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Investigation of the thermostatic system of high-voltage components of an electric vehicle in
real time during the xil experiment
Rinat Kurmaev1, Kirill Evgenievich Karpukhin2
Head of Department 1, Project director 2 – NAMI Russian State Research Center (FSUE “NAMI”), Russia
Abstract: The automotive industry is facing new challenges in the electric vehicle segment. It is relevant to conduct joint research of
various vehicle systems in a common virtual physical environment, which will allow combining a large number of test rigs located in
different parts of the world. A common virtual physical environment, called X-in-the-loop, was developed, as a part of these studies. The
work involves the joint connection and use of test rig for various purposes, software simulators, driving simulators, etc., to conduct a
comprehensive study of the components and systems of electric vehicles in real time. The development of the thermostating system for highvoltage components is an urgent and important task when creating modern electric vehicles. A test rig was created at FSUE NAMI to study
the operation of the thermostating system for high-voltage components of an electric vehicle’s traction drive. The test rig includes a physical
simulation of high-voltage components of the traction drive of an electric vehicle from the point of view of temperature and hydraulic
conditions of the components studied at other test rigs included in the XIL experiments. The scientific article presents the concept of a
developed test rig. The article also describes the test modes that were necessary to conduct research on various components and systems of
electric vehicles in various conditions. The article describes a method for controlling the actuators of the thermostating system and devices
designed to reproduce the thermal and hydraulic characteristics of cooled objects (motor-wheels and inverters) in real time. A test rig for
the study of the thermostating system of high-voltage components, modelling, prototyping and testing were carried out in the process of
developing.
KEYWORDS: ELECTRIC VEHICLE, THERMOSTATING SYSTEM, ELECTRICAL COMPONENTS, INVERTER, ELECTRIC MOTOR,
TEST RIG, VIRTUAL OBJECT, TESTING, XIL
project on the power sold in electric motors and inverters. This unit
is also responsible for simulating the speed of the incoming air flow
and the ambient temperature, which are measured using an
anemometer Q and a temperature sensor t3. The free air velocity is
simulated by controlling the power of the fan group 1. To reduce
the unevenness of the air flow after the fans 1, an equalizing grid is
installed 2. The control unit also receives information about the
volume flow rate of the coolant passing through the simulators
using differential pressure gauges dp and its temperature, by means
of thermal resistance t1. This information is transmitted through a
VPN connection to foreign partners.

1. Introduction
The automotive industry is facing new challenges in the
electric vehicle segment. Vehicle manufacturers around the world
are trying to reduce costs and significantly reduce the development
and testing time of vehicles. With an increase in the applied
innovation, the number of required tests also increases, which leads
to a rise in price and a significant increase in the terms of product
development. Therefore, it is relevant to conduct joint (between
different organizations) research of various vehicle systems in a
common virtual physical environment, which will allow combining
a large number of test rigs located in different parts of the world [1 3].
A common virtual physical environment, called X-in-the-loop,
was developed, as a part of these studies. The work involves the
joint connection and use of test rig for various purposes, software
simulators, driving simulators, etc., to conduct a comprehensive
study of the components and systems of electric vehicles in real
time. The development of the thermostating system for high-voltage
components is an urgent and important task when creating modern
electric vehicles [4, 5].

2. The concept of the test rig
Fig. 1 Conceptual test rig for analysis of thermostating system of highvoltage components of electric vehicle traction drive.

A test rig was created at FSUE NAMI to study the operation
of the thermostating system for high-voltage components of an
electric vehicle’s traction drive. The test rig includes a physical
simulation of high-voltage components of the traction drive of an
electric vehicle from the point of view of temperature and hydraulic
conditions of the components studied at other test rigs included in
the XIL experiments.
The conceptual scheme [6] of the test rig is shown in Figure 1.
Data exchange between test rigs takes place using VPN
technology. The temperature control of the coolant inside devices
simulating high-voltage components occurs by changing the flow
rate of the fluid, as well as the flow of air passing through the heat
exchanger used in the thermostating system, as well as by
regulating the speed of rotation of the fan of the thermostating
system [6].
The test rig has two independent control units - the control
unit 19 controls the simulators of high-voltage components of the
test rig and a group of fans that simulate the oncoming air flow and
the control unit 20 of the thermostating system.
The control unit for simulating high-voltage components
serves to control electric heaters installed in simulators 5 - 12,
depending on the information received from foreign partners of the

Figure 2 shows a functional electrical scheme of the test rig.

