportation Emergency Guide 
Response Guidebook (ERG)’s hazard exposure model was 
used in this analysis [3]. The affected area is defined as the 
area in which population must be evacuated and/or 
sheltered in-place. Thus the risk metric used in this analysis 
is the number of people likely to be affected. The area is 
calculated for four different scenarios as specified by the 
ERG (Table 3.). 
 
Table 3. Exposure Areas for sulfuric acid 

Atmospheric   
condition 

Spill size (km2) 

Small Large 

Dan 0,041 2,286 

Noć 0,641 21,196 

 
It is assumed that sulfuric acid in the area is equally likely 
to occur during the day or night and thus, a 0.5 probability 
was assigned to these two atmospheric conditions. The 
proportion of “large” vs. “small” releases was determined 
using the quantity lost distribution for pressure tank cars in 
mainline accidents. We classified releases of 5% or less of a 
car’s capacity as small spills, and releases of more than 5% 
as large spills. 
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4.5.2  Population exposure 
 
As mentioned above, it is assumed that the first version of 
the route has the highest proportion of trackage trought 
urban areas, while the second and third variant routes have 
the highest proportion of trackage through suburban and 
rural areas. We assume that the population density for first 
version is 2000 people/km2, for the second 400 people/km2 
and for the third 700 people/km2. 
 
4.5.3  Possible release consequences 
 
The set of release consequences was determined by 
multiplying the exposure areas (Table 3.) by different 
average population densities: 
 

ijkenopijk MaxAreaDPC
k

                             (5)  

                                                                                             
where: 

kenop DP     -  average population density of class k 

along a route  

ijkMaxArea -  exposure area per chemical specific 

guidelines 
 
4.6  Risk analysis 
 
Equation 2 was used to calculate the annual expected risk, 
R, defined as the expected number of people that would be 
evacuated and/or sheltered in place annually. The following 
table shows the R’s for three variations of the transport of 
sulfuric acid.  
 
Table 4. Risk for example sulfuric acid transportation 

analysis 

Route R 

First route         25,1712 

Second route 15,939 

Third route        21,12964 

 
Based on these results, we can conclude that it is necessary 
to avoid areas of high population density, which would 
reduce exposure to large numbers of people at risk in the 
transport of sulfuric acid. However, avoiding the area of 
increased density leads to increased transport times sulfuric 
acid due to the circular tracks. 
The combination of longer and lower quality tracks 
increases the probability of spills of sulfuric acid in the 
accident. 
The resulting combination of outcomes achieved 
kilometers, accident rates, population density and chemical 
hazards spill of sulfuric acid. A combination of other 
factors would have a different effect for each situation and 
unique approach to the effect of any potential should be 
considered in relation to each other. 
 
 
 
 
 

5.  CONCLUSION 
 
In accordance with the prescribed standards, the risk in the 
transportation of hazardous materials must be reduced to a 
minimum at an acceptable price. The most common reasons 
for the occurrence of accidents stem from the lack of 
attention of participants in the transportation, the poor 
condition of the railway infrastructure, outdated vehicle but 
also as a consequence of a wrong decision because no 
dispose of reliable information. 
As an increasing number of accidents in the country and the 
region, and the possible consequences of such accidents on 
the environment and the health and lives of people 
significant, risk analysis and modeling uncertainties in the 
transport of hazardous materials are gaining increasing 
importance. 
In the paper presented a model for the application of fuzzy 
logic for risk assessment, as well as a different approach to 
modeling uncertainty, whose application is available in real 
time and can be used to support the dispatcher in making 
decisions. 
For an effective response to the accident, is needed of 
modernization funds and equipment and adequate training 
of staff who will be able to respond effectively to the new 
situation, at any time, and in the whole area. 
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Abstract 
 
The locomotive cheduling problemis a particular challenge 
for transportation planners, as well as a motive for 
addressing problems related to transport efficiency. This 
paper has placed an accent on the application of a model, 
created on the premise that reducing to a minimum the time 
traction devices are spending in the traction home cell can 
reduce the number of locomotives necessary to achieve 
transportation targets in a period of time.The example 
shows that train traction transport efficiency constitutes an 
important segment of the overall efficiency of the railways 
system, a continuous increase of  which can be achieved 
based on a systemic approach to this issue and a number of 
appropriate strategic, tactical and operative measures and 
activities within the Serbian Railways.  
 
Keywords: trsnsport efficiency management, railway, 
locomotive optimization model 
 
 
1. INTRODUCTION 
 
For the majority of railway management systems the 
optimal use of train traction vehicles is one of the most 
serious challenges, in view of securing an appropriate train 
traction vehicle fleet on time, for the train schedule to be 
fully materialised.  
There are three ways of planning train traction operations 
[2] – strategic, tactical and operative. The most difficult 
challenge for transport planners is the operative planning, 
that is, real-time planning, since delays in a train schedule, 
which might be very frequent, require a series of decisions 
in a fairly short period of time. What’s worse, it is only 

when problems arise that it turns out the decisions were 
wrong and not only failed to contribute to the efficiency of 
the system, but increased the transport exploitation costs, 
too. [1,2]. 
Figure 1 displays a locomotive planning system used by a 
large number of railway managements. The locomotive 
planning system shows how an optimum-power locomotive 
is assigned to each train to minimise the total traction cost. 
The planning covers a period of one week, based on 
realistic needs and circumstances surrounding the train 
traction system at that point [3,4]. Regardless of a planning 
level, transport planners are challenged with complex 
optimisation problems, even if equipped with modern 
software solutions, offering strong support in various 
decision-making processes. 
 

 
 
Fig. 1 Role of locomotive planning in real-time locomotive 

assigment 
 
2. LOCOMOTIVE OPTIMIZATION MODEL 
 
Assigning locomotives along traction lines to improve energy 
efficiency, requires an optimisation model, supposed to 
confirm the basic hypothesis of the paper. The creation of the 
optimisation model involves five stages, interlinked as shown 
in Figure 2. 
 
2.1 Problem Formulation 
 
The basic hypothesis for this work is the argument that the 
rationalisation of locomotive use can result in considerable 
fuel savings and, consequently, contribute to more energy 
efficient railway operations. The way it will be used 
depends on the established organisation of transport, train 
traction organisation, the way shifts are designed and 
traction devices linked. The existing analyses have shown 
that there are reserves in the use of traction devices; they 
are idle for too long while operative, which disrupts the 
transport organisation and train traction operation. Delays 
are increasingly frequent, regular trains are cancelled and 
disbanded until available locomotives are found. The 
primary objective of creating the model is to outline a 
procedure to define the required number of traction vehicles 
for a planned scope of operation, that is, the number of 
trains operating by direction, along specific train lines. This 
should be a universal model, applicable to all traction 
vehicle categories and engine sets involved in transport and 
train traction organisation, on both electrified and other 
rails within the Serbian Railways network. 
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Fig. 2 Process of model creating 
 
2.2 System identification 
 
The system shown in Figure 3 includes a set of elements 
related to directions for which trains are  predefined, 
relations (pulling sections), stations for each direction and 
appropriate number of trains which use defined directions 
and relations.  
Entry data – these data are essential for the model since 
their selection impacts on the entire model functionality and 
possibility of gaining of appropriate output data. Creation 
of entry data defined basic postulates for functioning of 
hauling of trains. According to them, the organization of 
trains hauling is created individually for each kind of 
hauling vechicle, due to their technical and exploitation 
features, while the organization of passenger and goods 
transport  is also separately observed.  
Such approach provides obtaining of needed number of 
hauling vechicles for passenger transport in international, 
regional and local traffic (electric and diesel locomotives). 
For the local traffic, there is a plan to use only electric and 
diesel vechicles. This principle can be used for trains for 
transport of goods. 
Output data – They can be obtained using the model 
which provides following data: 
 Review of locomotives with appropriate ID number 
according to relations and direction of driving for each train, 
station of departure/arrival and time of arrival/departure, 

 
 

Fig. 3 Graphic review of enter data for the model 
 

 Review of locomotives according to directions and 
stations including time which electromotive spend from the 
moment of entering the station with train „Train 1“ to 
moment when it take over the new train „Train 2“, 
 Review of obtained train connections, in other words, 
the way of their connection according to defined criteria.  
The advance of such way of presenting of output data is 
important because it provides relatively simple analysis of 
results, defining of deficiencies of the organization of 
traffic and trains hauling and obtaining of numerous 
variances. 
Function of criteria and limitations – it is chosen 
according to the fact that the optimisation of turnaround of 
hauling vechicles belongs to a special kind of transport 
tasks, known as taks about assignation, selection or 
scheduling of executors for the certain number of activities, 
which can be generally presented in a following way: 

Minimize    
 


m

1i

n

1j
ijij xcxF             (1)    

subject to 

i

n

1j
ij ax 



 for i = 1,2,...,m, j

m

1i
ij bx 



 for j = 1,2,...n,      (2) 

and xij ≥ 0, for all i and j. 
 
Where:  
ai - number of employees ith categories i = 1,2,...m    
bj - needs of the groups activities jth species j = 1,2,...n 
xij - number of employees ith categories to be allocated to 
activities jth species i = 1,2,...m;   j = 1,2,...n 
cij - analyzed the efficiency of employees ith categories on 
jth group activities i = 1,2,...m;   j = 1,2,...n 
In case when the condition ai=bj=1 is fulfilled, tasks of 
individual scheduling of executors for activities can be 
made. However, it is important to keep the closed model. In 
other words, the number of executors should be equal to the 
number of activities n = m. 
Set of limitations (2) and (3) become: 

Failure
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m
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 for j = 1,2,...n,       (3) 
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
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 traini of locomotive assigned train j

 train j of locomotive assigned train i
thth

thth

0

1
xij          (4) 

 
This model is shown as very favorable for solving of 
locomotives work optimization. In order to obtain optimal 
solution, where the total time of work of hauling vechicles 
in matrix units is minimal, each hauling section gets the 
matrix which includes time of locomotives work from each 
i to each j train. The selection of minimum values using the 
assignation method can be made by chosing the only one 
time for which xij = 1 and for others xij = 0. The time can 
be chosen from the one row and one column.   
There is a large number of standard programs for solving 
tasks using this method. Since the organization of hauling 
of trains is a complex system the original program was used 
for this work. This program is entirely adapted to 
functioning of the system of hauling of trains for Serbia 
Railways.  
Basic limitations used for this model are made for two 
scenarios: 
Scenario 1 – minimum time of work in hauling matrix unit 
is thom = 120 minutes, and in turnaround unit it has a value 
twor = 50 minutes, 
Scenario 2 – presents the projection of technological norms 
of keeping locomotives in order to prepare for conditions 
when Serbia Railways will be able to replace old vechicles 
with contemporary hauling vechicles with more progressive 
performances. Minimum time of work in hauling matrix 
unit can be thom = 90 minutes and in turnaround unit it can 
be twor =30 minutes. 
The criterion that the driving time in direction 1(tdr1) with 
time of work in hauling turnaround unit (twor) and return in 
direction 2 (tdr1) is less than 22 hours is important for both 
scenarios.  
 
                   tdr1+ twor+ tdr2< 22 hours                           (5) 

 
The one electro-locomotive is needed for the realization of 
turnaround. In case when the realization of turnaround 
includes more than 22 hours, the needed number of 
locomotives can be defined according to locomotives 
turnaround θ, where: 
 
        θ= tdr1+ twor+ tdr2+thom                     (6) 
 
in that case, when: 
θ< 24 - the one hauling vechicle is needed;  
24 <θ< 48 - two hauling vechicles are needed and  
48 <θ< 72 - three hauling vechicles are needed, etc.        (7) 
 
Beside the limitations regarded to function of hauling of 
vechicles, there are limitations about the total number of 
directions, relations and number of trains for each direction, 
which can be processed by the program, so it would be 
good if the maximum number of observed directions is 5, 
while the maximum number of stations for each direction is 
10, and the total number of trains for each direction can be 
100. These are chosen values since they cannot be 
overrated in practice.  

2.3 Projection of software solution  
 
This step includes the selection of appropriate approach to 
modelling which should provide software solution of the 
problem. Object-oriented approach to programming is 
chosen. This approach is very interesting and useful tool in 
solving of certain problems, because it connects operations 
and data into unique object. Objects include following 
equation: 
 
                         Object = Operations + Data                   (8) 
 
The solution for problem can be obtained by the 
communication in network of mutually connected objects 
[16,17]. Such approach to programming provides to 
embrace complex problems in flexible way, so it is the 
main reason for emphasizing the object-oriented technics 
for solving of engineering problems [19]. Software solution 
of problem of obtaining of needed number of hauling 
vechicles using object-oriented program and program 
language C++ treats stations, directions, train routes as 
objects while connecting of routes is possible in two ways: 
connecting trains in turnaround for each direction 
separately and connection of trains in turnaround on a level 
of all relations at once. In both cases, software provides the 
application of limitating criteria related to minimalization 
of time for hauling vechicles in hauling matrix.  
 
2.4 Testing 
 
Testing is the most important phase in development of 
locomotive optimization model. After import and control  
of entry data, checking and analysis of results, this should 
provide enough information about validity of software 
solution for traffic planners. 
Import and control of entry data – this is possible in two 
ways:  
1. Direct import into the program, train by train – it takes a 

lot of time when larger number of trains is involved. 
There is a greater chance to make mistake during the 
importing of data. 

2. Loading from the file in .txt format – it is faster way 
because of smaller number of mistakes. Software 
includes the control of entry data, which prevents results 
in case of inadequate or incorrect data. 

Check of software solution – it is necessary after the 
projecting of software solution. It is assumed that the 
validity of software is easy to prove if the departure 
schedule is used as an import data. This present the 
organization of traffic, where all routes are connected and 
the exact number of needed vechicles is known. If the result 
implies that the organization is the same with the same or 
smaller number of hauling vechicles regarding those from 
import data, the software should be considered as checked 
and ready for application. 
Results analysis – it is important step which can imply to 
significant deficiencies in projecting of software solution 
and possibilities for overcoming them. It seems to be a 
difficult task. However, considering this kind of analysis, 
after the first analysis of results, deficiencies can be 
observed. Their kind implies to imprecision in reasoning 
and problem set during the design software solution that 
can then be corrected. 
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2.5 Conclusions about validity of the model 
 
Conclusions about validity of the model presents the final 
phase in model creating process. They are defined 
according to results of testing and analysis of results.  
Obtaining of alternative solutions for problems – it 
presents expected aim in model creating in order to define 
needed number of hauling vechicles, while the focus is 
placed on turnarounds of locomotives for each prepared 
scenario. 
Defining of needed number of hauling vechicles 
according to type – it is used for new organization of 
traffic, presented through turnarounds of hauling vechicles. 
The total number of hauling vechicles needed for certain 
traffic organization for transport of passengers and goods is 
defined: 
 
                       M = MP  +  MG   [loc/day]                          (9) 
 
M [loc/day] – total needed number of hauling vechicles for 

traffic organization during the day. 
MP [loc/day] – total needed number of hauling vechicles for 

traffic organization for passengers transport. 
MG[loc/day] – total needed number of hauling vechicles for 

traffic organization for transport of goods. 
The final result of application of the model is the table 
review of indicators of work of existing and rationalized 
organization of trains hauling. Their comparison can be 
used for conclusions about observed organization. 
 
2.6 Model implementation 
 
Creation of optimization model is creative task which also 
includes expert knowledge in area of trains hauling. Such 
aspect is shown as very important in model implementation 
process. It can be used for finding mistakes in 
programming. These mistakes lead to illogical connecting 
of locomotives. In order to observe mistakes, it is needed to 
go back to start, eventually simplify the problem and repeat 
all six steps in modeling process, presented in figure 2.  
From the set of possible hauling relations on which electric 
locomotives operate, table 1 present hauling relations and 
their length. They are used for analyzing of organization of 
trains traffic which includes 44 trains for passengers 
transport and 36 trains for transport of goods with 
parametres for organization according to relations, 
presented in table 2. 
 Table 3 presents the review of turnarounds of 
locomotives according to relations for existing organization 
of traffic, which are defined by scenarios 1 and 2. 
Beside obtained turnarounds for locomotives, times of work 
of locomotives in matrix and turnaround hauling units are 
results for each observed scenario. Concrete result of the 
implementation of the implementation of model for 
optimization of the use of locomotives is following: 
 Total time of work of hauling vechicles in matrix 
hauling unit is decreased for 46% while the total number of 
needed locomotives is less for 6. In other words, the 
number of needed locomotives is less for 16% for Scenario 
1 regarding the observed organization of traffic. 
 Total time of work of hauling vechicles in matrix 
hauling unit is decreased for 56% for Scenario 2 while the 
total number of needed locomotives is less for 7. In other 

words, it is nearly 19% less number of locomotives for 
Scenario 2 regarding the observed traffic organization. 
 

Table 1. Summary of traction relations and their length 
 

Traction relations 
Length 

(km) 

Beograd - Niš 243,5 

Niš - Skoplje 221,0 

Beograd - Subotica 175,4 

Beograd R. – N. Sad 84,7 

Bgd. Ranžirna - Ruma 73,9 

Bgd Ranžirna - Subotica 185,5 

 
 

Table 2. Overview of parameters for relations 
 

 Relations from the table 1 

Relations 1+2 3 4 5 6 

Line lenght (km) 243+221 69 175 85 182 

Vehicle kilometers 
(train km) 

70350 830 3859 508 3267 

Vehicle hours 
(train hour) 

115 16 59 14 89 

Commercial speed 
(km / h) 

61 53 66 35 37 

 
Using the analysis of results it can be assumed that more 
rational use of hauling vechicles can make significant impact 
on efficient use of energy sources. Using modern 
informational and computing technologies and innovating of 
technological norms for keeping of locomotives in matrix 
and turnaround hauling units can contribute to more energy 
efficient functioning of trains hauling in Serbia Railways. 
 