Fig. 1 Functional electrical scheme of the test rig.

The thermostating system control unit 20 is responsible for
controlling the actuators (water pumps) 13 - 16, the fan 4 mounted
on the radiator, and the three-way valve 18 to maintain the set
temperature on the simulating devices 5 - 12. The block analyses
the signals received from temperature sensors t2 and pressure
sensors p. Based on this information, actuators are controlled. This
solution provides the highest efficiency of the thermostating system,
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as well as a quick response time to individually variable power
parameters of each tandem of the electric motor and inverter.
Radiator 3 is a tubular air-liquid radiator. This type of radiator is
used in most designs of modern cars. The three-way valve 18 in this
system is used to reduce the time that the temperature of the
simulating devices reaches the optimum level. The expansion tank
17 serves to compensate for changes in the volume of fluid in the
thermostating system associated with a wide range of the
functioning of this system, as well as for degassing of the coolant.

Fig. 4 Pressure distribution
over the volume of the electric
motor cooling jacket at a fluid
flow rate of 8 l / min and a
temperature of -5 ° C.

2.1. Test rig operation modes
A set of tests was performed aiming at demonstration of
flexibility and speed of the X-in-the-loop environment during the
studies, as well as analysis of operation of specific systems of
integrated vehicle system. The following operation modes of the
test rigs were studied in real time [6]: 1) Mixed braking. 2) Mixed
motion. 3) Integrated control of chassis. 4) Analysis of fault
tolerance and reliability.

Fig. 5 Pressure distribution over the
volume of the inverter cooling jacket at
a fluid flow rate of 8 l / min and a
temperature of -5 ° C.

Figures 6 and 7 show the pressure distribution in the cooling
jackets of the motor and inverter simulators.

2.2. Electron architecture of test rig control
The electron architecture of test rig for studying thermostatic
system of high-voltage components of electric vehicle traction drive
is comprised of main control unit intended for control of operation
of thermostatic system, load control units intended for control of
simulated devices, and ventilator control unit [6].

3. Test rig development
In order to closely repeat the characteristics of real objects,
and to reproduce the temperature characteristics of the coolant in
particular, simulators of electrical components were developed: an
electric motor and an inverter.
The design of the developed devices allows you to simulate
coolant temperatures in the temperature range from -40°C to 70°C,
at an ambient temperature that changes in the range from -40°C to
50°C. The electric motor simulator provides a power of 12.8 kW,
and an inverter of 5.2 kW. A general view of the simulating devices
is shown in Figure 3.

Fig. 6 Pressure distribution over the
volume of the cooling jacket of the
electric motor simulator at a fluid
flow rate of 8 l / min and a
temperature
of -5 ° C.

Fig. 7 Pressure distribution over
the volume of the inverter
simulator cooling jacket at a fluid
flow rate of 8 l / min and a
temperature
of -5 ° C.

These calculation results will be used for mathematical
modeling and regulation of the thermostating system.
The test rig was designed to test, study and calibrate the
thermostating system of the traction electrical components of a
vehicle designed for use in various climatic conditions (from minus
40°C to 50°C).
The layout of the test rig was made taking into account the
location of the units in a real vehicle . The height of the components
relative to each other corresponds to the location in the caranalogue. Simulators-heaters are located respectively to the wheels
of the vehicle, the tracing of the pipes of the thermostatic system is
made as if laid in a car, taking into account the size of the track and
the base of the vehicle. The general view of the test rig is shown in
Figure 8, and the technical characteristics of the test rig are
presented in Table 1.
Table 1. Technical characteristics of the test rig
Gross weight, kg
273
Overall dimensions, mm
2010 x
1410 x
1355
Maximum power consumption, kW
80
Power of one heater-simulator of electric
12,8
motor, kW
Power of one inverter heater-simulator, kW
5,2
The total power of free flow electric fans,
2,4
kW
Electric fan power, kW
1
Range of working ambient temperatures, ° С
-40 ... 50

Fig. 3 General view of simulating devices

The simulators of the electric motor and inverter are located
in a protective frame and consist of a housing with built-in heating
elements of the required power. The central opening of the case is
selected so that the resulting internal volume is as close as possible
to the volume of the cooling jacket of a real high-voltage device.
The output nozzles in diameter correspond to real electric machines.
It is especially important constructively in simulators to provide
hydraulic parameters similar to the cooling jackets of a real inverter
and a motor wheel. To do this, CFX modeling of electrical
components in Ansys was performed to determine and compare
hydraulic resistance [7]. Figures 4 and 5 show the pressure
distribution in the cooling jackets of the motor and inverter.
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Fig. 8 General view of the test rig of the thermostating system of the traction
components of a vehicle: 1 – frame of test rig; 2 - simulator of an electric
motor; 3 - inverter simulator; 4 - fans, simulators of the incoming air flow; 5
- a casing of a free stream of air; 6 - control box for heating elements and a
group of fans of the oncoming air flow); 7 - a radiator; 8 - radiator electric
fan; 9 - expansion tank of thermostatic control system; 10 - three-way valve;
11 - electric pump (1 pump in tandem of an electric motor with an inverter);
12 - nozzles of a thermostating system; 13 - differential pressure sensors; 14
- sensors for measuring the temperature of the coolant; 15 - measuring
collectors; 16 - control box for electrical components of the thermostating
system.

Fig. 9 Implementation of a mathematical model in a Simulink environment.
The upper level of the model (1 - model of thermostating system, 2 - model
of powertrain, 3 - model (movement) of the vehicle, 4 - speed controller of
the car, 5 - block for setting the driving cycle).

Figure 10 shows the calculation results.

4. Simulation
A mathematical model of the thermostating system in the
Simulink software environment was developed in the process of
work. A mathematical model is necessary to obtain a
multifunctional tool designed to conduct research on the
temperature control system, to connect a model of a power plant (or
its parts) to the XiL system, and also to develop a control system for
thermostatic control of power plant components [8 - 14].
Figure 9 shows the upper level of the developed Simulink
model, on which its main subsystems are located.
Using the developed mathematical model, computational
experiments were carried out in accordance with the following
conditions:
- modeling is carried out using the temperature control system
diagram shown in Figure 2.
- the electric vehicle’s driving mode is set by the WLTC
driving cycle (World Harmonized Light Vehicles Test Cycle,
regulated by Global Technical Regulation No. 15. This cycle is also
used as the main test mode in the X-in-the-Loop environment, as
well as in the works of participants in the European consortium.
- ambient temperature range in accordance with the project
specification: from –40 ° C to 50 ° C with a number of intermediate
values.

Fig. 10 Example of simulation results: WLTC driving cycle, fully loaded
car, ambient temperature. 40 оС (Variables (from top to bottom): 1. Vehicle
speed; 2. Power on the shaft of 4 electric motors; 3. Heating power of 4
electric motors and their inverters; 4. Temperature in one of the electric
motors; 5. Temperature in the radiator 6. Heat flow (power) transmitted
from the radiator to the surrounding air).

The developed model is universal and scalable, which allows
it to be a tool for studying the characteristics of the thermostating
system, developing a control unit for the thermostating system, and
also be part of the virtual instrumentation of the X-in-th-Loop
environment.
The computational experiments made it possible to conclude
that the use of a combination of closed automatic control of
thermostatic system pumps and control of the radiator fan allows
optimal temperature conditions for the operation of power plant
components at elevated ambient temperatures up to 50°C inclusive.
Control of the coolant movement in the mains with the help of a
three-way valve and regulation of the pumps allows ensuring the
operation of the components of the power plant at negative
temperatures up to – 40°C inclusive.