3. CONCLUSION 
 
The implementation of the system for monitoring and 
improving of transport efficiency becomes important part of 
business of transport organizations. World trends slowly 
but firmly gets to Serbia so there is need to align business 
of domestic transport organizations with organizations from 
Europe. European organizations support principles of 
sustainable development.  
Increased number of demands related to efficiency of 
transport system present a problem for most of transport 
organizations, especially for railways, which are known as a 
large, complex and inert system which is difficult to tolerate 
any kind of changes. However, changes are inevitable and 
significant for survival of railway which is in great losts in 
business. Any kind of the research is welcome.  
Using the created model for locomotives scheduling, the 
hypothesis is proved and it is observed that locomotives at 
Serbia Railways are irrationally used due to increased and 
unnecessary delay in matrix hauling units. It is important to 
highlight that implementation of innovations related to all 
levels of organization functioning including trains hauling 
is important for competitive advantage and inclusion of  
Serbia Railways in European transport market. This work 
showed that technological norms of delaying of hauling 
vechicles in hauling units can contribute to more rational 
use of locomotives and increasing of transport efficiency of 
trains hauling and Serbia Railways in whole. 
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Table 3 Review of cycles of existing locomotives and rationalized of the train traction at relations 

 

 
Cycles locomotive 

observed organization 

Scenario 1 - cycles locomotive 
rationalized organization for 

Thom= 120; Twor= 50 

Scenario 1 - cycles locomotive 
rationalized organization for 

Thom= 90; Twor= 30 

Total of 
locomotives 

37 31 30 

 
 

Table 4 Comparative review of time dealing with of locomotives in home and working units snapped in relations 
 

Relation 
Type of 

train 
Home unit Working unit 

* ** *** * **  ***
Beograd-Niš-Skopje  Passenger  67:21  60:02  60:02  58:42  57:43  57:43 

Beograd - Subotica  Passenger  132:40  80:43  83:13  72:58  76:38  74:08 

Beograd R.- Ruma-
N.Sad-Subotica 

Freight  254:25  102:22  56:46  68:25  92:04  89:43 

Ukupno  454:25  243:07  200:01  200:05  226:25  221:34 

 
*     - Existing organization 
**   - Scenario 1 – rationalized organization for Tmat=120 tob=50 
*** - Scenario 2 – rationalized organization for Tmat=90 tob=30 

 

REFERENCES 
 

[1] U. Henning, M. Bergendorff, C. Spalvieri, L. Nicod, C. 
Struve, “Innovative Integrated Energy Efficiency Solutions 
for Railway Rolling Stock”, Infrastructure and Operation, 
http://www.uic.org/cdrom/2008/11_wcrr2008/pdf/R.3.4.3.1.
pdf 

[2] B..W. Powell, “Strategic, Tactical and Real-Time Planning 
of Locomotives at Norfolk Southern Using Approximate 
Dynamic Programming”, Department of Operations 
Research and Financial Engineering, Princeton University, 
2012, http://www.castlelab.princeton.edu/Papers/Powell- 
and Locomotive Optimization _long.pdf 

[3] A. Nahapetyanl, K. R.  Ahuja, F. Z. Sargut, 
“Simulation/Optimization Framework for Locomotive 
Planning”, 7th Workshop on Algorithmic Approaches for 
Transportation Modeling, Optimization and Systems 
ATMOS, 2007, pp.259-276. 

[4] R. Ahuja, K. Liu, B. Orlin, D. Sharma, L. A. Shughart, 
“Solving real-life locomo- tive scheduling problems”, 
Transportation Science 39, 2005, pp. 503–517. 

 
 

Contact address: 
Nena TOMOVIĆ 
Serbian Railways 
11000 Belgrade 
Nemanjina 6 
E-mail: nena.tomovic@srbrail.rs  

149





UNIVERSITY  OF  NIS   FACULTY  OF  MECHANICAL  ENGINEERING 

     

THE FIFTH INTERNATIONAL CONFERENCE  

TRANSPORT AND LOGISTICS 
 

 
 

  
 
 
 
 

LOGISTIC CENTERS: LITERATURE 
REVIEW AND PAPERS 

CLASSIFICATION 
 

 
Dejan MIRČETIĆ 

Svetlana NIKOLIČIĆ 
Marinko MASLARIĆ  

 

University of Novi Sad, Faculty of Technical 
Science/Traffic Departman, Novi Sad 

 
 

Abstract 
 
Today, logistic centers are one of the most important nods 
in logistic network. They can be viewed as places were 
transformation of freight flows is carried out. In 
contemporary literature there is wide range of different 
terminology and definitions regarding logistics centers, and 
it is noticeable a lack of unified and widely accepted 
definition of logistic centers. Idea of logistics centers exists 
for a number of years. Functions, structure and 
development objectives of the logistic centers changed 
during the time and received different forms. So today there 
are many different terminology views about the concept of 
logistic centers. Accordingly, during their development, 
depending on the location, purpose and technological 
sense, logistics centers gained different names. In the 
literature we can often find names like: freight terminals, 
freight distribution terminal, intermodal terminals, city 
logistic terminal, dry port, container terminal, etc. What is 
common to all mentioned "types" of logistics centers is that 
they are often located near large industrial centers, major 
transportation hubs, traffic corridors, seaports, important 
marshalling yards, and so on. In accordance with long-
standing development of logistics centers, different authors 
have dealt with various research problems related to 
logistics centers (technological, organizational, locational, 
dimensional, etc.). In this paper we created a literature 
review and classification of papers related with topic of 
logistic centers, with aim of providing the insight in current 
development of this research area. Main focus of presented 
paper is clarifying the terminology and definitions of 
logistics centers. Classification of research papers is 
carried out by different research topics, with focus on the 
most important and currently actual research topics.  
 
Keywords: logistics centers, supply chain, intermodal 
transportation, logistic network. 

1. INTRODUCTION 
 
Intensive development of logistics in the economic system 
began in the second half of the 20th century. The real boom 
in the logistics development come with globalization and 
decentralization of production and with the revolutionary 
development of information and communication 
technologies. Today, under the conditions of globalized 
markets, economic success is impossible without effective 
and efficient logistics. 
Logistics is the part of the of the supply chain process that 
plans, implements, and controls the efficient, effective flow 
and storage of goods, services, and related information 
from the point of the origin to the point of consumption in 
order to meet customers [1], and as such, it is an important 
part of the economic system. With the increase of trade, 
importance of logistics is also growing, and following 
trends are noted: 
  In the last decade, despite the economic crisis, the value 

of merchandise trade in the world has increased by over 
50% [2]. 

 For the indicator od development of international 
merchandise trade and hence for activity of the global 
economy RWI/ISL Container Throughput Index could be 
used. RWI/ISL index is based on data of 75 world 
container ports covering approximately 60% of 
worldwide container handling. Increase the manipulation 
of these ports in the period of 2009-2013 was 
approximately 20% and it is a good indicator of the 
movement of world merchandise trade [3]. 

 
Worldwide globalization of industry and trade made a 
significant impact on practice and theory of logistics and 
supply chain management. Supply chains are the backbone 
of international trade and commerce. Their logistics 
encompasses freight transportation, warehousing, border 
clearance, payment systems, and increasingly many other 
functions outsourced by producers and merchants to 
dedicated service providers [4]. Supply chains are only as 
good as their weakest link, and sustainable improvements 
require complex changes in a range of policy dimensions in 
areas including infrastructure, trade facilitation and 
services. An important component of logistics infrastructure 
and technological hub in the logistics network are logistics 
centers. Increase in cargo flows, increased the importance 
of these nodes and therefore the interest of science in 
different issues related to their work. The aim of this study 
is to is clarify the terminology and definitions of logistics 
centers as well as to extract the most frequently studied 
problems in this area, according to available literature.  
 
2. LOGISTICS CENTERS 
 
The concept of logistics centers in Europe began to develop 
around the 1970 [5]. Nevertheless, there are still some 
concerns about how to terminologically to define areas 
where there is concentration and implementation of various 
logistics activities, and what are the activities and 
conditions that some center must fulfill, to be considered as 
logistic center. The reasons for the differences in the 
terminology and the conceptions of logistics centers, are 
primarily in the following facts: 
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 linguistic and national differences influenced to such 
centers in different countries are defined by different 
names such as:logistics centers, güterverkehrzentrum, 
distribution centre, freight/transport terminal, transport 
node, logistics platform, freight village, Interporto, 
logistics depot, etc.  

 due to differences in geographic and traffic characteristics 
of the region and the characteristics of logistics flows, 
logistics centers are associated with smaller or larger 
number of functions; 

 with the development of logistics and supply chain 
management,  role and functions of logistics centers also 
evolved. 
 

In order to the terminologically and functionally understand 
of the concept of a logistics center and its related terms, in 
the following text we will list some of the interpretations, of 
the concept of logistics centers, that may be encountered in 
the literature. Zečević [5] find that each center that 
performs some of the logistics activities is logistics center. 
In this way, all freight terminals that perform logistics 
activities are considered as logistics centers. However, 
Zečević [5] later in the book, presents a description of VAL 
services (value added logistics services), that shows the 
difference between traditional freight terminals (which 
implement the basic functions: receiving shipments, 
storage, preparation for shipment, distribution) and „highly 
productive“ logistics centers (which are performing some 
additional activities, eg. labeling /marking of goods, 
merging, packing and repacking, sterilization, filling, 
painting, installation, etc.). Providing additional services to 
users, logistics centers are becoming centers of competence 
[6].  
For a better understanding of the concept of logistics 
centers, Meidute [7] proposes an analysis of the two 
approaches (Fig. 1) and notes that in the different regions 
there is a trend of favoring one of the approaches (logistics 
center: in Europe and Central Asia there is a approach that 
logistic centers are a part of the transportation 
infrastructure, while in US and rest of the Asia, there is a 
aprroach thet logistic centers are generator of business). As 
a conclusion Meidute [7] states that there is no clear 
definition of a logistics center. 

 
Fig. 1 An approach to the concept of logistics centers [7] 

Logistics centers is a village planned and built to best 
manage all the activities involved in freight movement. 
Logistics centers are seen as promoters of local 
consolidation, intermodal transportation, and regional 
economic activity [8]. A logistics centre is the hub of a 
specific area where all the activities relating to transport, 
logistics and goods distribution – both for national and 
international transit – are carried out, on a commercial 
basis, by various operators [9]. A freight village is an area 
of land that is devoted to a number of transport and logistics 

facilities, activities and services, which are not just co-
located but also coordinated to encourage maximum 
synergy and efficiency. Central to a freight village is an 
intermodal terminal that is connected to major freight 
corridors and a nearby seaport [10]. 
 
3. DISCUSSION 
 
Different authors dealt with this problem of defining the 
concept of logistics centers. The most noticed and discussed 
papers are [8, 11, 12]. Mentioned papers cover in details 
problem of the logistics centers, but have different views 
about terminology of logistics centers and there is no 
consensus about typology and hierarchy levels of the 
logistic centers. Higgins, et al. [13] propose a hierarchy of 
intermodal logistics centres according to each facility’s 
size, influence, and function in regional freight and logistics 
and value added activities. Also in the same paper, they 
propose a unified and standardized typology anddivided 
hierarchy in 3 levels of logistics centers based on the 
merging papers of [8, 11, 12]. For the “1st” hierarchy level 
of logistic centers (warehousing and distribution cluster) 
Higgins, et al. [13] defined following fright terminals: 
Industrial park, Distribution center, Distribution terminal, 
Distribution center, Urban distribution center, Urban 
consolidation center Distribution center, Inland container 
depot, Inland container depot, Warehouse, Container yard. 
In “2ed” hierarchy level (freight transportation and 
distribution cluster) Higgins, et al. [13] classified: Nodal 
centers for goods, Freight village, Logistics center, 
Logistics center, Logistics center, Trade and transportation 
center inland port, Load center, Inland port, Dry port, 
Inland port, Maritime feeder inland port, Hinterland 
terminal, Satellite terminal, Inland waterway port, Barge 
terminal, Transport terminal, Intermodal and multimodal 
industrial park, Intermodal railroad terminal, Intermodal 
freight center, Transfer terminal, Transmodal terminal, 
Intermodal terminal. The last and most important hierarchy 
level of logistic centers, “3rd” level (gateway cluster) 
includes: Gateway, Logistics node, Seaport, Air cargo port, 
Bulk terminal. 
Following the consolidated logistics center classification 
and scope of activities given by [13], we tried to look at the 
trends that exist in development of centers that fall under 
the concept of logistics centers, in the past 10 years. For 
this purpose, we have selected and studied 64 papers from 
the literature and perform classification under previously 
adopted typology and hierarchy. Beside typology and 
hierarchy classification, we have also classify papers by the 
research topics which were dominant in present papers 
(framework developments and future strategies, internal 
organization and process optimization, location problems 
and case studies), Table 1. 
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Table 1. Papers classification of logistics centers based on hierarchy and research topics in period (2004-2014) 

 
Author 

Logistics center
hierarchy 

(levels) 

Terminology, typology
and hierarchy
classification 

Framework development and future strategies 
(analyses of current conditions, 
literature reviews, etc.) 

The internal organization and proces
optimization (modelling of freight flow
optimization of handling equipmen
quality aspects, simulations, etc.) 

Location 
problem 

Case 
study 

1st  2nd  3rd  
1 [14]  X    X   
2 [15]  X X  X    
3 [16]   X   X   
4 [17]     X    
5 [18]   X   X   
6 [19]  X    X   
7 [20] X     X   
8 [21] X     X   
9 [7]    X     
10 [22] X      X X 
11 [23]   X   X   
12 [24]  X   X   X 
13 [25] X      X  
14 [26]  X    X   
15 [27]  X    X   
16 [28]   X   X   
17 [29]   X   X   
18 [30]   X   X   
19 [31]  X   X    
20 [32]   X   X   
21 [33]  X    X   
22 [34]    X X    
23 [35]  X  X     
24 [36]     X    
25 [37]  X   X   X 
26 [38]     X    
27 [8]    X     
28 [39]  X   X    
29 [40]  X    X  X 
30 [41]   X   X   
31 [42]   X   X   
32 [43]   X   X   
33 [12]  X  X     
34 [44]   X  X X   
35 [45]  X    X   
36 [46] X    X   X 
37 [47] X      X  
38 [48]         
39 [48] X    X    
40 [49] X    X X   
41 [50]  X  X X    
42 [51]  X     X  
43 [52]       X X 
44 [53]   X   X   
45 [54]  X   X    
46 [55]   X   X  X 
47 [56]   X   X  X 
48 [57]       X  
49 [10]  X  X X   X 
50 [58]  X    X  X 
51 [59]  X  X X    
52 [13]    X X    
53 [60]     X  X X 
54 [61]   X   X   
55 [62]   X   X   
56 [63]  X X X     
57 [64]   X   X   
58 [65]   X   X   
59 [66]   X   X   
60 [67]    X   X X 
61 [68]    X   X X 
62 [69]  X    X  X 
63 [70]  X    X   
64 [71]     X    

 
Summarizing the Table 1, on Fig. 2, we can see the 
distribution of research topics that were occupying the 
researchers in past 10 years. From the graph we can see 
that centers that are clasified in “2ed”, and “3rd” level of 
logistic centers, are more interesting for researchers than 
centers in “1st” hierarchy level. Also “The internal 
organization and process optimization” and “Framework 
development and future strategies”, are the topics that 
occupied the most research papers in observed period, 
within group of 64 selected papers. As it was mentioned 

in earlier, logistic centers terminology is still not unified 
and cleared out, which can be also be see form graph, 
were “Terminology” question is concerned only in 12 
papers from total group of 64. Location problem was 
also less in focus of researches, mainly because location 
problems of centers in “2ed” and “3rd” level is 
something that is planning for a long period of time, and 
today locations of freight terminals in “2ed” and “3rd” 
level are mainly inherited from the previous periods. 
 

153



 
Fig.2. Distribution of research topics related to the research area of logistic centers 

 
4. CONCLUSION 

 
Despite the undefined terminology and non unified 
definitions of logistics centers, most researchers agree that 
logistic centers are one of the most important drivers of 
local and regional economies. Importance of logistic 
centers is also seen through logistic performance index 
(LPI), were development of logistic centers are one of the 
parameters that influence on LPI rating of some particular 
country. As we previously indicate despite of the different 
terminology and different views which are the activities 
that need to be carried out in some freight terminal, in order 
to thet terminal could be considered as logistic center, a 
common features of logistics centers can be distinguished: 
intermodality, public openness, multi-functionality, storage 
and handling of various cargo, electronic exchange of 
information interconnectedness of different business sectors 
and entities, striving for lower total costs and additional 
services.  
 
Basically logistics centers could be understood as freight 
terminals which depending on the how much logistic 
activities some freight terminal is offering to the users, 
depends on what level of integration into logistic center will 
that particular terminal will be. So according to Higgins, et 
al. [13] there are three hierarchy levels of freight terminals, 
classified by the scope of their activities and services. In 
presented paper,  regardless of the non unified terminogly, 
we tried to see what are the topics that have the biggest 
interest among the researches, related to the topic of logistic 
centers. We select 64 papers from period of last 10 years, 
and classify them by different research topics. As most 
interesting, topic of internal organizatin emarged. Based on 
this we can see that researchers are trying to find now 
solutions and ways how to make these centers more 
efficient and optimized, despite the fact that terminology 
questions regarding to these centers aren't solved yet. 
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Abstract 
 
This paper will show a simulation of material flow in the 
factory ECO-FOOD. Filling jars of olives is done 
manually. This paper analyzes the technology of filling, 
pasteurization and storage, transportation routes and the 
number of workers. The paper proposes the introduction of 
automated transport systems, based on the belt conveyor 
and automated guided vehicles and a new layout for the 
packaging hall. The concluding results of performed 
simulations will define variable number of automated 
guided vehicles, and the proposed solution of material flow. 
 
Keywords: Simulation, Optimization, Material Flow 
 
 
1. INTRODUCTION 
 
The main activity of "ECO-FOOD" Niš is the manufacture, 
import, processing and packaging of olives, mushrooms, 
pepperoni and other products. The company's activity is 
carried out in a manufacturing plant in the city's industrial 
zone with a total of 40 employees, and has its own fleet for 
distribution of finished products both at home and abroad. 
Customers of “ECOFOOD” in the territory of the country 
are all major retail chains in Serbia. 
Let us observe the process of processing and packaging of 
olives, as the most frequent product that of the factory. In 
the pre-processing of olives, is up to 8 workers in 
manufacturing, where it still needs to add a couple of 
workers because the labeling is done by hand and then the 
number of workers increases. The technological processing 
of olive consists of preparation, jars, marinades and olive 
filling jars, marinade, close the jar, pasteurization, cooling, 
date marking, labeling, inspection, packaging and 
laminating 6 jars and palletizing. 
The current layout of the workspace in the process of 
charging of olives is shown in the figure below (Fig.1): 
  

 
 

Fig. 1 Current layout of ECO-FOOD factory 

The analysis of the technological process, the existing 
transport machinery and modern material flow solutions, 
derived proposed automated filling systems and processing 
olives. 
 

 
 

Fig. 2 Planned new automated sistem layout of  
ECO-FOOD factory 

 
 
2. MATERIAL FLOW 
 
To carry out the simulation you need to collect the 
necessary information about the duration of the process 
from the factory, and define all the elements in AutoMod 
programme. Times shown for the duration of certain 
operations are measured at the factory. A statistical 
distribution is estimated. The aim was to obtain an adequate 
simulation model, so that the obtained results are close to 
the real situation. 
The new layout proposal is located in the same area. 
Changes are related to the introduction of automated guided 
vehicles (AGV) and the belt conveyor. 
Processes of filling jars of olives, pickle jar and closure are 
performed three workers. 
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Input buffer to create the new jar is queue qEnter. Queue 
qWait1 is the buffer space in which the sealed jars are 
disposed. Then the jars are transferred to the conveyor belt 
that transports them to the queue qWait2 which is limited to 
20 units that can fit in a crate that is transferred to 
pasteurizer. 
Currently, jars are imported into crates and then the 
pasteurizer. A simulation provided to AGV is limited to 20 
units which would correspond to the amount of the transfer 
trays. Queues qpInput and qpOutput are set to be at the 
entrance and exit of pasteurizers and their role is to collect a 
sufficient number of jars that can at once be transferred to 
how pasteurizer simulation should not calculates 
pasteurization each jar. Queue qPaster is a space that is 
reserved for the pasteurizer and its capacity is limited to 
420. 
A queue qCooled is an area that is designated as a foot 
warehouse where the jars are disposed and are cool enough 
to be able to continue their way through the production 
process. Cooling process of jars with olives is partly carried 
on the belt conveyor. 
In queue qLabel stored jars are labeled with dates. For 
inspection and possible errors in jars due to damage, 
followed by storage of the qReject in which are placed all 
jars with an error due to the restoration of the system.  
Queues qPaket1 and qPaket are created for understanding 
simulation. The five jars go to qPaket1, then leave the 
simulation and one in qPaket where after the exit is a 
package after laminating. 
Six jars are packed, and the final packaging sent for sale.  
The last qStore warehouse is where the packages are stored 
on pallets. 
 
The following elements of the simulation are defined: 
Worker R1 - filling a jar of olives (12,2 sec - normal 
distribution) 
Worker R2 - pouring marinade in a jar (10,1 sec - a uniform 
distribution ) 
Worker R3 - closing jars and disposal in Q1 (8 sec - an 
exponential distribution ) 
Queue Q1 - waiting to get a set of 20 jars in the crib and 
placing crates behind the bar 
Queue Q2 - waiting for the AGV to take the crib on point 
cp1 where the vehicle is on cpIn 
cpIn - entering the crate into the chamber for pasteurization 
Q3 ( 60.5 min - uniform distribution ) 
cpOut - crates go out from chamber Q3 and going to cp2 
where crates are going to tape 
Queue Q4 - crates cooling after pasteurization (25.3 min - 
normal distribution ) and after going to the strip behind ; 
Queue Q5 - entry and exit crates individual jars on tape for 
labeling (first jar out of the Q5 after 20.3 seconds the 
normal distribution , and each jar comes in the next 5 
seconds continuously after the last) ; 
Queue Q6 - quality control, 3 % waste and thrown in Q6 . 
Queue Q7 - waiting to get 6 jars and powder coating is 
performed (20.4 seconds - a normal distribution), i.e . real 
packets that are then sent to the CP3, whereby the AGV 
drives to the cp4, where the warehouse (Q8) entrance is 
located; 
Queue Q8 - a warehouse of finished products. 
 
The following processes have been defined: 

pEnter, pPunjenje, pDolivanje, pZatvaranje, pPasterIN, 
pPasterizacija, pPasterOUT, pHladjenje, pEtiketiranje, 
pPlastificiranje, pReject, pPaket1 and pStore, that represent 
the sequence of material flow in the factory. 
Also, we have defined the following transport units (load):  
lTegla - jar, 
lPaster - 420 jars in the chamber for pasteurization, 
lGajba - 20 jars, 
lPaket - 6 jars packaged for sale. 
Buffer or space for loads accumulation is defined by 
following queues: 
qEnter (input buffer in which a new jar is created) 
qWait1 (interwarehouse space in which sealed bottles are 
disposed, jars are then transferred to the and continue the 
transport by means of the belt conveyor to the queue 
qWait2. 
qWait2 (20 jars filling the boxes to be sent to 
pasteurization) 
qpUlaz (collect 21 crates, which represent 420 jars for 
transfer to pasteurizer) 
qPaster (the process of pasteurization , 60 minutes) 
qpIzlaz (collection boxes from the pasteurizer) 
qCooled (cooling of jars after pasteurization, basement 
storage) 
QLabel (labeling jars) 
qReject (jars of rejection , damaged or defective) 
qPaket1 (collection jars after labeling) 
qPaket (packaging jar plastic coated in a package of 6 
pieces) 
qStore (formation of pallet storage and packaging weight). 
Each of these buffers has unlimited capacity (conditional), 
except qPaster which is limited because it is a pasteurizer 
and its maximum capacity is 420 units, i.e. jars. The 
capacity of each queue can be defined separately. 
 
 
3. THE SIMULATION 
 
The flow simulation in the factory is shown in the Figure 3. 
 

 
 

Fig. 3 Display of simulation flow 

 
After filling jars of olives, their collection is done and they 
are sent to the pasteurizer. 
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Part of the Source file that includes the simulation of three 
workers filling jars of olives at the conveyor belt: 
 
begin pPunjenje arriving procedure   
 move into conv:sta1    
 use rRadnik1 for normal 12,2 sec 
 send to pDolivanje 
end 
 
begin pDolivanje arriving procedure 
 travel to conv:sta2 
 use rRadnik2 for uniform 10,1 sec 
 send to pZatvaranje 
end 
 
begin pZatvaranje arriving procedure   
 travel to conv:sta3 
 use rRadnik3 for exponential 8 sec 
 move into qWait1 
 move into conv:sta4 
 travel to conv:sta5 
 move into qWait2 
 move into agv:cp1 
 travel to agv:cpIn 
 send to pPasterIN 
end 

 
Part of the Source file that includes the simulation of olives 
pasteurization and cooling: 
 
begin pPasterIN arriving procedure   
 move into qpUlaz    
 if qpUlaz current loads = 425 then  
      begin       
      order 420 loads from OL_Ulaz to continue  
      end    
 else wait to be ordered on OL_Ulaz   
 send to pPasterizacija   
end 
 
begin pPasterizacija arriving procedure   
 move into qPaster 
 if qPaster current loads = 420 then 
 begin        
 wait for uniform 60,5 min    
 order all loads from OL_Paster to continue  
 move into qpIzlaz     
 end         
 else wait to be ordered on OL_Paster   
 send to pPasterOUT     
end  
 
begin pPasterOUT arriving procedure   
 wait for 5 min      
 move into agv:cpOut 
 send to pHladjenje     
end 
 

begin pHladjenje arriving procedure    

 travel to agv:cp2 

 move into conv:sta6 
 travel to conv:sta7 
 move into qCooled 
 wait for normal 25,3 min 
 move into conv:sta8 
 travel to conv:sta9 

move into qLabel 
 send to pEtiketiranje 
end 

 
The following process relates to the inspection. A 
procedure is defined to 3% of all jars that pass through 
labeling is scrap that is rejected in the buffer qReject 
(Figure 4). 
 

 
 
Fig. 4 Separation processes i.e. inspection and packaging 

After that jars are going to labeling and packaging and 
laminating in a package of 6 pieces. After that packages go 
into storage jars. 
 

 
 

Fig. 5. Workers effects 

It is determined the number of jars that workers can process 
over a period of eight hours, the approach is analyzed for 
the amount of time needed to empty the system. We 
counted the number of jars that enter the system for a 
certain period, and it is 1804 jars. It has been determined 
that it would take an additional 40 minutes to ensure that 
the last emptied pasteurizer after pasteurization process. 
Number of packages for this quantity is 270. 
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Because of the possibility of introducing a various number of 
AGV's, we are reviewing their number in the system. We 
consider the simulation with 2, 3, 4 and 5 AGV’s in the 
system. Simulations effects will be shown in the table below. 
 
Table 1. The effects according to the number of AGV's in 
the system 
 

Number of 
AGV’s 2 3 4 5 

Number of 
completed 
pasteurization 

 
2 

 
4 

 
5 

 
5 

Duration of 
the entire 
process 

 
1:40 h 

 
1:15 h 

 
52 min 

 
50 min 

Duration of 
pasteurizer 
discharge 

 
60 min 

 
40 min 

 
20 min 

 
18 min 

 
With two AGV’s in charge, duration of the process is too 
long and with the use of three AGV’s, results are better. 
The optimal effects we have with 4 or 5 AGV’s. 
Since there are 3 workers in the beginning of the 
simulation, their effect for a shift is always equal and is 
approximately 1800 jars. The task implies automation of 
the production process by introducing AGVs. Therefore, 
the automation of this part of the production process has not 
been considered here with the aim of increasing the number 
of pallets. For the simulation of about 1800 jars, a number 
of packages has been about 270, for any number of 
automated guided vehicles that is placed in the system. 

4. CONCLUSION 
 
According to the obtained data, we conclude that the setting 
of the system and involvement in the work of at least three 
AGV's, we get twice the performance compared to the 
current situation in the factory. Also, we see that there is no 
significant difference in the selection of a number of 
AGV's. It can be 4 or 5 AGV’s and the discharge times of 
the simulations are similar. We come to the conclusion that 
the optimal number of AGV's is four for this system. 
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Abstract 
 
Material handling and logistics are expensive operations. 
Since material handling and logistic operations often 
involve a substantial amount of direct labor, it is very 
important to automate them and to use some automated 
handling devices such as grippers. A large range of 
grippers have played an important role in the development 
of all industrial automation solutions and especially a wide 
range of logistic manipulation processes.  This paper 
present several grippers type used in manipulation 
processes in logistic, as well as their designing and 
selecting.  
 
Keywords: manipulation, gripper, logistic. 
 
 
1. INTRODUCTION 
 
The process of handling workpieces in production is often 
underrated as technically simple or even trivial. From the 
production point of view it is obvious that the workpiece 
itself does not increase in value during the handling 
process. As far as technical solutions are concerned, 
handling is secondary to the manufacturing process. 
Production time is separated into machine time and 
handling time [1]. 
Machine time is the period of time during which a machine 
is operating, making changes to the workpiece itself. 
Machine time can be further separated into pre-operating 
time, operating time, and post-operating time. Pre- and 
post-operating time include all necessary operations before 
and after operating time, such as supplying a tool or 
coolant. These intervals have been reduced to a minimum 
by high traverse rates and appropriate control technology 
over the past few years. 
Handling time or auxiliary process time can be separated 
into single steps from setting up a workpiece to testing it. 
Production planning aims at synchronizing handling time 
and machine time in order to prevent time-consuming 

handling processes from taking up valuable machine time; 
or at least to keep handling time at a minimum and to move 
as many workpieces as possible per time unit. Machine 
time and handling time have to be coordinated: Machinery 
idling during workpiece handling is generally not 
acceptable, just as fast robots waiting for machinery do not 
make sense. 
The handling process, Fig. 1, can be basically characterized 
by counting the workpieces moved per unit of time [2]. 
This characteristic, however, does not specify the amount 
of technical requirements for obtaining a desired cycle time. 
Complex workpieces and multiple ambient conditions can 
create different handling tasks to such an extent that a 
simple task of moving a workpiece from point A to B can 
become an extremely complex process. Human beings are 
naturally equipped with an enormously flexible “gripping 
technique”, efficient “sensors” and highly complex “data 
processing” and, therefore, tend to underrate such tasks. 
 

 
 

Fig. 1 Phases of handling process. 

From practical experience in automation projects it is well 
know that unexpected technical and economic problems 
tend to occur especially when the handling process and all 
its parameters are not sufficiently analyzed and evaluated at 
an early stage. 
 
 
2. GRIPPER TUPY 
 
Gripper is an end-of-arm device often used in material 
handling applications. Grippers range in size from smaller 
than a matchbox to models weighing several hundred 
kilograms, capable of thousands of newtons of grip force. 
Generally, the gripper is a device that is capable of 
generating enough grip force to retain an object while the 
robot or some other device performs a task on the part such 
a pick-and-place operation. Each gripper must be capable of 
performing the task of opening and closing with a 
prescribed amount of force over many years of daily 
operation. 
There are many gripper types and some basic gripper types 
can be summarized in Table 1.The most commonly used 
grippers are finger grippers. These grippers generally have 
two opposing fingers or three fingers like a lathe chuck. 
The fingers are driven together such that once gripped any 
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part is centered in the gripper. This gives some flexibility to 
the location of components at the pick-up point. Two finger 
grippers can be further split into parallel motion or angular 
motion fingers. 
 

Table 1 

Type 
Application 
(Ideal Part) 

Description Mechanism 

Angular 2-
jaw or 
3-jaw 

Pick-and- place, 
(spheres) 

Jaws rotate 
about a 

fixed pivot 
point 

Toggle arms, 
Cams, Gears 

Parallel 2- 
jaw or 3-

jaw 

Material 
handling, 

(rod,billet stock) 

Jaws 
translate, 
though 
parallel 
motion 

Toggle arms, 
Cams, Gears, 

Wedges 

Collet 
Pins, contacts, 

round stock 

Collet grips 
round 

part on OD o 
ID 

Sliding Taper 

Vacuum 

Windshields, 
windows (Shrink 

wrapped 
products) 

Suction cups 
grip 

smooth pats 

Air pressure / 
vacuum 

Magnetic Sheet metal 

Electro-
magnet 

picks-up 
ferrous 
objects 

Magnetic field 

Needle Fabrics 

Sharp pins 
extend/retract 

at 
opposing 

angles 

Cam 

Expansion Glassware 

Inflatable 
bladder 
expands 
inside 
cavity 

Air pressure 

 
Angular jaw gripper is open and close around a central 
pivot point, moving in an arcing motion. An angular gripper 
is used when there is a need to get the tooling out of the 
way. The advantage for an angular gripper falls on its 
simple design and only requires one power source for 
activation. However, it has several disadvantages including 
jaws that are not parallel and a changing centre of grasp 
while closing. 
Meanwhile, parallel jaw gripper moves in a motion parallel 
in relation to the gripper’s body. A parallel gripper is used 
for pulling a part down inside a machine because the 
fingers fit into small areas better. An advantage of parallel 
type gripper is that the centre of the jaws does not move 
perpendicular to the axis of motion. Thus, once the gripper 
is centred on the object, it remains centred while the jaws 
close. Space constraints might lead to the use of parallel 
over angular. Fig. 2a and 2b shows the Parallel Jaw and 
Angular Jaw Gripper. 
For some tasks however where flexible or fragile objects 
are being handled, the use of either vacuum [3,4,5], Fig 3, 
or magnetic grippers is preferable. With these, the surface 
of the gripper is placed in contact with the object and either 
a magnetic field or a vacuum is applied to hold them in 
contact. 

 

 
a) 

 
b) 
 

Fig. 2 Gripper: a) parallel, b) angular. 

 

 
 

Fig. 3 Vacuum suction gripper. 

There are additional two types of gripper that are used in 
industries. These grippers are a combination of the basic 
parallel and angular type. The first gripper is four-bar jaw 
linkage gripper, Fig. 4. Each jaw is a four-bar linkage that 
maintains the opposing jaws parallel while closing.  
Meanwhile, the second type is the multiple jaw/chuck style, 
Fig. 5. This gripper is suitable for holding round and rod-
like objects. 
 