According to the results of computational experiments, the
following characteristics of the compared circuits of thermostating
system were evaluated:
- ensuring the required temperature regimes of the
components of the power plant (the temperature of the coolant at
the entrance to the cooling jacket: not more than 65 ° C for the
motor wheel and not more than 60 ° C for the inverter, the
minimum coolant flow rate: 8 l / min for the motor wheel and 5 l /
min for the inverter) in a given range of ambient temperatures;
- qualitative and quantitative indicators of the functioning of
the control algorithm of the temperature control system;
- energy efficiency provided by comparable circuits of the
thermostating system.
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Vehicle Design. EVS32 Symposium, Lyon, France, May 19-22,
2019.
6. R.Kh. Kurmaev, A.A. Umnitsyn, K.E Karpukhin.
Conceptual test rig for real-time analysis of operation of
thermostatic system of high-voltage components of electric vehicle
traction drive, International Journal of Emerging Trends in
Engineering Research, 8(4), April 2020, 1208 – 1211.
7. ANSYS. ANSYS CFX 18.2 User's Manuals. Cannonsburg,
PA. 2017.
8. Halbach S., Sharer P., Pagerit S., Folkerts C., Rousseau A.
Model Architecture, Methods, and Interfaces for Efficient MathBased Design and Simulation of Automotive Control Systems. SAE
Technical Paper, 2010-01-0241, 2010.
9. Isermann, R.. Engine Modeling and Control. Modeling and
Electronic Management of Internal Combustion Engines; SpringerVerlag Berlin Heidelberg, 2014, pp. 238-250.
10. Cao, M. Thermal and Cooling Systems Modeling of
Powertrain for a Plug-in Parallel-Through-the-Road Hybrid Electric
Vehicle. MSc Thesis, Wayne State University, 2014, pp. 29-68.
11. LaMarre, J. FSAE Electric Vehicle Cooling System
Design. Technical report, University of Akron, 2015, 46 p.
12. Oliet, C., Oliva, A., Castro, J., Peґrez-Segarra, C.D., 2007.
Parametric studies on automotive radiators. Applied Thermal
Engineering, Volume 27, Issues 11–12, pp. 2033-2043, doi:
10.1016/j.applthermaleng.2006.12.006.
13. I. A. Kulikov, A.A. Shorin, S.V. Bakhmutov, A.S.
Terenchenko, K.E. Karpukhin. A Method of Powertrain’s
Components Sizing for a Range Extended Electric Vehicle. SAE
Technical Paper 2016-01-8096, 2016, doi: 10.4271/2016-01-8096.
14. Struchkov V.S., Kurmaev R.Kh., Yakunov D.M.,
Lyubimov I.A. Thermostating system with intelligent management
for electric vehicles. IOP Conference Series: Materials Science and
Engineering, 534, 2019, 012018. Doi: 10.1088/1757899X/534/1/012018.

5. Conclusion
Currently, the test rig with a developed a thermostating
system is being prepared (work is underway on the final assembly
and debugging of operating modes) for research tests, which must
confirm the effectiveness of the developed method of joint testing.
This work was supported by the Ministry of Science and
Higher Education of the Russian Federation (Agreement no.
05.628.21.0015,
December
10,
2019;
Unique
ID:
RFMEFI62819X0015).
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Adhesive technology in the automotive industry
Janette Brezinová1, Henrich Sailer1
Faculty of Mechanical Engineering, Technical university of Kosice, Slovakia1
janette.brezinova@tuke.sk henrich.sailer@tuke.sk
Abstract: The paper presents the results of the research focused on the determination of the quality of adhesive joints of cold rolled sheets in
the automotive industry. DC05 galvanized sheet was used for joints. A progressive type of adhesive used in the automotive industry was
chosen. The shear and peel strength of the adhesive joints according to Winter were determined. The strength of the joints was determined
depending on the cure temperature of the adhesive. After tests, the character of fracture surfaces of adhesive joints was evaluated.
KEYWORDS: ADHESION, COHESION, SHEAR STRENGTH, PEEL STRENGTH