 
 

Fig. 4 Four bar linkage jaw gripper tupe. 
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Fig. 5 Multiple jaw chuck tupe. 

 
3. GRIPPER CALCULATION AND SELECTION 
 
As it was shown in previous chapter, there are many gripper 
types. Also, there are different softwares for a gripper 
calculation and selection, each for the different type and 
manufacturer.  The using of gripper calculation and 
selection softwares is very simple. At the start it is 
important to define the object of manipulation, its 
dimensions, shape, mass, ect., and after that, the software 
generates type and in some cases number of grippers, and 

all other necessary equipmant. In some software, there is a 
need for defining the manipulation path of workpiece.  
As an example, the process of gripper calculation and 
selection is shown for selecting vacuum grippers, using 
program VACUUM SELECTION – Version 3.22.2.18 by 
FESTO.  This program enables the result simulation, too. 
The process of vacuum gripper selection goes through 11 
pages: 
 Start page,  Motion, 
 Workpiece,  Drive, 
 Positioning,  Forces and moments, 
 Suction cup,  Suction cup load, 
 Tube,  Parts list. 
 Vacuum suction nozzle,  

The process of selecting follows the order of program 
pages. But if there is a need, it is possible to change some 
parameters in previous pages. Program stops and it is not 
possible to go on next page if some parameter is wrong or 
miss.  
The workpiece page of the program is shown in Fig. 6.  

 

 
 

Fig.6 The workpiece page of program VACUUM SELECTION. 

At the end of the gripper selecting process, in Parts list page 
is shown the selected gripper type and all necessary 
equipment, Fig. 7. 
 

 
 

Fig.7 The Parts list page of program VACUUM 
SELECTION. 

4. PNEUMATIC GRIPPER - EXAMPLE 
 
A pneumatic gripper is a specific type of pneumatic 
actuator that typically involves either parallel or angular 
motion of surfaces that will grip an object [6,7].  
In Fig. 8 is presented an angular gripper for pharmaceutical 
application. The angular gripper is mounted to the end of a 
robotic arm. The gripper grips the test tube and moves it to 
the test station. The angular gripper provides a lighter 
weight gripper. Many styles and sizes of grippers exist so 
that the correct model can be selected for the application. 
The choice of gripper type is always determined by the 
properties of the object to be gripped and the purpose of the 
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handling operation concerned. Some grippers act directly 
on the object they are gripping based on the force of the air 
pressure supplied to the gripper, while others will use a 
mechanism such as a gear or toggle to leverage the amount 
of force applied to the object being gripped. Grippers can 
also vary in terms of the opening size, the amount of force 
that can be applied, and the shape of the gripping surfaces. 
Pneumatically-driven grippers are robust and technically 
relatively simple; they are used in large numbers in all 
branches of industry. They can be used to pick up 
everything from very small items such as a transistor or 
chip for an electronic assembly board, to very large items, 
such as an engine block for a car.  
 

 
 

Fig. 8 Aplication of angular gripper. 

Fig. 9 shows that the multi-motion actuators and grippers 
are used in pick and place application for some industry. It 
handles and transfer delicate glass containers throughout 
the filing, mixing and measuring process. The completed 
containers are loaded onto a pallet and transferred to the 
next station. 
 

 
 

Fig. 9 Pick and place. 

The gripper presented in Fig. 10 is design for long stroke, 
high force capability. Used as an end effector on an 
industrial robot the synchronized parallel action 
automatically centers items for operations such as sorting. 
The long stroke compensates for items of varying size or 
position. 
 

 
 

Fig. 10 Gripper for long travel. 

 
5. CONCLUSION 
 
Material handling is expensive operation and often involves 
a substantial amount of direct labor. It is very important to 
automate this proces and to use some automated handling 
devices such as grippers. A large range of grippers have 
played an important role in the development of all industrial 
automation solutions and especially a wide range of logistic 
manipulation processes.  In this paper, several gripper types 
that are used in manipulation processes in production and 
logistic are shown. Calculating and selecting process of 
grippers are presented, too. It was shown the simplicity of 
gripper calculating and selecting by Vacuum selection 
program for vacuum suction gripper.  
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Abstract 
 
This paper has demonstrated a new solution of industrial 
equipment for contact speed measurement of export 
containers (skips) on mining export machinery. Industrial 
solution is based on a stationary device that optically and 
periodically measures the rotation speed of the driving 
drum, mining export speed of machines and records 
kinematic peaks. The solution is obtained based on the 
observation that requires “Regulation on technical norms 
in the transportation of people and material within the mine 
shafts” "Službeni glasnik SRJ", no.18/92. The solution 
demonstrates electronic concept of technical solution and 
the results of experimental measurements, the developed 
prototype on mining equipment. The solution is derived and 
adapted to performances of export machines ASEA HSDE 
2.5 in the mine basin Bor for rated speed of vertical 
transport up to 16 m/s.  
 
Keywords: Exporting machin, Maining, Kinematics. 

 
1. INTRODUCTION 
 

 Within the project [1],  technical solution of industrial 
equipment for kinematics control of export mining 
machines has been developed. Activities were carried out 
by Mechanical and Electronic Faculty in Nis. Measuring 
and monitoring system is universal and enables monitoring 
the speed and acceleration of export machines upon vertical 
transport from a mine shaft. Frequent monthly, irregular 
and regular annual checks of export machines and their 
everyday performances, are the basis of the importance of 
existence of independent industrial equipment for 
monitoring performances – export machines kinematics.  
The device is also necessary to adjust to the automatic 
management of mining export machines and to set up the 
parameters of electric plant in the mine shaft. Setting 
equipment up refers to the speed upon starting, running and  

 
stopping. This system development follows the basis of the 
earlier developed contact speed transducer.  
The concept of the equipment is universal and can be 
adjusted to different types of export machines by setting up 
the measurement system. This report briefly describes the 
developed system for measuring and monitoring kinematic 
characteristics – speed and acceleration of mining export 
machines. Technical characteristics of industrial equipment 
for mining export machines kinematic control are given in 
Table 1. 
 
Table 1. Technical characteristics of measuring device 

MEASURING DEVICE 
Frequent area:  0-10 kHz 
Equipment/encoder mass:  6.5/0.35 kg. 
Power supply:   230 V / 50 Hz. 
Output:   Analogni 0-5 V DC  
Encoder:  Ei-IE-500-01 
Maximum rotation speed:  3475 o/min. 
Measurement range:   0 ÷ 365  rad./sek   
Resolution:  360/500 
Impulses per 1 cycle  0.72  degrees. 
Relative error:                    ε<1%. 
Response time:                   0.1  sec. 
Dimensions:                       360x320x155 mm. 
Minimum measurement speed:  100 samples/1sec  
Range of transport speed:  16 m/sec. 

 
The proposed technical solution is the original author’s 
solution created by multi-year monitoring and experimental 
work with a variety of technical systems [1,2,3,4,5,6]. 
Common scientific basis with other solution for measuring 
rotation speed in the world is using optical incremental 
encoders as a trusted source of measurement data. There 
wasn’t any other prototype or other technical equipment 
upon realization of this technical solution. The derived 
device has gained original purpose as a source of multiple 
kinematic data. The device is calibrated electronically. The 
derived technical solution has been improved throughout 20 
years and it is completely in accordance with technological 
level of world measurement devices.  

 
2. OPERATING CONCEPT OF MINING SKIP 
 

Kinematic parameters of mining shaft skip are limited by 
safety regularities to 20/10/5 m/s. Rapid acceleration and 
deceleration are undesirable so controlled drives are 
applied, as well as regulated braking systems, controlled 
speed, and acceleration of the hoist basket. Maximum speed 
is controlled upon periodical maintenance. Acceleration 
and deceleration of the transport system (+a MAX i -a MAX) is 
mostly the cause of the most extreme working regime 
where the mining export machines is located. In this 
extreme mode engine power activity is up to 5 [MW] and 
braking moments is up to 0.5 [MNm]. The masses of the 
vertical range often reach 80 [t] and rotation mass of the 
plant systems exceeding 100 [t]. Such high speeds are used 
for cyclic transport of ores with the intervals on 160-400 
seconds, providing a capacity of some mining export 
machines up to 500t/hour. Such transport of ores is carried 
to an altitude of 500m. The risk of these plants’ activities is 
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reduced by high-quality speed regulation and acceleration 
of the mining shaft skip. This is only one of the many 
security items in the whole range of security systems. 
Regardless of all the systems, security is technically and 
administratively controlled externally by independent 
accredited state agencies and commissions. Such 
responsibility labor of mining export machines caused the 
requirements for the continued existence of additional 
measuring system for monitoring the kinematics of the 
transport process in the export panel. On the basis of 
previous perception we was developed original electronic 
measuring system that enables to display digital measuring 
indicators, such as: 

- the current speed of the mining shaft skip V (m/s), 
- maximum acceleration when mining shaft skip starting +a 
max (m/s2) and  

-deceleration when mining shaft skip braking -a max (m/s2). 
 

Beside of monitoring transport system performance, there is 
a need for tracking dynamic behavior of the mining shaft 
skip. For this reason, the measuring system enables output 
analogue and digital measuring signals suitable for 
recording by using the appropriate measuring and computer 
equipment.  
 

At the entrance of the measuring system there is a 
electromechanical converter of angular velocity – 
incremental encoder which is mechanically connected with 
the winch of a mining export machines and provides 
information about skip movement speed. 
 

The encoder at the exit provides digital information 
(transformation coefficient is 500 impulses per cycle x 
coefficient of tachometer disc on the measuring system). 
Additional transformation of the signal, then scaling is done 
in the input circuit of the measuring system in order to get 
more measuring range and level adjusting. 
 
In order to obtain measuring signal of speed, F/V converter 
is used in the range 0-10 kHz. Additional processing of the 
measuring signal is performed in the block of Signal 
Processor which contains integrator, NF filter (Butterworth 
of the second order), and the calibrator, resulting in a 
precise and accurate measuring speed signal. In previously 
conducted researches and in this paper, using such a 
principle of measuring, measuring errors was less then 1%.    
 
For the analysis of performance of the transport system, 
measuring system contains data acquisition module with 2 
inputs for A/D conversion, memory card, and a 
communicational interface with a USB connection. 
Measurement system is powered from electrical network of 
230V/50 Hz, and there is also a variant with autonomous 
battery power. 

 
3. INSTALLATION OF MEASURING DEVICE 
 

Physical control device is portable and designed for use in 
the operating rotating drum system of a mining export 
machines. Figure 1 illustrates a control device in a folded 
position.   

 

 
 

Fig. 1: The geometric model of the assembly of industrial 
control devices 

 
Measuring devices are located on the plane of the brake 
disc. Brake Disc is located at drum export machinery. A 
mining export machines (fig. 2) contains of a direct current 
electro-engine (1), tachogenerators and devices for marking 
positions (electric signaling of the control – 2), Koeepe-
drum with braking discs and grooves for the hoisting ropes 
(3), braking system with hydraulic disc brakes (4), support 
(plant) ropes (5), export container (6), counterweight (7), 
balancing (bottom) ropes (8), connecting tools (9), and the 
controller (10). 
 
The speed control device with its friction disk touches the 
smooth cylindrical surface of the export machines braking 
disc. Moving of the encoder is enabled by export machines 
braking disc. That is how the input digital signal is 
obtained.  
 
                                                         

 
 

Fig 2: Scheme of main export machines with Koeepe drums 

4. CONTROL DEVICE TESTING 
 

Detail of measuring contact on speed examination in the 
north shaft of RBB in Bor on ASEA HSDE 2.5 machine is 
illustrated in fig. 3. In figure 4 and 5 the original diagrams 
of the kinematic records of the empty/full skip movement 
(upon the highest disbalance with the counterweigth) to a 
depth of about 400 m are illustrated. Regulation is done 
manually with continuous acceleration and braking od the 
engine, as well as with the final braking deceleration and a 
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final full stop.  In the diagrams we can see smooth speed 
change with moderate acceleration and deceleration, and 
sudden deceleration upon stopping with two braking discs. 
That indicates an extreme deceleration and impact dynamic 
regime which is controlled by setting up the brakes of the 
device.  
 

 
 

Fig. 3 Detail of measuring contact 
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Fig. 4 Measuring the speed of the basket: Mode: Lifting the 
basket, load: Q=0 t, Speed: VMAX= 4.709 m/s 
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Fig. 5 Diagram of kinematics lowering the skip in the pane 

speed 4,70 m/s (starting, running and stopping) 
 
 

5. TECHNICAL REALIZATION OF THE IDEA 
 
The device is designed, that after the measurement it gets 
folded. The handle is lifted upon measuring and set up in 
the operationg position, figure 6, in the differentiator block, 
which provides time-varying acceleration function. That 
solution is adapted to industrial use, it is robust and durable. 
The handle is derived in such a way that it allows dumping 
of the low mechanical spectrum of frequencies. Measuring 
disc is made of a light material, because of that does not 
manifest its own inertia in measuring.  A plastic box with 
electronics is fixed on the basic stand. Inside the box, there 
are 3 electronic boards placed parallel. The forth board is a 
digital interface for outputs towards other systems by the 
USB 2.0 protocol. 
 
There are two displays on the box. The first shows the 
current speed and it quickly processes information. The 
second display is for calculation and illustration of the 
highest acceleration separated in the observed time interval 
up to the memory reset. The selection of the maximum 
positive or negative acceleration is done on the right switch. 
The beginning of the new measuring is done on the left 
switch. To turn on the device, there is a main switch on the 
top surface, and on the back of the box there is a bayonet 
fuse.  
 

 
 

 
 

Fig. 6.a,b  Control device with electronic boards 
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6. CONCLUSION 
 

Presented concept of technical solutions in the form of 
industrial measuring devices and control kinematics of 
mining export machines is the reality of modern and 
practical technology. This procedure can be successfully 
applied to the structures exposed to special actions. 
Therefore, it can be concluded: 

1. The developed device is used for industrial 
purposes of contact measuring based on the 
rotation of a measuring disc and optical 
incremental encoder. 

2. Industrial device has been tested on several types 
of rotor vehicles and cranes [7,8,9] and represents 
final electronic version for industry. 

3. Such a developed technical solution in the form of 
an industrial device offers the possibility of 
reading and recording kinematic value significant 
for mining. 

4. In addition to applications in the mining industry 
where the industrial device is used for monitoring 
the kinematics of mining export machines, it is 
also widely applicable in many other industries.  

5. The industrial device has electronically and 
experimentally tested. Testing was passed 
successfully and the results are evident. 

6. The solution is both simple and practical for mass 
production. 
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Abstract 
 
The RFID technology is recognized as the best automatic 
identification technology aimed to accelerating and 
facilitating the information flow and products monitoring. 
RFID technology based on radio-frequency data exchange 
greatly simplifies and accelerates the process of keeping 
records of working time tools, the abillity to replace tools 
and to monitor in real time. RFID technology has shown 
the greatest improvement in the SCM (Supply Chain 
Managment) who becomes an example of use of new 
communication and information techologies in monitoring 
products. This paper presents the basic functioning of RFID 
technology, its application in practice, with special 
emphasis on the implementation of the automated supply 
tools with CNC machines.   
 
Keywords: RFID, CNC, Tool, Supply Chain Management. 
 
 
1. INTRODUCTION 
 
Today’s modern machining centers frequently use fully 
automated CNC programmable systems. These machines are 
often used to produce application critical and expensive 
parts. It is important to guarantee that a part is processed with 
the right tool, that the CNC controller has received the 
correct setup parameters, and that the controller is running 
the proper program. 
Radio Frequency Identification Systems or RFID has been in 
existence in some form for over 50 years. It is simply the 
wireless transmission of information from a transponder (tag) 
to a transceiver (head). It started as a simple binary coded 
system where only a few bits of information could be stored 
at short read ranges and has evolved to thousands of bytes of 
storage at very long distances.  
It is used to identify, track, sort and detect an infinite variety 
of objects, including people, vehicles, garments, containers, 
totes and pallets. It can be used in applications such as 

industrial closed loop tracking, pet/animal identification, 
package routing, passports, container tracking, inventory 
control, tollbooth auto payment, logistics, and access control. 
The exact selection of the right tool is accomplished using an 
RFID tag that is permanently mounted on the tool carrier. 
The tool carrier and tool form a unit. With this information 
the work process, the installed tool, and the selected CNC 
program can be verified. 
 

 
 

Fig. 1 Machine tool verification with RFID 

Using the RFID data, a verification check is performed 
before the machining process begins. With this process in 
place, almost scrap-free processing of parts and minimal 
machine downtime, plus fast, automatic setup and 
changeover can be accomplished. 
This application is particularly well addressed using the 
IDENTControl Compact interface in conjunction with small 
read heads and fully-embeddable RFID tags. Those parts can 
be integrated without the fear of interference. Reliable 
operation, even under the harshest application conditions, is 
assured. RFID interfaces supporting commonly available 
industrial communication networks make this a global 
solution. 
 

 
 

Fig. 2 The RFID system enables the automatic tool changer 
setup to securely pick the right tool 

IDENTControl Compact industrial RFID satisfies the 
requirements of machine tool builders world wide: Robust, 
reliable, and with support for all commonly-used 
communication interfaces. 
Insufficient support material and services materials such as 
maintenance, repair, operation (MRO) and capital equipment 
supply, often leads to excessive downtime costs,while at the 
same time these spares have a low demand rate making it 
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difficult to predict their availability. Without the preventive 
control, the production process might shut down due to the 
tool downtime. Tool downtime translates to reduced 
profitability, higher variance in lead-time and reduced 
competitiveness. Thus, improving tool management 
performance dramatically impacts company profitability. 
With the advent of RFID technology, a sensor (RFID) driven 
maintenance system of cutting tools can be examined as an 
effective approach for tool management. RFID, which has 
the same purpose as a bar code, provides an unique identifier 
for the objects. The most significant advantage of RFID over 
the bar code is that the RFID does not have to be positioned 
precisely and can function approximately 20 feet from the 
scanner. RFID technology not only can help businesses 
satisfy customer requirement, but also increase productivity 
to stay competitive. Most applications in the manufacturing 
field focus on using RFID in the finish goods to monitor the 
product logistic flow [1]. However, RFID technology offers 
the possibility of significantly enhancing tool management 
and tool procurement process. In the industrial procurement 
process, high-value materials are usually procured via the 
Request for Quotation (RFQ) process which allows the 
purchaser to be determined by various attributes, involving 
not only price, but also quality, lead time, supplier reputation, 
and contract terms. The process lets manufacturers reveal 
their preferences and permits the suppliers to compete on 
their own specializations [2]. A typical RFQ process starts 
when a request for quotation is sent out to a variety of 
business partners; the returned quotes are received, and 
finally the best quote is selected [3]. However, the RFQ 
process is usually time-consuming process such as the 
negotiation with business partners. Therefore, there is an 
increasing trend to automate the RFQ process to reduce 
procurement lead time and cost. One of the key enables for 
such business process automation is the Business Process 
Execution Language (BPEL). BPEL is currently the 
preferred workflow language providing the flexibility [4]. 
The detail description of BPEL will discuss in the next 
section. Based on the RFID, RFQ, and BPEL background 
study, this paper builds an RFID-based workflow system for 
tool quotation process within and between the supply chains.  
 
2. RFID SYSTEM 
 
An RFID system is an integrated collection of components 
that implement an RFID solution. An RFID system consists 
of the following components (in singular form) from an end-
to-end perspective:  

- Tag. This is a mandatory component of any RFID 
system.  

- Reader. This is a mandatory component, too.  
- Reader antenna. This is another mandatory 

component. Some current readers available today 
have built-in antennas.  

- Controller. This is a mandatory component.  
However, most of the new-generation readers have this 
component built in to them.  

- Sensor, actuator, and annunciator. These optional 
components are needed for external input and 
output of the system.  

- Host and software system. Theoretically, an RFID 
system can function independently without this 

component. Practically, an RFID system is close to 
worthless without this component.  

- Communication infrastructure. This mandatory 
component is a collection of both wired and 
wireless network and serial connection 
infrastructure needed to  connect the previously 
listed components together to effectively 
communicate with each other. 

 
 

Fig. 3 An RFID system with example components 

Fig. 3. shows an instantiation of this schematic with example 
components. RFID technology implemented in disassembly 
system enables upgrading of information distribution about 
product at specific working places (e.g. description of partial 
working (disassembly) operations), process real-time control, 
supervision of free workers at individual working places, 
tracking accomplishment of individual operations, etc. 
 
3. FRAMEWORK OF SPARE PARTS SUPPLY 
CHAIN MANAGEMENT 
  
The demand of cutting tool is triggered from the shop floor 
layer. Each Computer Numerical Control (CNC) tool is 
attached with a RFID tag thatrecords tool’s preset data 
(projection, edge radius, and effective diameter), operation 
data (speeds, feeds and depth of cut) and the usage time. 
When the tool is attached to the spindle, the RFID reader on 
the CNC machine is configured to read the data from the 
RFID tags. This avoids most common sources of potential 
data entry errors, tool-offsetting errors and possible tool 
crashes. After the completion of each operation, the RFID 
encoder on the CNC machine is programmed to write the 
usage time of the tool onto the RFID tag and further update 
the Quality Performance Management (QPM) system. Based 
on the demand for tool replacement as scheduled by QPM, a 
purchase order can be created from ERP in advance to avoid 
shortages and reduce downtime.  
Process Automation with Web Services (PAWS) is an 
automatic workflow systemfor tool quotation process within 
and between the supply chains. In PAWS, ERP broadcasts 
the tool requirements to the web services of certificated 
suppliers registered with the Universal Description 
Discovery and Integration (UDDI) server. Suppliers Web  
Services (SWS) locating in each supplier’s server verifies the 
inventory and price in its own database and respond to the 
quotation based on its current status. The business logic of 
the Request for Quotation (RFQ) process in PAWS decides 
the candidate supplier and starts another RFQ process for 
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logistic provider. This automation workflow system not only 
integrates the inner-business process including QPM, ERP, 
and mailing system, but also combines the business-to-
business (B2B) process in the supply chain. In the following 
sections, individual layer with prototype systems are 
discussed. 

 
 
Fig. 4 Framework of applying RFID in cutting tool supply 

chain management 

 
 

Fig. 5 Software Architecturet 

Supply Chain Layer is a layer, where a tool replenishment 
process is enabled by RFID and response to request for 
quotation (RFQ). The RFID information providing tool 
specification is used for procuring replacement of cutting 
tools from among several vendors. To illustrate the variety of 
supply chain, we emulate external actors including tools 
vendors, spare parts vendors and logistic vendors. SWS in 
each supplier’s server verify the inventory and price in its 
own database and responds to the quotation based on its 
current status. Onthe procurement side, the main business 
process will be supplier selection based on responses to RFQ.  
Enterprise Layer consists of some components. The main 
software components in this layer include ERP, QPM, 
PAWS.  
ERP: The core system for enterprise operation includes 
foundation data (customer profile, supplier profile, and 
product profile), and production information (material 
requirement planning, bill of material, and routing).  

According to the production planning and inventory, ERP 
create shop orders to produce the product, purchase order to 
buy raw material, and spare parts. The financial module 
supports the purchasing transaction. In the proof-of-concept 
implementation, we used the TEAM (Total Enterprise 
Application Manager) as the ERP system.  
QPM: A critical business system which capturing data, 
processing data, and reporting information that is required for 
ISO/QS9000 fills the gaps of ERP systems. This paper 
adopted the solution provided by IQS, Inc. as the 
implementation platform. The QPM system accumulates the 
tool usage time for cutting tools and CNC machines, and 
triggers the demand for the tool replacement in the device 
management module and preventive maintenance time for 
the CNC machine in the equipment management module. 
Based on the demand of tool replacement scheduled by QPM 
system, the ERP systemcreate the purchase order to the spare 
parts vendors in advance to avoid shortages and reduce 
downtime. 
 

 
 

Fig. 6 BPEL plug-in in Eclipse environment 

PAWS: Based on one kind of process description languages, 
BPEL, PAWS constructs the automatic business process 
mechanism. BPEL is a combination of graph-oriented and 
procedure workflow language to describe the business 
process. It specifies the business process and interaction 
protocols [5]. In BPEL, each task unit is defined as an 
activity. The basic activities include messaging (receive, 
invoke, and reply), data handing (assign) as well as many 
other kinds of control element: branch, iteration, event 
handling, fault handling, and compensation (canceling of 
committed actions). Figure 6 shows BPEL plug-in in the 
Eclipse environment. The advantage of BPEL is that the 
business process can incorporate different functions provided 
by web service partners which also solves the business 
integration implicitly. By representing a workflow that 
coordinates activities among other web services, BPEL 
allows the web services to invoke other web services, 
manipulate data and handle exceptions.  
PAWS is an automatic workflow system for tool quotation 
process within and between the supply chains. The business 
logic of the RFQ process in PAWS decides the candidate 
supplier and starts another RFQ process for logistic provider. 
Business analysts and managers are able to easily compose 
business processes graphically with tools such as Oracle 
BPEL Manager. These development tools allow for the logic 
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of the business process to be specified by graphically linking 
together desired activities.The flowchart in Fig. 7 is a screen 
from Oracle BPEL Manager. It is a graphical representation 
of the BPEL process implementing the RFQ process. As 
shown in the flowchart, the BPEL process broadcasts the 
RFQ synchronous to each supplier. Thus, PAWS 
demonstrates the use of workflow systems with the accuracy 
of RFID data collection to automatea transaction process to 
reduce the lead-time for the RFQ process. 
 

 
 

Fig. 7 Broadcast RFQ to each supplier in PAWS 

RFID devices: This paper adopted the RFID device and 
RFID tag provided by Balluff, Inc. in the proof-of-concept 
implementation. The RFID device can function as RFID 
reader as well as RFID encoder. The RFID tag attached on 
the cutting tool recorded the tool information and production 
parameters (Fig. 8, Fig.  9). 
 

  
 

Fig. 8 Cutting tool with embedded RFID tag 

RFID device functioned as reader detects the tag and 
transfers data into RFID-based manufacturing execution 
system. RFID device functioned as encoder writes operation 
status, remaining tool life, and calibration data into RFID tag. 
The tool usage time for cutting tools and CNC machines in 
the RFID tag trigger the demand for the tool replacement and 
preventive maintenance time for the CNC machine.The tool 
usage time accumulation process is executed automatically 
by RFID technology, eliminating potential data entry errors 
and lost data. 

 

 
 

Fig. 9 Cutting Tool on the CNC machine 

 
4. CONCLUSIONS  
 
The adoption of Radio Frequency Identification (RFID) 
technology or other related technologies for real-time sensing 
and communication provides strong capabilities for real-time 
service. In this paper, RFID is applied to solve the tool 
management problem, and the analysis of the RFID 
information flow help to understand the impact of integrating 
this technology into existing IT infrastructure and enterprise 
software. RFID-based automated process reducing more than 
50% of data entry time and improving accuracy. The 
implementation for this application proved the benefit of 
applying RFID in spare parts supply chain. In the RFQ 
process, we only adopt the mandatory quotation data field.  
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Abstract 
 
The objective of market research is to reach the precise 
cost of used equipment. Observing the market of used 
transportation machines required is the best offer for the 
given characteristics. Starting from the value of new 
transport machinery subtracting the amortization values, 
can be better determine the value of used equipment. These 
individualized offers can be obtained by applying B2B/B2C 
e-business models. Offer of Internet market can be better 
analyzed using the amortization criterion. In this paper we 
have used three well-known models of criterion 
amortization. For them, it was determined the degree of 
proximity to the market. On the basis of this study, 
proposed a new interpolation model that is valid for one 
domain of tower cranes in today's e-business. The results 
are illustrated graphically and numerically.  
 
Key words: Tower crane, e-business, B2B/B2C model, rate 
of amortization 
  
 
1. INTRODUCTION 
 
This work describes the online research for the purchase of 
used transportation machines. Given the value of these 
resources, it is more accurate to approach an objective value 
of the machines. That is determined by economic business 
models and market  laws. This research provides an overview 
of the economic model of determining the price of selected 
categories of equipment (class tower cranes). For this 
purpose, the Web service and B2B/B2C model of electronic 
commerce were used. Using this electronic model,  European 
and Asian markets were searched, and the results which were 
statistically analyzed were presented. Processing these results 
involves the classification of offered machines or tower 
cranes on the market, their classification into classes, sizes 
and individual depreciation. 

 
2. INTERNET MODEL B2B/B2C 
 
The future of e-commerce and trade payments lies in the 
online performance of all marketing activities, from 
production to consumption. Internet  has become not only an 
alternative communication medium, but also the electronic 
version of the physical market. Internet primarily reduces the 
cost of search of the customer himself and of obtainment of 
information about prices and product characteristics, as well 
as the seller's costs of conveying information about prices 
and product characteristics. B2B-Companies doing business 
with each other such as manufacturers selling to distributors 
and wholesalers selling to retailers. Pricing is based on 
quantity of order and is often negotiable. B2C- Business that 
sells its products or services to consumers over the Internet 
for their own use. Online Retailers (Amazon.com) Online 
Banking, Travel Services, Health Information, Real Estate. 
[1,3] 
 

 
 

Table 1. Benefits of  B2B/ B2C models [5] 

Benefits Example 

The geographical 
range 

Geographical distance is not a barrier from 
the standpoint of electronic sales of goods 
and services to customers or engaging in 
interaction with suppliers. 

Speed Almost instantaneous exchange of 
information means that the interaction 
between sellers and buyers performs at 
high speed. 

Productivity The productivity of individuals is much 
greater if they are able to perform a greater 
amount of work for the same time. Using a 
lesser amount of time for aquiring 
information means means more time for 
their use, which directly increases the work 
efficiency. 

The division of 
information 

All forms of information - text, audio, 
video, graphics and animation - can be sent 
to all participants in the network. 

New features Products and services offered through the 
communication network can have new 
features added to them, including their 
personalization, automatic logging 
activities and immediate delivery . 

Lower costs Operating costs are reduced if you can 
contact companies and individuals quickly 
and regardless of their geographical 
distance, while at the same time efficiency  
is improving, which occurs due to the 
possibility of electronic information 
exchange. 

Competitive 
advantage 

Companies that are able to develop and 
implement effective e-commerce strategy 
achieved significant business benefits. 
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3. AMORTIZATION 

Amortization is the  value spending of fixed assets. This is 
the amount of money which is, during the lifetime of fixed 
assets, calculated and allocated for compensation and 
reproduction ( regeneration ) of fixed assets. Its amount is 
calculated in the selling price of the finished product or 
service. 
The law provides for the longest service life of fixed assets in 
which it should be amortized . The basis for the calculation is 
the purchase value of a fixed asset. When calculating the 
depreciation two main methods can be used [3,7]: 
The method of amortization time (proportional , digressive , 
progressive ) . As as a basis for the calculation the purchase 
value of fixed assets is used and a aspecific depreciation rate 
is applied to it. Annual amortization is calculated based on 
that. 
Method of functional amortization is based on the expected 
use or performance of the funds, it is used for assets whose 
intensity of use can be measured ( the number of pieces , 
mileage, hours of work ) . This method begins with the 
assumption that the amount of annual depreciation is 
proportional to the intensity of use that is the  performance of 
the underlying asset . 
Methods weather depreciation are:  

 Proportional - depreciation rates are equal  
 Degressive - depreciation rates are declining  
 Progressive - depreciation rates rise  

 
The proportional method  
The sum of depreciation rate at the end of lifetime of an asset 
should be equal to 100% regardless of the applied method of 
calculation. Depreciation is calculated at the end of each 
calendar year. The table contains the following fields:  
Name of fixed asset  
Purchase value  
Written down value - the value of assets that was written off 
during the previous calculation of depreciation. 
Written down value = new write-off for the previous year  
Depreciation - the value calculated on the basis of 
depreciation rates for a given type of fixed asset  
Depreciation = Cost of depreciation rates *  
The new write-off - calculated value of the total write-off 
values after calculating depreciation for the current year  
The new write-off = written off value + Depreciation  
The actual value - the value of assets at the end of the year 
after writing-off Amortized  
Actual value = Cost of - New write off  
Here is the weather depreciation applied. The method of 
amortization time 
Depreciation is carried out using the formula  
 
The annual amount of depreciation = Cost of fixed asset * 
(Amortization rate 1 / 100)                                            (3.1)  
 

Amortization rate 1 of 100% / service life                  (3.2) 
 
Degressive method  
This method results in a decreasing depreciation expense 
over the lifetime of a fixed asset. This method assumes that 
the funds are not spent evenly throughout their life span, but 
are spent the most at the beginning of the century, and later 

their effect decreases, and therefore depreciation rate. The 
annual depreciation rate is calculated as follows: 
 
Amortization rate 2= 100*{[t-(Z-1)/t]2) -[(t-Z)/t]2} (3.3)  
 
Annual amount of amortization = Purchase value fixed 
assest * (Amortization rate 2 / 100)                           (3.4) 
 
Where: 
Z - observed years of fixed asset  
t - the lifetime of the fixed asset  
 
Progressive methods  
The result of this method is increasing depreciation expense 
during the life of a fixed asset depreciation rates due to 
growth from year to year. This method assumes that the 
funds are not spent evenly throughout their life span, but are 
spent less in the beginning, and that over time their 
performance increases and with that the intensity of spending 
and the amount of annual depreciation. The annual 
depreciation rate is calculated as follows:   
 
Amortization rate 3= 100*[(Z/t)2 –( (Z-1)/t)2]        (3.5) 
 
Annual amount of amortization = Purchase value fixed 
assest* (Amortization rate 3 / 100)                            (3.6) 
 
Where:  
Z - observed years of fixed asset  
t - the lifetime of the fixed asset [7] 
 
4. RESULTS OF INTERNET MARKET RESEARCH 
 

 
Picture 1. Liebherr 22HM tower crane (example) 

 
During the research, for an example we took the crane 
Liebherr 22HM which belongs to small capacity cranes with 
the following features: 

The hight of lifting:   19 m,    Reach:  27 m,  
Capacity:  2t, Load capacity at 27.0-m radius: 700 kg  
Year of manufacture:  2010,   Price:   105.000 € 
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Example:  
Calculation of depreciation for the three models: 
Purchase value of Crane Liebherr 22 je 105,000.euros, 
service lifetime 20 years [6]. 
 