1. Introduction
Gluing technology is nowadays a very widespread method of
joining materials that can be encountered in perhaps all industrial
sectors. Especially in the automotive industry, they are increasingly
used adhesives, which, in contrast to conventional methods of
joining materials, offer a range of advantages, especially in multilayer body parts. In the automotive industry, great emphasis is
placed on safety, reliability, quality, comfort and, of course, the
price of the car. Bonding in this In this case, it provides optimal
rigidity of the structure while reducing weight. This technology is
often the only joining technique materials that do not damage the
jointed surface and allow the connection of different materials such
as glass, aluminum, plastic or steel sheets that are possible easily
and safely combined to obtain such shapes and properties as they
would with other technologies were difficult to achieve. In the case
of gluing technology in the automotive industry, there is a
difference bonding of lubricated surfaces. Because in the
automotive The industry uses gluing technology without
degreasing, it must be current adhesives used in the automotive
industry, able to create required glued body joint, even with the use
of lubricant. As material requirements continue to increase, they are
dealing with leading sheet metal manufacturers in cooperation with
car manufacturers developing new ones surfaces that would
improve the tribological properties when pressing body parts. [1]

Figure 1. Stress profile in connections [5]

Bonding makes it possible to join almost most materials,
including those that are non-weldable under normal conditions or
have unsatisfactory strength after welding, but also those that are
difficult to machine, rivet or join screws. Last but not least, only the
gluing technology allows the force to be evenly distributed along
the entire length of the joint.
With miniaturized components, it is often not possible to use
classical methods, as rivets, screws or welds cannot be reduced
indefinitely. In this case, the solution could be gluing, which does
not cause local heating, as is the case with welding. The parts do not
collapse and the properties are not affected.

Bonding materials is very common nowadays technological
method, for example in the automotive industry, where this was
technology previously used only as ancillary. Today in some cases
replaces traditional methods of structural joining of materials. If it
will need to decide whether to use gluing technology or to prefer
some From other technological methods of joining materials, it is
important to know the conditions to which the connection will be
exposed and the characteristics of the individual technologies
joining materials, as none of the joining technologies has just
advantages, but we also find disadvantages that need to be taken
into account [2].

Unlike conventional methods of joining materials, gluing
ensures the tightness of the joint along its entire length, not just at
certain points. It is therefore not necessary to additionally seal the
glued joints (this also applies to fuel tanks). The adhesive layer acts
as an insulator and separates the two parts. The sheets do not knock
and the noise is reduced.
When joining materials by gluing, the base material is not
affected, such as the jet in welding, in which a heat-affected area
having a different structure than the base material is located near the
weld.

The most important advantage of glued joints in comparison
with conventional joints is the increase in the overall strength of a
suitably designed joint. When riveting and screwing, the holes
reduce the cross-section of the joined parts and, in addition, cause a
high concentration of stress, so that the joined material cannot be
used for strength. The strength advantages of glued joints over
welding are not always as clear-cut as when compared to riveting
and screwing. In addition to the structural arrangement and the type
of load, the material to be joined is of essential importance [3]. In
the following Figure 1. a comparison of voltage waveforms in the
already mentioned joints is given.

Disadvantages of glued joints
When designing a glued joint, it is better to give priority to the
construction of the joint on
shear stress if structurally possible, as its low peel strength must
be taken into account. Otherwise, welding, screwing or riveting will
ensure better conditions.
Another disadvantage of glued joints is low resistance at high
temperatures. If the adhesive is not designed to work at higher
temperatures, it loses its strength. Adhesives cured around 160 °C
retain their properties for short periods (approx. 1 h) at temperatures
up to 220 °C. At the same time, if the glued joints are exposed to
static loads at higher temperatures, there is a risk of creep.

Advantages of glued joints
With riveting or screwing technology, two materials with
different electrochemical potentials may come into metal contact
and a galvanic cell is formed in a corrosive environment (for
example, unsuitable weather conditions).

Most of the construction adhesives used are for strength need to
harden. The curing time is usually dependent on the curing
temperature. The higher the curing temperature, the shorter the
curing time, which can be from a few minutes to several hours. This

When realizing glued joints, it is possible to use thinner
materials in terms of even stress distribution, and thus reduce
weight.
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means that glued joints never reach instantaneous strength, as with
other technologies such as screwing.