Table 2.  
Declining balance method for calculating amortization 

 
 
 
 
 
Table 3.Progressive method for calculating amortization 

 
 
 
 

Tabela 4.Proportional method for calculating amortization 

 
The curve of the progressive method indicates the her present 
value is the biggest unlike the other two The curve of the 
degressive method indicates that in the beginning the amount 
of amortization is the biggest and it decreases with time 
passing.  
The curve of the proportional method - the prise of the crane 
uniformly decreases with time. 
The dots were taken from the example and the curve is 
interpolated through them.  
The interpolated curve shows which method is the best for 
determining the price on the internet market. 
On  the apcisa chart inflicted are the age, and on the ordinate 
are the prices of cranes from the previous table. Curves (in 
Fig.1) are interpolated through the points  of the given prices, 
with time prices decrease.  
The attached graphics clearly show that the best method of 
use is the digressive method, because the amount of 
depreciation in the early years of the greatest, and 
subsequently decreases with age. 

 
Fig.1. Using amortization on Liebherr 22 HM tower crane 
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5. CONCLUSION 
 

On the previous chart it is clearly visible that the best method 
for determining – predicting the price of used transport 
equipment (cranes) is on the Internet market, using the 
digressive method of calculating depreciation. Identification 
of this method is based on a sample of 13 found cranes. The 
number of samples isn't so small considering that Internet 
was searched, B2B/B2C space capacity of 2.5-3.0 t with the 
reach between 24-30 m.  
Models B2B/B2C trained using this studyof the market 
reflect the real market funds on whose basis the final price is 
determined. The model is recommended for the modern 
economy as the most effective way of determining 
approximate values of cranes. Also, using the electronic way, 
what can also be offered is that price that deviates from the 
market but must be based on additional factors (equipment, 
condition, number of working hours). Shopping should be 
done after several days of monitoring the market (stock 
exchange model) in order to avoid speculation. 
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Abstract 

 
Combining the methods for determining the relative 
importance of criteria and classical alternatives ranking 
methods, the optimal decision is made about certain 
multicriteria problem regardless the nature of parameters 
describing it. Solving the decision - making problem requires 
firstly defining the criteria system, and then determining their 
relative importance. Starting base at criteria defining is the 
fact that at solving each problem we can adopt various 
number and kind of criteria depending on corresponding 
decisions and information available. Also, an unique set of 
criteria of considered problem usually is not available to a 
decision maker. In this work the correlation test was used for 
getting the set of independent criteria and reducing their 
number to operating and acceptable level.  
 
Key words: criterion, correlation, decision- making 
 
1.  INTRODUCTION 
 
In the field of operational researches, theorists and 
practitioners have developed a great number of methods and 
approaches in multicriteria decision-making. Making a base 
for designing a new solution of logistics concept is basically 
coincided and connected to the proces of development of 
logistics centers (LC) , which unite different subsystems and 
provide complex logistics services [9]. 
Key part of every logistics strategy, or part of a big chain of 
supply that connects the manufacturers, deliverers and 

customers also represents the transport – storage system. 
Modern transport engineering  is characterized by constant 
development of devices for transport and manipulation and is 
the base for planing and designing.  
Generally, at considering any problem in domain of logistics 
and logistics systems  (either choice of location or equipment 
in transportation and storage of materials)  there is a great 
number of technically feasible alternatives, and the task of 
designer is to choose from the set of possible solutions the one 
that best meets the technical and economic conditions defined 
by the terms of reference.  
Decision maker, in great number of such real 
problems/situations, must meet one or more goals as well as 
the numerous conflict criteria (multicriteria analysis). Final 
order of a problem's alternatives thus depends on applied 
technique of multicriteria decision-making, and especially on 
the procedure of defining the evaluation criteria, 
transformation (normalization) of criteria and determination 
of their relative significance. When relative significance of 
criteria is considered, to  every criterion is added its weight 
value, on the base of expert evaluation and evaluation of 
other participants in decision-making, which is why it is 
desirable to involve a wider circle of experts and all other 
interested parties [19].  
Solving the decision-making problem, in the domain of 
logistics and logistics systems, requires firstly defining the 
criteria system and later determination of their relative 
significance. At solving any problem we can adopt different 
number and kinds of criteria depending on corresponding 
decisions and information available. Also, an unique set of 
criteria of considered problem usually is not available to a 
decision maker. So, within the application of multicriteria 
decision-making model, mostly the carrying out of the 
following steps is required [1]: 
 

 defining relevant criteria and alternatives, 

 giving numerical values for relative importance (weight), 
as well as alternatives influence on these criteria, 

 getting numerical values that determine final result of 
alternatives ranking. 

 

In literature, researchers during the application of 
multicriteria decision-making model, mostly direct their 
attention to second and third step, while the first step, 
connected to criteria defining, is significantly neglected.  
In application of multicriteria decision-making approach, the 
choice criteria are directly defined without certain tests of 
their independence or other characteristics [20].  
Because of the independent nature of criteria it is very 
important to limit their number and in that way provide 
sufficient models sensitivity to changes in criteria weight, as 
well as the easier determination of their relative significance . 
From survey of literature [3,10,13], notable is the fact that 
generally the choice of criteria  requires application of formal 
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procedures of set determination of approximately seven plus 
or minus two independent criteria. 
On the other hand, it is necessary to point out the fact that in 
procedure of determining the relative criteria weights, 
subjective decisions have crucial role, and in literature there 
is a tendency that it is easier to expres a subjective attitude on 
criteria weights (significance) by comparing criteria 
importances by pairs instead of individually.  
Therefore, classical technique makes the comparing process 
too complicated and bulky with the aim of collecting, in the 
right way, the decision maker’s estimate, so in order to 
eliminate  this deficiency while comparing at all hierarchical 
levels of problems, a fuzzy logic, that is fuzzy AHP (Analytic 
Hierarchy Process) technique is used. Respectively, for the 
purpose of easier carrying out the procedure of relative 
weights determination by AHP technique or fuzzy AHP, a set 
of approximately 7 independent criteria is required [10,13].       
The research in this work is directed to the possibility of 
correlation test application for comparing the independent 
criteria and reduction of their number to operational and 
acceptable level. The correlational analysis aim is to 
determine if there is a quantitative concurrence (correlational 
link) between the observed phenomena variations (in this 
case criteria), and if there is, at what degree. In other words, 
correlational analysis shows the degree of dependence 
between variables, that is, it measures the intensity of already 
determined connection between two variables. Application of 
correlational analysis is illustrated in multicriteria problem of 
decision-making in the procedure of material handling 
equipment selection (forklift). 
 
2.  CORRELATION  ANALYSIS  
 
Statistical methods are used for determining the 
representative characteristics of significantly different 
elements' sets. Statistics is subjective: statisticians are trying 
to explain or predict the material world in arbitrary, but 
sensible way, by using the theory of probability, mathematics 
and common sense. Unlike statistics, the theory of 
probability gives a unique and repeatable solution for the 
defined problem. 
Namely, the change of one feature of statistical set often 
influences the change of other features due to 
interconnection. Connection between features can be 
differentiated both by direction and intensity of connection. 
The strongest or the narrowest connectioin between features 
is functional connection, that is, such connection that each 
value of one feature responds exactly to certain value of the 
other.  
Looser link between features which are subject to smaller or 
larger deviations, is called correlative (or stochastic) link. Set 
of statistical methods used for studying interconnections of 
statistical features and phenomena (direction, intensity, 
shape) is called the theory of correlation, and main indicators 
of correlational links are the regression equation and 
correlation coefficient. 
Hence, dependence research in statistical analysis has two 
main directions: 

1. form of dependence, researcehed by regression 
analysis and 

2. intensity of dependence, determined by correlational 
analysis. 

 
Connection intensity degree between the variables which are 
in linear relation is measured by: 
 

 covariance as absolute measure of correlation intensity 
and 

 coefficient of simple linear correlation, as a relative 
measure of correlational link intensity.  

 
If we observe two phenomena, it is a simple correlation, and 
if there are more phenomena, then it is a multiple correlation. 
It is also possible to examine if it is a linear or curvilinear 
link. Unlike regression analysis, in correlation analysis both 
observed phenomena are treated as random variables. Here 
there is no difference between dependent and independent 
variables. It does not matter which phenomenon we shall 
mark with X and which one with Y, because we shall get the 
same results. 
Therefore, in further analysis we introduce the term of 
correlation coefficient, which represents the degree indicator 
of quantitative concurrence between variables.  
On the ground of correlation test results it is possible to 
conclude that if there is a relation between two criteria, one 
of them will be sufficient to predict their behaviour, while the 
other one will be eliminated.  
 
3.  HYPOTHESES ON CORRELATION 

COEFFICIENT – MATHEMATICAL 
BACKGROUND   

 
Popular method of theorem proving in mathematics is deductio 
ad absurdum, bringing to contradictions if opposite assertion is 
assumed [11]. In most of the fields where statistics is applied it 
is not possible to derive a rigorous proof, but the method of 
bringing to contradictions is essentially the base of statistical 
proof.  
In statistics, unlike mathematics, absolute contradiction rarely 
occurs. The task of hypotheses testing statistics theory is to 
quantify the degree of doubt in some hypothesis. Choice 
between two hypothesis, let us call them H0 – zero hypothesis 
and H1 – alternative hypothesis, occurs in different fields of 
application. Actually, whenever it is necessery to prove some 
assertion or verify a new theory. 
So, if we want to prove some assertion, then we take the 
opposite assertion (or neutral or existing state) as zero 
hypothesis, and assertion itself for hypothesis H1.  
Aim of examination procedure is to examine, on the base of 
results, if there are proofs against hypothesis H0 and in favour 
of hypothesis H1. Test is done if the statistics is defined S (test 
statistics) and the set of values for S for which we reject the 
hypothesis H0 (rejection area or critical area) [11]. The 
conclusion of the test can be one of the following two: 

 We reject  H0, because we obtained S in the rejection 
area and as an explanation we offer hypothesis H1; 

 We do not reject H0, because we obtained S outside the 
rejection area and we do not have proof against H0. 
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At hypotheses testing, two kinds of mistakes are possible: 
 first kind error appears if H0 is rejected when H0 is 

correct, 
 second kind error appears if H0 is rejected when H1 is 

correct.  
 
Considering the hypotheses interpretation, it is usually more 
important not to make the first kind error, because in that way 
we would prove assertion that is not correct (hypothesis H1). 
First kind error value maximum is the level of test significance 
and is marked with α. For the significance level value usually 
are taken the standard values 0.1,0.05,0.01. Standard choice is 
a convention which we do not need to stick to, but it provides 
comparison of different results, and it also facilitates 
calculations because standard tables can be used. By reducing 
the level of significance, the probability of second kind error 
increases. Let (X,Y) be a random vector. From two-
dimensional distribution of vectors (X,Y) we take a 
circumference sample  n: (X1,Y1), (X2,Y2),…, (Xn,Yn). Here 
the pairs (Xi,Yi) are independent, while the random values 
from the same pair have specified common distribution and 

can be dependent, with correlation coefficient . By method of 

moments we get evaluation for :  
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Statistics  r  is called the sample coefficient of correlation or 
the estimated value of the parameter ρ. For hypotheses testing, 
as for finding the confidence interval, of use is the following 
theoreme:  
Theoreme  1: If random vector (X,Y) has two-dimensional 

normal distribution with =0, then the statistics 
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r
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                                   (2) 
has t(n-2) distribution.  
 
Testing of hypothesis about simple linear equation coefficient 
on the basic set ρ, on the ground of its estimate from random 
sample r is based on the assumption about normality of 
common distribution for variables X and Y. During the testing 
we use t distribution of probabilities. Shown theoreme is used 

for testing the hypothesis Ho: =0 in case when vector has 
normal distribution, or when the sample’s circumference is 
big, so normal approximation can be accepted. Therefore, two 
hypothesis, in the order: Zero hypothesis H0: ρ = 0 (in basic set 
there is no linear correlation between two variables) and 
Alternative hypothesis H1: ρ ≠ 0 (in basic set there is linear 
correlation between two variables) are tested by correlation 

test.Simple linear correrlation coefficient in basic set  , ie. in 
sample r, can take values only in the interval -1 and 1,  ie.  -1 ≤ 
ρ ≤ 1 and -1 ≤ r ≤ 1. If the empirical points are scattered all 

over the diagram, then between the two variables there is no 
linear correlation and r ≈ 0. If variables are not connected, r is 
equal to zero. When greater values of independantly variable X 
respond also to greater values of dependently variable Y and 
vice versa: by decrease in value of independent X, decline the 
values of dependent Y – then it is a positive correlation (r>0). 
Conversely, when greater values of independently variable X 
respond to smaller values of dependently variable Y, i.e. by 
decrease in value of independent X, increase the values of 
dependent Y – then it is a negative correlation (r<0). The 
general rule is: the closer the coefficient value of simple linear 
correlation to one, the interdependence between the observed 
phenomena is stronger. The correlation coefficient never has 
the values 1 or -1, because it would mean that between the 
phenomena there is a mathematical, not statistical connection. 
Most commonly used parametric test of significance for testing 
the zero hypothesis is the Student’s t-test. It is used for testing 
the significance of differences between two arithmetic means. 
Conditions  for t-test application:  

 both variables that are tested must be numerical,  

 in case that the sample value is less than 30 units, the 
disposition should be normal or at least symmetrical. 

 
Fig.1   Student’s t – distribution with  degrees of freedom  

 
Interpretation of obtained value of t-test is based on Student’s  
t – disposition with  degrees of freedom (Fig. 1) and 
Student’s tables of t – disposition  critical values. Function of t 
– distribution is symmetrically decreasing, and with increase in 
leeway degrees the surface enveloped by tails decreases, and 
the distribution increasingly approaches the standard normal 
distribution. 

 
Fig. 2   Rules of accepting the H0 hypothesis  as correct,  

nd rejecting the alternative  H1  
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If the realized t-value is less than border table value for 
appropriate number  and threshold (level) of  significance,  
zero hypothesis is accepted as correct, and the alternative 
hypothesis is rejected:  
 

 t-realized < t ( and 0,05) ⇒ Ho is not rejected because 
the risk is bigger than 5% (p>0).  
 

Reversely, if the realized t-value is equal or greater than the 
border table value, for corresponding number  and threshold 
of significance, zero hypothesis is rejected as incorrect, and the 
alternative hypothesis is accepted: 
 

 t-realized ≥ t ( and 0,05) ⇒ zero hypothesis is rejected 
for risk level p=0,05, respectively for safety level 
P=0,95(95%);  

 t-realized ≥ t ( and 0,01) ⇒ H0 is rejected for risk level 
p=0,01, respectively for safety level P=0,99 (99%). 

 
4.  CORRELATIONAL TEST CARRYING OUT 

ILLUSTRATION AT DETERMINING THE 
CRITERIA IN FORKLIFT CHOICE 
PROCEDURE  

 
Generally, for the needs of multicriteria problems in choice of 
material handling equipment, different approaches have been 
developed 2,6,7,17,18. Namely, at solving the multicriteria 
decision-making problem, and especially when it comes to the 
choice of material handling equipment, there is a variant when 
the criteria for choice of the most acceptable alternative are 
taken directly from manufacturers’catalogues. In that case, by 
applying the correlational test we expect to get the reduced and 
independent set of criteria. The reason for test application lies 
in the already mentioned fact that in literature there is no 
clearly defined procedure of criteria choice.  
Therefore there is no unique set of criteria for choice, i.e. it 
varies and, besides that the criteria of choice must be 
independent, in literature prevails a tendency that their number 
has to be approximately seven. It is expected, at the same time, 
that models with fewer criteria become more sensitive to 
changes of criteria weights and lead to more expressed mutual 
distance of ranking results [21]. The aim is to establish the 
final number of independent criteria in situations when it is 
necessary, and then to apply some of the approaches for 
determination of relative weights or their significance (for 
example fuzzy AHP technique). On the base of correlational 
test it is possible to determine the intensity of  already 
established connection between two variables, ie. for this 

purpose  it is necessary to  determine the degree of correlarion 
between two  random variables.   
For numerical illustration of correlational test in further works 
there will be considered an example of three wheel electro 
forklift choice within one logistical centre, in particular for the 
needs of handling the material within its transport – storage 
system.  It is a multicriteria problem of equipment choice 
where, let us suppose, for ranking more alternatives of forklifts 
that satisfy in advance required parameters, for choice criteria 
the initial set of 20 characteristics was observed (Table 1). At 
this moment, the considered alternatives could be left aside 
because the goal is to show the procedure of defining the set of 
independent criteria for evaluation of alternative solutions. 
Starting sample  that is considered consists of  25 forklifts of 
different manufacturers. Basic (starting) criteria  are, one after 
the other (characteristics from manufacturers catalogs): A-
Capacity (kg), B-Maximum lift height (mm), C- Travel speed 
with the load (km/h), D-Travel speed without the load (km/h), 
E-Lift speed with the load (m/s), F-Lift speed without the load 
(m/s), G-Turning radius (mm), H-Length to fork face  (mm), I- 
Engine power (kW), J-Wheelbase (mm), K-Total width (mm), 
L-Noise level (dB), M-Battery voltage (V), N-Battery capacity 
(Ah), O-Tilt angle (°), P-Forklift mass (kg), Q-Forks length 
(mm), R-Oil pressure in the installation (bar), S-Battery weight 
(kg) and T-Total height to top of overhead guard (OG) (mm). 
Their initial values are collected from appropriate catalogs. 
The task is to, from sample of 25 different values that takes 20 
variables, using the correlational test,  determine the intensity 
of connection between two variables and in this way reduce 
the initial number of independent criteria for evaluation of 
alternative solutions. 
So, from two-dimensional distribution of random vector (X,Y) 
there was taken a sample of circumference n=25: (X1,Y1), 
(X2,Y2),…, (X25,Y25). Here the pairs of variables (Xi,Yi) are 
independent, while random values from the same pair have 
specified mutual distribution and can be dependent, with 
correlation coefficient r.  
In the use of equation (1), n corresponds to the sample value of 
25 forklifts, Xi, Yi represent the criteria pairs for which we 

calculate the correlation coefficient, and X  and Y their 
average values. 
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Table 1   Forklifts characteristical values for 20 criteria 

 

 
After the calculated value of correlation coefficient for 
every pair of criteria, further testing of linear correlation 
coefficient is based on already mentioned Student’s 
disposition with  n-2  degrees of freedom, while the 
obtained t – value is interpreted in the same way as in the 
classic Student’s t-test.  
Statistical test p-value (significance level) is compared to 
predefined significance level α which is a proof of positive 
relation between two criteria. In this research α=0.01 was 
chosen as critical value. 
In case that p-value is less than 0.01, we conclude that there 
is a proof of positive relation between two criteria and one 
of them can be eliminated. 
It should be mentioned one more time that the test is 
mathematically defined by formula (2). 
 