The contact surfaces of the glued joints were degreased with
technical gasoline and subsequently the surface roughness was
evaluated. A Mitutoyo Surftest SJ-301 profilometer was used to
determine the surface roughness. The roughness measurement was
in accordance with the ISO 11 339 standard, the value of Ra (mean
arithmetic deviation) and Rz (highest profile height) was
determined.

The disadvantage of glued joints is in most cases the need for
surface treatment (degreasing, removal of mechanical impurities,
surface roughening, etc.), which is essential for the strength of the
joint. The complexity of surface treatments will therefore depend on
the type of adherend and the required strength.

Table 2: Parameters for measuring the surface roughness of contact
surfaces

One of the disadvantages of gluing compared to joining
materials by screwing is impossibility of later modifications.
The paper presents the results of the research focused on the
determination of the quality of adhesive joints of cold rolled sheets
in the automotive industry. [4]

2. Materials and methodology of experiments
The aim of the experimental work was to determine the strength
of glued joints depending on the curing temperature of the adhesive
used. A progressive type of adhesive used in the automotive
industry was chosen. The shear strength and peel strength were
determined according to Winter. After the tests, the appearance of
the fracture surfaces was evaluated. The test specimens were cut
from cold-rolled galvanized deep-drawn steel DC05 from coldformed steel. The thickness of the Zn layer was cut from 50 to
190µm and was applied by hot-dip galvanizing technology. Table 1
lists the chemical composition and mechanical properties of the
material. [5]

0.06

Mnmax

0.35

Pmax

0.025

Smax

0.025

Yield strength Rp0.2
[MPa]

180

Ultimate tensile
strength Rm [MPa]

270-330

AMIN [%]L0=80mm

40

r90 min.

1.9

n90 min.

0.2

(λc)=2.5mm

Number of basic lengths

N=5

Measured profile

R (middle line system)

Filter

Gauss

Evaluated length

ln= 12.5 mm

Used adhesive - Terokal-8026GB-25 henkel. It is a onecomponent adhesive for metal, which hardens when hot in the range
of 160 - 220 ° C. It contains glass beads with a diameter of 90-150
µ, which ensure the required thickness of the adhesive. Table 3 lists
the technical data of the adhesive. The thickness of the adhesive
was 0.2 mm. The joints were secured against misalignment. [9]
Table 3: Technical specifications
Color:

Table 1: Mechanical properties and chemical composition of material DC05
Chemical composition
Mechanical properties
[Weight %]
Cmax

Basic length

Light blue
1.53 g/cm3

Density:
Dry:

>99%

Adhesiveness:

Good bond on greased and
galvanized raw sheet, as well as on
aluminum sheet

Elasticity:

Tough elastic

Corrosion resistance:

Without undercorrosion and loss of
adhesion

Shear strength:

>2.8 MPa
At room temperature

E-modul:
Table 2: Mechanical properties of Stainless steel, Martensitic steel, Bronzenickel alloy
Stainless steel
Martensitic steel
Bronze-nickel
EOS GP1
EOS MS 1
alloy DM 20
Min. wall
thickness
0.4
0.4
0.6
[mm]
Speed of
fabrication
2-5
2-4
10-20
[mm3/min]
Residual
8%
porosity [%]
Yield strength
Ultimate
tensile
900
1100 (1950*)
400
strength Rm
[MPa]
Proof stress
500
1000 (1900*)
200
Rp0,2 [MPa]
Modulus of
elasticity
190
180
80
[GPa]
Abrasive
36-39 (50-54*)
23-33 HRC
120 HV
hardness
HRC
Max. working
550
400
400
temp. [°C]

At 90 °C

>12 MPa
cohesive

At -35 °C

>7 MPa
cohesive

700 MPa

>15 MPa
cohesive

Transverse contraction:

0.4

Sheet thickness:

0.8 mm

Temperature of use:

-40 – 80 °C

The evaluated joints were cured at 140 °C, 160 °C, 180 °C,
200 °C and 220 °C for 30 min and then cooled to room temperature.
Determination of shear strength of interlaced glued joint
under tensile stress ISO 4587
This European Standard specifies a method for the
determination of the tensile shear strength of interlaced adhesive
systems. The test is performed on standard test equipment under
prescribed preparation and testing conditions. The essence of the
test is the shear stress of the tested joint by static tension in the
direction of the longitudinal axis until the failure of the specimen.
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where ϬWA is the initial (absolute) peel strength in N mm-1 of
the sample width,
FA - maximum force in N
b - width of the glued joint
ϬWS - average peel strength in N mm-1 of sample width
FS - average force in N, which is calculated by planimetrizing
the area of the diagram in the range of 30 to 90% of the length of
the whole diagram [10, 11, 12].

Figure 2. Sample shape for shear strength test according to ISO 4587

Test in peeling of glued systems from flexible adherends EN
ISO 11339
This European Standard is used to determine the strength of
adhesives used in the assembly of two flexible adhesives. The test is
performed using T-shaped test specimens, fig. 17. The test evaluates
the maximum and mean peel force in N mm-1 according to the
relations:

Figure 4. Sample shape for Winter peel strength test

The evaluation of the fracture surfaces of the glued joint on the
samples was determined according to the standard STN EN ISO
10365.

PA = FA / b
PS = FS / b
where PA is the initial (absolute) peel strength in N mm-1 of the
sample width,

3. Achieved results

FA - maximum force in N

The microgeometry of the used adherend was evaluated on the
contact surfaces of the glued joints. The evaluated parameters were
Ra and Rz, with Ra = 1.24 am and Rz = 5.70 µm.

b - width of the glued joint
PS - average peel strength in N mm-1 of sample width
FS - average force in N, which is calculated by planimetrizing
the area of the diagram in the range of 30 to 90% of the length of
the whole diagram [7, 8, 9].

Figure 5. Comparison of the joint strength of the STN EN 1465 test
depending on the curing temperature of the adhesive

Figure 5. shows the tensile shear strengths of interlaced glued
joints. The joints reached the highest strength value at a curing
temperature of 200 °C.

Figure 3. Sample shape for strength test according to EN ISO 11339

All tests were performed on the Tiratest 2300 rupture tester and
the samples were cured in the Ecocell oven. The loading rate of the
samples was 100 mm min-1.
Peel strength according to Winter (66 8516) - modified test
The essence of the test is the stress of the tested joint by peeling
by static tension in the direction perpendicular to the bonded
surface. Peel strength means the force in N mm-1 of the width of the
sample required to separate the two bonded surfaces according to
Figure 4. which is given by two values:

Figure 6. Comparison of the initial joint strength of tests according to
Winter and ISO 11339 depending on the curing temperature of the adhesive

Figure 6. presents a comparison of the shear strength of
adhesive joints in peeling (test according to Winter and EN ISO
11339). The initial strength values are higher in the Winter test due
to the size of the bonded area, the shape of the specimens and the

ϬWA = FA / b
ϬWS = FS / b
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method of stress. As the tested adhesive is thermochromic, this was
also reflected in a change in the color of the adhesive. After
evaluating the type of fractures, cohesive fracture predominated. In
the formation of joints with a curing temperature of 220 °C, the
adhesive was degraded by the formation of pores and bubbles,
which negatively affected the integrity of the adhesive layer and
consequently reduced joint strength. After the destruction tests, the
fracture surfaces of individual joints were evaluated.

Acknowledgments: This work was supported by scientific grant
agency of the Ministry of Education of the Slovak Republic VEGA
No. 1/0154/19 and KEGA 001STU-4/2019.
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The appearance of the quarry areas and the type of quarries are
given in Table 4.
Table 4. Fracture type at curing temperature 140 – 200 °C