 

 

 
For the needs of this work, because of easier carrying out 
the extensive calculations when getting the values of 
correlation coefficient and statistical p-value, the shown 
procedure is automatized by development of program tools 
in the environment of Microsoft Excel. Given program 
tools have restrictions regarding the number of criteria, 
maximum 25.  
For arbitrary criteria pair (eg. Criterion A: Capacity and G: 
Turning radius) the program addition calculates t-value, 
twosided t-distributions with 23 (n-2) degree of freedom, by 
using the expression (2). For this arbitrary criteria par,   
t=12,263 аnd r=0.935. The program then determines, one 
after the other, onesided and twosided p – value  in t – 
distribution (Table 2).  
 
 
 

 
Manufacturer 

Model 
Capacity 

(kg) 

Max. 
lift 

height 
(mm) 

Travel 
speed 

with the 
load 

(km/h) 

Travel 
speed 

without 
the load 
(km/h) 

Lift speed 
with the 

load 
(m/s) 

Lift 
speed 

without 
the load 

(m/s) 

Turning 
radius 
(mm) 

Length to 
fork face 

(mm) 

Engine 
power 
(kW) 

 

Wheelbase 
(mm) 

 

TOYOTA 7FBEST10 1000 3310 12 12.5 0.32 0.52 1230 1565 7.5 985 
TOYOTA 7FBEST13 1250 3310 12 12.5 0.31 0.52 1400 1725 7.5 1145 
TOYOTA 7FBEST15 1500 3310 12 12.5 0.3 0.52 1450 1780 7.5 1200 

CAT 2ET2500 1300 3000 16 16 0.48 0.6 1440 1774 11.5 1249 
CAT 2ETC3000 1600 3000 16 16 0.49 0.6 1548 1887 11.5 1357 
CAT 2ETC3500 1800 3000 16 16 0.44 0.55 1548 1887 11.5 1357 
CAT 2ETC4000 2000 3000 16 16 0.4 0.55 1655 1995 11.5 1465 

HYSTER J30XNT 1361 3032 15.7 15.7 0.39 0.65 1481 1808 4.8 1290 
HYSTER J35XNT 1588 3032 15.7 15.7 0.36 0.65 1577 1903 4.8 1386 
HYSTER J40XNT 1814 3032 15.7 15.7 0.34 0.65 1577 1903 4.8 1386 
NISSAN TX30N 1350 3300 14.5 14.5 0.34 0.515 1525 1895 10.7 1300 
NISSAN TX35N 1600 3300 14.5 14.5 0.31 0.515 1525 1895 10.7 1300 
NISSAN TX40N 1800 3300 16 16 0.32 0.6 1635 2005 14.6 1410 
YALE ERP13VC 1250 3320 12 12.5 0.3 0.51 1398 1724 6 1168 
YALE ERP15VC 1500 3320 12 12.5 0.3 0.51 1452 1778 6 1222 
YALE ERP15VT 1500 3320 16 16 0.43 0.59 1476 1805 12 1290 
YALE ERP16VT 1600 3320 16 16 0.43 0.59 1476 1805 12 1290 
YALE ERP18VT 1800 3390 16 16 0.41 0.58 1676 1896 12 1494 
YALE ERP20VT 2000 3390 16 16 0.4 0.58 1676 1999 12 1494 

JUNGHEINRECH EFG110 1000 3000 12 12.5 0.29 0.5 1293 1623 6 1038 
JUNGHEINRECH EFG113 1250 300 12 12.5 0.25 0.5 1401 1731 6 1146 
JUNGHEINRECH EFG115 1500 3000 12 12.5 0.24 0.5 1455 1785 6 1200 
JUNGHEINRECH EFG213 1300 3000 10 16 0.48 0.6 1440 1774 11.5 1249 
JUNGHEINRECH EFG218 1800 3000 10 16 0.44 0.55 1655 1995 11.5 1465 
JUNGHEINRECH EFG220 2000 3000 10 16 0.4 0.55 1655 1995 11.5 1465 

Manufacturer Model 
Total 
width 
(mm) 

Level 
of 

noise 
(dB) 

Voltage 
(V) 

Battery 
capacity 

(Ah) 

Tilt 
 (°) 

Forklift 
mass     
(kg) 

Forks 
length 
(mm) 

Installation 
pressure 

(bar) 

Battery 
weight   

(kg) 

Total 
height to 
top of OG 

(mm) 
TOYOTA 7FBEST10 990 62.4 24 400 5 2550 800 140 372 2055 
TOYOTA 7FBEST13 990 62.4 24 700 5 2820 800 140 600 2055 
TOYOTA 7FBEST15 990 62.4 24 800 5 2930 800 140 676 2055 

CAT 2ET2500 1060 66 24 400 7 2698 1150 200 679 2040 
CAT 2ETC3000 1060 66 24 500 7 2957 1150 200 812 2040 
CAT 2ETC3500 1120 66 24 500 7 3213 1150 200 812 2040 
CAT 2ETC4000 1120 66 24 600 7 3331 1150 200 974 2040 

HYSTER J30XNT 1050 69 36 750 5 2313 1067 155 670 2070 
HYSTER J35XNT 1050 69 36 800 5 2372 1067 155 670 2070 
HYSTER J40XNT 1116 69 36 1000 5 2390 1067 155 700 2070 
NISSAN TX30N 1105 61 36 680 4 2955 1070 140 700 2110 
NISSAN TX35N 1105 61 36 680 4 3155 1070 140 700 2110 
NISSAN TX40N 1105 61 48 750 4 3365 1070 140 1050 2110 
YALE ERP13VC 996 59 24 735 5 2700 1000 155 570 1980 
YALE ERP15VC 996 59 24 840 5 2905 1000 155 642 1980 
YALE ERP15VT 1050 65 48 500 5 2990 1000 180 673 2070 
YALE ERP16VT 1050 65 48 500 5 2990 1000 180 673 2070 
YALE ERP18VT 1116 65 48 750 5 3280 1000 180 962 2070 
YALE ERP20VT 1116 65 48 750 5 3290 1000 180 962 2070 

JUNGHEINRECH EFG110 990 63 24 625 5 2570 1150 160 481 2090 
JUNGHEINRECH EFG113 990 63 24 875 5 2760 1150 185 648 2090 
JUNGHEINRECH EFG115 990 63 24 1000 5 2870 1150 210 730 2090 
JUNGHEINRECH EFG213 1060 66 24 400 7 2698 1100 200 679 2040 
JUNGHEINRECH EFG218 1120 66 24 600 7 3156 1100 200 974 2040 
JUNGHEINRECH EFG220 1120 66 24 600 7 3331 1100 200 974 2040 
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Table 2.   Correlation coefficient and p-values   
 for criteria pairs: A – tо G; B – tо G, C – tо G 
D – tо G; E – tо G, F – tо G     

r 0.179 0.345 0.657 0.344 0.339 0.935 

tp 0.871 1.763 4.176 1.759 1.729 12.683 

p 0.804 0.954 1.000 0.954 0.951 1.000 

p-1 0.196 0.046 0.000 0.046 0.049 0.000 

p-2 0.393 0.091 0.000 0.092 0.097 0.000 

 

r 0.196 0.203 0.242 0.172 0.157 

tp 0.956 0.995 1.194 0.838 0.763 

p 0.826 0.835 0.878 0.795 0.773 

p-1 0.174 0.165 0.122 0.205 0.227 

p-2 0.349 0.330 0.245 0.411 0.453 

 

r 0.546 0.330 0.569 0.371 

tp 3.124 1.674 3.318 1.914 

p 0.998 0.946 0.999 0.966 

p-1 0.002 0.054 0.001 0.034 

p-2 0.005 0.108 0.003 0.068 

 

r 0.826 0.764 0.727 

tp 7.019 5.680 5.073 

p 1.000 1.000 1.000 

p-1 0.000 0.000 0.000 

p-2 0.000 0.000 0.000 

 

r 0.592 0.397 

tp 3.521 2.077 

p 0.999 0.975 

p-1 0.001 0.025 

p-2 0.002 0.049 

 

r 0.419 

tp 2.215 

p 0.982 

p-1 0.018 

p-2 0.037 

 
 
Values, in Table 2 are one after the other: r – correlation 
coefficient, tp-obtained value for Student’s distribution for 
significance level p, and p-1 and p-2 corresponding 
onesided and twosided p-value in t-distribution. 

 When p-value for every criteria pair is calculated, twosided 
p-value is entered into the matrix under the main diagonal 
(Table 3), whereby the pairs, whose p-values are less than 
previously defined value 0.01, are marked above the main 
diagonal by the sign “X”.   

 

 
Interpolation: 

       
 
 

0,95 / 0.95 0.975 / 1.714 2.013 / 1.714 2.069 0.954

1 0,954 0.046
2*0.028 0,092

pt

one tailed  p-value 
two tailed  p-value 
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Fig.3.     Values of tp   for Student’s distribution with  
degrees of freedom     

 
Elimination procedure itself, or reduction of criteria number 
(variables) that are in mutual correlation, from the shown 
table, could be presented through the following steps:   

 

1. check if there are criteria which are not correlated 
to any other criteria (both by kind and column of 
given table), and if this is the case, they should be 
chosen for independent criteria;  

2. check the correlation of every criteria (by kind) 
with other members, and if there is such criterion, 
choose it as independent one, other criteria in 
corelation discard; 

3. If there are undeleted criteria left, go back to step 
1, otherwise the process of correlation analysis is 
finished. 
 

By using the listed rules of elimination procedure, the 
number of rules in this particular case is reduced from the 
original 20 to the following six criteria:  A-Capacity (kg), B-
Maximum lift height (mm), C- Travel speed with the load 
(km/h), E-Lift speed with the load (m/s), Q-Forks length (mm) 
and T-Total height to top of overhead guard (mm). 
Thus obtained, the set of independent criteria satisfies the 
suggested number (seven plus or minus two) and it is 
possible to use it further on in the following stage of 
solving the multicriteria decision-making problems, i.e. in 
the procedure of determining their relative weights, and 
later also in the final ranking of suggested alternatives of 
the considered multicriteria problem. 
All attention in the work is directed only to the 
representation of necessary criteria choice procedure for the 
procedure of solving the multicriteria decision-making 
problem in the procedure of equipment choice within one 
logistical system such as logistics centre.  
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Other steps of solving such a problem (multicriteria 
analysis), given in the introductory lines of the work, in this 
case were not considered. 
 
Table  3    Criteria pairs correlation(pairs in correlation 
marked with "X")   
 

 
 

 
5. CONCLUSION 
 
In the work itself, the fact was pointed out that solving the 
problem of decision-making requires firstly defining the 
criteria system, and then determining their relative significance 
before final ranking of the considered multicriteria problem 
alternatives. Also, the fact was pointed out that a unique set of 
criteria of considered problem most often is not available to 
decision-maker. Correlation test was used for getting a set  of 
independent criteria, more precisely reduction of their number 
to operative and acceptable level for determining the relative 
weights and later on the procedure of ranking the alternatives. 

In the end, it is also necessary to mention a few important 
limitations that follow the carrying out of correlation test. 
Firstly, correlation test determines only the level of 
correlation for every criteria pair, and as it is determined 
there is not a unique way of obtaining the set of 
independent criteria (seven plus or minus two). Set of 
independent criteria can be different for the same  value of 
correlation coefficient, but also by changing the values of 
significance level, the number of pairs in correlation 
changes. In this way the pairs in correlation become the 
pairs without correlation and vice resa. It becomes clear 
that defining the set of independent criteria requires, in that 
case, repetition and check of procedure for choosing the set 
of seven plus or minus two independent criteria. However, 
the result of such approach can lead to a situation where the 
available criteria, i.e. the most commonly used ones in 
previous researches, can become preferential to the less 
significant criteria, and as such be used for solving the 
equipment choice problem. It is obvious that the model 
becomes more sensitive to changes of criteria weights, so 
for that purpose it is necessary to analyse also the 
statistically significant differences between the original and 
the reduced set of criteria to final ranking. In this way, by 
application of correlation test, we could come to a cognition 
whether and to which extent the final ranking of 
alternatives differs for the reduced number of criteria in 
relation to the original set.  
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Abstract 
 
Order picking is the activity by which a small number of 
goods are retrieved from a warehousing system to satisfy a 
number of independent customer orders. Order picking 
area, due to its volume, can be divided into several parts – 
zone. Zoning is the problem of dividing the whole picking 
area into a number of smaller areas and assigning order 
pickers to pick requested items within the zone. Zone 
picking is a flexible and highly structured order picking 
concept. There are several methods of the pick and pass 
zone picking – fixed zone, bucket brigades and zoned 
bucket brigades. Besides the above mentioned, the work 
will be described the zone picking using developed bound 
cavities methods.  Based on the simulation on the models of 
zoned order picking systems, will give an analysis of the 
obtained results. 
  
 
Keywords: order picking, zone, bound cavities methods 
 
 
1. INTRODUCTION 
 
As an alternative to single order picking, picking area can be 
divided into several parts - zone, wherein each picker 
assigned a zone. The advantage of the zone picking is 
movement pickers in a relatively small area, thus reducing 
the possibility of each other interference and the possibility 
that each picker to become familiar with the items in their 
area.  
The zoning is classified into synchronized zoning, where all 
pickers work on the same orders at the same time, and 
progressive zoning (pick and pass), where each orders is 

processed at zone at a time. Because only one order is 
handled at a time, pick and pass zone picking reduces the 
pick rate of pickers, but eliminates the requirement of a 
sorters system. Zone picking can be used for a wide range of 
applications and is highly efficient, especially when pickers 
can pick directly into shipping cartons or totes. 
Pick and pass zone picking involves the execution of one or 
more orders sequentially through multiple zones that are 
arranged in a series. Each pickers fulfills certain portion of 
order, which includes items in the area that it covers, and 
then sends the tote (by hand or conveyor) in which he placed 
the selected items, the following pickers, which covers the 
next area and so on, fig. 1. 
In this method of picking a small consumption of time, if it 
the working volume of the equipment is sufficient to accept 
the complete order. To increase the efficiency of this method 
it is necessary to use the conveyor or rail, in which the 
moving totes, or carts. Not suitable for large distances 
between the zones or the lack of high-speed transport device 
that connects zone. It is necessary to pass through all the 
zones, even when the individual zones have no items that 
need to be taken. Execution of orders by using this method is 
very effective when the individual orders evenly (uniformly) 
distributed by zones, or when from each zone takes the same 
number of items. Using this method requires the same order 
picking technology and similar equipment in all zones. 
 

  
   

Fig. 1 Pick and pass order picking  

 
2. ZONED PICK AND PASS ORDER PICKING 
SYSTEMS 
 
During the zone picking is often the case that transport totes 
with items to be accumulated between individual zones. On 
the other hand, it happens that some pickers waiting for totes 
to carry out taking items out of their zone. In both cases, it 
can be concluded that the picking zone are not well 
coordinated and balanced. These situations can always occur 
when it happens unexpected the structure of orders. 
Solution in such situations is the deployment of items within 
the zone to the previous analysis of the structure of orders, 
the additional storage conveyor which would accept the 
transport totes that are waiting, increasing the space that 
occupies the order picking area, ... 
The first solution means that it is necessary to constantly 
transfer items from one to another place to equalize the 
demand for products in certain zones and thus equalize 
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pickers operation time. This means that it is necessary, at the 
beginning of the execution of each orders group, the physical 
transfer from one to another place, the large number of items 
that are found in the zone. This of course requires 
considerable time, as well as the appropriate involvement 
manpower and technology, and the additional problem may 
be if there is a difference in the size and weight of the items, 
as well as fragile and sensitive materials. 
Another possible solution is to add the storage conveyor, 
usually a roller conveyor between the zones, which would act 
as temporary storage for transport totes (buffer). By placing 
the tote on the conveyor in order to solve the imbalance in 
the work, so that the previous picker continued to work and 
not have to wait for the next picker. The specified solutions 
can not completely solve the problem of imbalances in the 
the work of pickers, especially in situations of significant 
differences in the orders structure. 
Therefore, they applied the dynamical zones. Dynamical 
zones are flexible pickers workspaces, that would allow 
change zone boundaries over time, adapting to the current 
orders that are executed. The basic principle of the dynamical 
zones is that the zone boundaries harmonize with the volume 
of work and the borders of neighboring pickers and 
appropriate orders. Instead of pickers zones finished in the 
same place in all orders, after pickers come back to the same 
fixed location where the zone starts, picker execute the order 
until the next picker of the series did not end with the 
execution of previous orders, and while not ready (did not 
come to appropriate location). Each previous and next picker 
works on the same principle. Size of the zone is defined by 
the current available pickers load, and not according to pre-
arranged items, so there are no need to change the layout of 
items. In this way avoiding the picker waiting, and the 
accumulation conveyor totes, allowing continuous operation, 
which leads to increased productivity. 
When using dynamic zones, each picker execute one order, 
and no orders that are pending between the individual zones. 
The advantages of dynamical zones are: 

- if the change the number of pickers, the execution 
order is carried out continuously, without interruption, 

- changes in the structure of order and quantity of 
certain items does not affect the reduction in the flow 
and speed of execution of orders, 

- the slowest picker can not significantly affect the flow 
reduction, 

- productivity and picking accuracy increases, 
- minimized the pickers waiting time, 
- the dynamic zones automatically adapt to existing 

conditions without a change in the schedule of items 
and needed transportation equipment. 

Type of zone picking, which are called bucket brigades, 
reminiscent of the cooperative behavior of ants, when 
transferring foods, [4]. At work brigades execution order is 
accomplished in the following way: when the last picker in 
the series is complete with the exception of items for a 
particular order, it returns to the previous pickers, takes the 
transport totes and continues to work. The penultimate picker 
is then returned to its predecessor from whom also takes the 
the transport tote and continues to work. This procedure is 
repeated, and thus executes the order picking. If there is a 
difference in picking speed between the individual pickers, 
the slowest picker is placed at the beginning and then the end 
of the row where to set the fastest picker. 

In order to reduce time losses in zoned order picking 
systems, the method of zoned bucket brigades was 
developed, [4], as a combination of classical zones order 
picking and order picking with bucket brigades, fig. 2. The 
picking line is divided into (m) zones, at whose boundaries 
an (m-1) temporary storage is placed. The work areas of 
individual pickers are shown in the figure, thus the 
theoretical work area of each picker begins at the beginning 
of the picking line, and ends at the end of their assigned zone. 
The principle of operation is as follows: after the execution 
of an order, a picker leaves the tote in the temporary storage 
at the end of their zone and returns either to the previous 
temporary storage, where he takes the tote and begins to 
execute the next order, or, if the previous temporary storage 
is empty, he goes to the previous picker from whom he takes 
a tote and continues with the execution of the order. 
    

 
 

Fig. 2 Pickers’ work zones in zoned bucket  
brigade systems [4]  

 
3. BOUND CAVITIES METHOD 
 
When performing order picking, a picker is moving along the 
picking line, stopping at picking places, where an item is to 
be picked for actual order (marked with black spots in Fig. 
3), and passing by the places where there is nothing to be 
picked – empty spaces [5]. If the number of items, which are 
to be picked, is small compared to total number of items, 
there is great number of empty spaces. Also, there are the 
regions with successive places where there is not necessary 
to take the items for the actual order (see fig. 3, the places 12-
13 and 18-20). These regions are called ''bound cavities’’. 
 

 
 

Fig. 3 Picking line with two pickers 

Within picking time structure we distinguish between the 
times for item picking and the times for picker travel. If we 
analyze the work of two pickers in the system with zoned 
pick and pass order picking, it is clear that the time periods 
concerning item picking are inevitable, which means that 
they can only be distributed among pickers. Regarding the 
travel time, if technical predispositions exist to send the tote 
via conveyor from the first picker to the second one, it would 
be optimum that zone interchange happens on the spot with 
the longest picker travel without item picking, which means 
on the spot with the longest bound cavity (according to the 
Fig. 3, from places 18 to 20). In this way it would be possible 
to avoid regarding the activities and also used time, the travel 
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of the picker in both directions, in the zone where there is 
anyway not necessary to pick any items.    
This is the reason why the bound cavities method was 
developed, which strives to have the change of pickers, or 
zones, performed precisely at the position where the largest 
bound cavities occur. 
If we observe the start of the work and analyze which order 
should be executed first from a group of processed orders, it 
can be concluded that the order which requires minimal input 
from the first picker should be executed first, so that the 
second picker would spend the least time waiting. On the 
other hand, if we analyze which order should be executed 
last, we come to the conclusion that it should be the order 
that requires the least work from the second picker, in order 
to minimize the time that the first picker is without work. 
In order to avoid, or maximally reduce the waiting time of 
the pickers after the first order in which the first picker has a 
lot less work than the second one, in the next order it is 
necessary for the first picker to have a lot more work than the 
second one. The situation is similar at the end as well. 
In order to meet these requirements, we come to a diagram of 
the sequence of order execution during order picking which 
resembles the letter X, hence the name of the procedure, fig. 
4, where the lines represent the loads on the pickers. 
 

 
 

Fig. 4. The sequence of order execution according to the X 
procedure of the bound cavities method 

 
4. MODELS OF THE ZONED PICK AND PASS 
ORDER PICKING SYSTEMS 
 
A formal mathematical record of behavior and characteristics 
zoning order picking pick and pass system can be represented 
by a mathematical model. Often, in practice, impossible to 
make absolutely accurate mathematical model, so you can 
then access certain approximations and neglect of less 
influential characteristics. 
In a zoned pick and pass picking system each picker execute 
one order, whereby it can be complete or part of the order, in 
the case of a distribution center with a large number of 
different articles. 
In a zoned pick and pass picking system, of which the model 
is formed, there are two roller conveyors, fig. 5. By roller 
conveyor 2 which is powered, arrive empty totes and stop 
under the picker place where begins the first zone for the 
current order. Picker 1 transferred and pushing the transport 
totes by roller conveyor 1, which is unpowered. Order 

picking system is equipped with pick by light technology, so 
that each picker after taking the required number of pieces 
with a certain picking places, presses the button which 
confirms that he has taken a sufficient number of pieces. At 
that moment a light turns on to the next picking place, where 
picker need to takes item. Picker comes to lighted lights, and 
in the display seen how many the pieces should take, and 
then begins taking. This procedure is repeated until the 
moment according to the information from the information 
system (eg, beep or flashing light), picker transferred the 
transport tote to roller conveyor 2, and moving toward the 
beginning and the fulfillment of the following orders. When 
picker 1, after completion of taking items for a particular 
order, put the tote on the roller conveyor 2, it is transported to 
the picking place where starting zone for the next picker. 
 

 
 

Fig. 5  Pick and pass zoned picking system 

Basic assumptions and requirements, for a given order 
picking model are: 

- picking places are always full, which means that in all 
places have enough pieces of the individual item, to 
satisfy the need to fulfill all orders, 

- the analysis does not take into consideration 
replenishment items from storage,  

- speed of pickers is viewed as a constant, ie there is no 
acceleration or deceleration, 

- the assumption is that the picking speed the same for 
all pickers, where the model can set different picking 
speed for individual pickers, 

- content of orders, within a single picking line, is such 
that one can be placed in a one transport tote, 

- it is necessary to appropriately transport system which 
includes two parallel roller conveyor, wherein one 
non-powered conveyor, and other conveyor powered, 

- arrangement of items in picking lines is random. 
There are many analyzes about the influence of various 
parameters (grouping of orders, sequence of taking items, 
deployment items strategy, execution of orders by zone, the 
arrangement of objects within the system, the type of order 
picking equipment and complexity of the information 
system) on system performance – total picker traveled 
distances and total picking time. 
Many researchers have carried out simulations of system 
operation, which have been models developed in different 
programs of general purpose (Visual Basic, C + +, Excel, 
Java, ...) as well as specialized programs for the simulation 
of material flow (Flexsim, AutoMod, Enterprise Dynamic, 
Showflow,. .). In the simulations, the number of items and 
their distribution in the picking lines was different, the 
structure and number of orders were different, as well as 
number of repetitions. 
In [1] is formed model with three groups of the articles A, B, 
and C, with the probability of finding items in the order of 
50, 30 and 20%, relative to the total number of items. 
Number of items per order was 100, 500 and 1000, and was 
carried out of 10 reps for each variant. 
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Roodbergen and De Koster are applied the pickers speed of 
0.6 m/s (36 m/min), and the average number of exempted 
items per order was 30. [2] 
Ho is used in the simulations average pickers speed of 30 m / 
min, and exercised five reps for all variants, where it was 250 
orders with 100 different items. The same author has carried 
out simulations with orders of 30, 60 and 90 items. The 
structure of orders was 80/20, 60/40 and 50/50. The picking 
lines has a total of 520 different items, and generated 200 
orders. [6] 
Petersen is analyzed order picking system in which the size 
of the picking lines was 96, 288 and the items 576. The 
structure of the order consisted of 1, 5, 10, 20 and 30 
products.[3] 
Petersen and Aase are distributed the items by random and 
classes arrangement. The size of orders were 5, 10, 15, 20, 
25, 30, and 40 items. The structure of orders was 80/20 and 
60/20 rule. The pickers speed was 45m/min. [7] 
In the program Flexsim, Peng is formed model on which the 
simulation is carried out, which indicated the existence of 
bottlenecks in the material flows within the production 
logistics systems. [8] 
The advantages of using spreadsheets (as Excel), in the 
systems of material flows, for solving transport problems, 
have shown in [9]. 
Model of zoned picking systems is formed in Flexsim, which 
allow easy creation of models, because the program has a 
user functions to manage the process. In fig. 6 is shown 
model with two pickers. 
For simulation of the material flow in the zoned picking 
systems, using bound cavities method when defining the 
order of execution of the group order, it was necessary to 
manipulate with large amounts of data and a large number of 
calculations, including: 

- assigning data about picking places from which to 
exclude item (one or more) in each order, for example. 
300 items and 50 orders in the group amounts to 
15.000 data, 

- finding the bound cavities and select those that will be 
the border area, according to the rules described in 1, 

- define the order of execution. 
The above data and calculations was not possible to 
implement in Flexsim, especially when one takes into 
account their quantity. It is possible to perform calculations 
in another program, for example Excel, and then information 
about the order of execution and the zone boundaries 
imported into Flexsim.  
The problem, however, then appeared in defining which 
pickers should be execute which part of the order, as they are 
not be used priority rules that offered a program. Then it was 
necessary to manually specify what pickers execute. Due to 
these problems, simulation model of the zoned picking 
systems established in the spreadsheet. 
The table structure of the program allows the calculations 
and the results can be organized in a natural and intuitive 
way. It should be noted that the many years of practice has 
shown that many stochastic models in the field of logistics 
and engineering can be conveniently simulated in a 
spreadsheet. A large number of functions for performing 
mathematical, statistical and calculation related to databases 
are available in most spreadsheet, so that simulation are 
faster and more reliable. 
 

 
 

Fig. 6. Model of zoned order picking systems with two 
pickers in Flexsim 

Due to these advantages in a spreadsheet and based on the 
mathematical models of different zoned picking systems 
described in the previous section, have been formed 
corresponding models in Microsoft Office Excel, fig. 7. The 
models were used to perform simulations in the course to 
calculate the distance traveled by the pickers and total  
picking time when processing a group of orders. 
 

 
 
Fig. 7 Part of mathematical models of different zoned picking 

systems in Microsoft Office Excel  

To illustrate the structure and complexity of the program, 
given a program loop that calculates the picking time for 
individual orders: 
 
= IF (K17 = LARGE ($K$7:$K$510,3), O17 *$S$1 + 2 * 
(MIN ($L$7:$L$510)-MAX ($E$7:$E$510)) * $S$2 + Q17 
* $H$1, IF (K17 = LARGE ($K$7:$K$510,2), (O17 -MIN 
($O$7:$O$510)) * $S$1 + 2 * (LARGE ($L$7:$L$510,2) - 
LARGE ($K$7:$K$510,3)) * $S$2 + (Q17 – LARGE 
($Q$7:$Q$510,3)) * $H$1, IF (K17 = LARGE 
($K$7:$K$510,1), (O17 – LARGE ($O$7:$O$510,2)) * 
$S$1 + 2 * (LARGE ($L$7:$L$510,1) – LARGE 
($K$7:$K$510,2)) * $S$2 + (Q17 – LARGE 
($Q$7:$Q$510,2)) * $H$1,0))) 
 

Examined several variants of the zoned picking systems with 
the following variable parameters: 

- the number of pickers - 2 and 3, 
- the number of orders in the group - 20 and 50, 
- the number of picking place in picking line - 80, 160 

and 300, 
- the number of analyzed bound cavities (bound cavities 

method) - 1, 2 and 3 (in a system with a two pickers) 
and 2, 3 and 4 (in a system with a three pickers), 

- the average number taken from the total number of 
items per order - 10-15% and 25-30%,  
percentage of items which takes more than one piece, 
in comparison with the number of items which are 
taken - 17 to 32%, 

- the weight criteria for defining the boundaries of the 
zone - (1:1) and (1:4), (bound cavities method), 
explained in [5]. 
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Simulation of zoned picking systems for different structures 
of orders (80/20 and 60/20), with a random deployment of 
items, get the same results. [7]  
Therefore, in this study, considering that the the deployment 
of items was random, not considered variants for different 
structures of orders. 
In order to noticed the effect of defining the zone boundaries 
and the sequence of execution of orders, using bound cavities 
method were formed simulation models and calculated 
values for the following zoned picking systems: 

- fixed zone – zone boundaries in the middle of picking 
lines, random order of execution, in the order of orders 
arrival, 

- fixed zone – zone boundaries in the middle of picking 
lines, the order of execution according to bound 
cavities method, 

- zoned bucket brigades, 
- dynamical zones - zone boundaries according to bound 

cavities method, random order of execution, in the 
order of orders arrival, 

- dynamical zones - zone boundaries according to bound 
cavities method, the order of execution according to 
bound cavities method, 

 
5. RESULTS 
  
In the systems with 2 pickers, the cases with 1, 2 and 3 bound 
cavities were dealt with, whereby the one was chosen 
providing most even picker loads. In the systems with 3 
pickers the cases with 3 and 4 bound cavities were dealt with, 
whereby the criteria for adoption were an even picker load 
and that second picker load is approximately 1/3 of total 
load. 
In the course to define order structure, the sequences of 
random numbers with an exponential distribution were 
generated. For different variants sufficient amount of suitable 
random numbers was generated, playing the role of data 
concerning location and number of articles to be picked pro 
separate orders.  
For instance, for variant with 80 articles and 50 orders there 
were 4000 random numbers generated, whereby the random 
numbers in places 1 to 80 were assigned to first order, in 
places 81 to 160 to second order etc.  
A basic assumption in the model was that there always are 
sufficient articles in picking places. 5 passes were always 
made for each variant. 
As the reference value for the picking times and for traveled 
distances, in all variants the results for “bucket brigades“-
system were used.  
The calculations were made using: 

- the average picker velocity - 30 m/min, (Erlang 
distribution of second-order), 

- the roller transporter velocity - 1 m/s,  
- picking time for one article - 2 s, (Erlang distribution 

of second-order), 
- time for registering light signal and pressing the taster 

- 2 s (Erlang distribution of second-order), and 
- picking place width - 0,5 m. 

The fig. 8 shows a basic table, loaded with the values from 
the all orders to be processed, for a system with two pickers 
(part of the table). [5] 
 

 
 
Fig. 8 The basic table, loaded with the values from the all 
orders to be processed, for a system with two pickers (part 

of the table) 

The fig. 9 shows a table with basic calculations in a system 
with two pickers (part of the table). [5] 
 

 
 

Fig. 9  Table with basic calculations in a system with two 
pickers (part of the table) 

The complete results and analysis are given in the [5]. In this 
paper is displayed only some. 
The fig. 10 shows percentage picking time savings by 
applying bound cavities methods in relative to system of 
bucket brigades, for more variants. 
The fig. 11 shows percentage reduction in picker traveled 
distances in variants with max. bound cavities as the zone 
boundaries, using the bound cavities method in relative to 
system of bucket brigades. 
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Fig. 10. Percentage picking time savings by applying bound 
cavities methods in relative to system of bucket brigades, 

for more variants 

 

 
 

Fig. 11 The percentage reduction in picker traveled 
distances in variants with max. bound cavities as the zone 
boundaries, using the bound cavities method in relative to 

system of bucket brigades  

 
CONCLUSION 
 
The order picking operation represents the highest cost 
element in a typical distribution center. Although modern 
distribution centers are automated in a large extent, it is in 
most cases impossible to replace the human with the 
machine. Order picking systems can be very simple systems 
in small operations or become very complex systems using a 
little quantity of different articles. In such situations only the 
application of zoned pick and pass picking systems with pick 
to light technology can lead to satisfactory performances. 
Simulation of material flow in the zoned picking system 
enables monitoring and collecting data on the number of 
excluded items and paths traveled individual pickers, on the 
basis of which it can calculate the output of each picker. 
Also, it is possible to to track and locate mistakes, and 
increase productivity by stimulating work based on output 
and accuracy. 
 

Simulation results, achieved under the application of formed 
mathematical models, show that, when bound cavities 
method is used, performances of picking system get better – 
total picking time and picker traveled distances are 
significantly reduced. Better performances are achieved also 
in the systems with fixed zones if order fulfilling sequence is 
defined according to bound cavities method. At the same 
time, as the requests for performance improvement immerge 
even load of all pickers and, in systems with 3 and more 
pickers, an necessary request is that in all orders the load of 
all pickers, which are not located at the end of picking line, is 
equal 1/n of total load, whereby n represents the number of 
pickers. 
When applying bound cavities method it is possible to 
achieve performance increase in zoned pick and pass order 
picking systems whatever the order structure, whereby it is 
not necessary to relocate the articles within picking zone with 
the aim of balancing picker load and it is not necessary to 
apply sorter system.  
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