Adhesive curing temperature 140 °C

Adhesive curing temperature 180 °C

Adhesive curing temperature 160 °C

Adhesive curing temperature 200 °C

4. Conclusion
The experimentally obtained results confirmed that the adhesive
Terokal 8026GB-25 showed the highest strength of bonded steel
materials with a zinc layer at a curing temperature of 200 °C in all
tests. As the curing temperature increases, its strength decreases.
The adhesive was already cured at 140 °C. However, the results
showed that at this temperature the joint shows low strength and the
character of the fracture surfaces is mostly cohesive and has an
asymmetrical structure. The highest shear strength was achieved by
the interlaced glued joint at a curing temperature of 200 °C, at
higher temperature the strength of the joint decreased.
When testing the joints for peel strength according to EN ISO
11339, it was found that although both methods have the same test
principle, the Winter test showed an approximately 50% higher peel
strength value. These differences were due to the different
dimensions of the contact surfaces of the test specimens and the
geometry of the specimens. The tested adhesive is ermochromic,
which manifested itself in a change in the color of the adhesive.
After evaluating the type of quarries, a cohesive quarry prevailed.
During the formation of joints with a curing temperature of 220 °C,
the adhesive was degraded by the formation of pores and bubbles,
which had a negative effect on the integrity of the adhesive layer
and consequently a reduction in the strength of the joint.
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Summary: In this article we analyzed real thickness measurement data collected on aged bulk carrier. Totally 25 aging bulk carriers were
investigate under the 38 special ships surveys. As it is most important part of bulk carriers are fuel oil tanks, which can be located in
different areas, in this article we analyze fuel oil tanks located in double bottom tanks. During exploitation life of ships there are lot of
influenced factor as it is cargo operation, maintains, type of cargo, transport route and etc., which can accelerate corrosion and lead to
different steal damage. From that reason it is important to analyze corrosion data in order to describe the expected corrosion. The aim of
this article is to analysis totally 3136 thickness measurement data and find some correlation between the measured values and the time. It is
clearly seen that the number of measurements increases with the time which can affect the results of the statistical analysis. Obtained
statistical and graphical results show that the linear regression between statistical value and the Year parameter would be well appropriate
to describe estimation model for inner bottom plates of bulk carriers.
KEY WORDS: BULK CARRIER; FUEL OIL TANKS; INNER BOTTOM PLATES; CORROSION; LINEAR REGRESSION

1.

Introduction

In spite previous research on aging bulk carriers are covered mostly
on cargo holds and ballast tanks [5, 9, 10, 11], in this article, only
bulk carriers’ fuel tanks have been analyzed. Despite the damaged
of ships structure can be find due to general corrosion, pitting,
fatigue and other reasons, but only general corrosion were analysed.

Lot of research last few decades were related to bulk
carriers and tankers, as a vessel affected with critical corrosion
damages. Aggressive environment, specifics of trade routes,
continual contact with salt water and atmosphere, cargo and ballast
effects dry and wet ballast circles, ratio of ballast and cargo,
frequencies of cargo loading/unloading operations, etc., often
affected serious bulk carriers’ corrosion deteriorations [1, 2, 3, 4].

The total of 25 aging bulk carriers ranging from 5 to 25 years of age
is investigated and 71 different fuel oil tanks were included in this
research. Based on a clearly defined methodology and overall data
collected, we consider in this paper a totally 3136 measuring data.
Analyzed data of thickness measurement of inner bottom plating of
fuel oil tanks are part of collecting data during 38 different special
surveys which were conducted after 5, 10, 15, 20 or 25 years of
exploitation life cycle.

Numerous corrosion models have been developed to date for
different structural areas and structural elements, as it is transversal
bulkhead of bulk carriers [5], inner bottom plating [3, 6, 7] or all
structural members (see Paik et al. [1, 8]). Most notable are those
related to the consideration of historical data that testify to the
constriction of structural elements during exploitation. From that
reason, only huge data bases of aging bulk carrier can contribute to
a better understanding of the corrosion process and to predict its
rate over time. In that way, this article is the continuation of
research aimed at understanding the corrosion of fuel tanks in in
aging bulk carriers.

Data were collected for vessels which had different age and some of
vessels were analyzed few times during exploitation. The data is
denoted by l, which is the difference in thickness. The numbers of
data related to the vessel’s age are showing in Table 1, where all are
present thickness measurement data collected after 5, 10, 15, 20 and
25 year. Thickness measurement data were in range of 0 mm up to
6,7 mm of diminution.

The research in this paper is a continuation of previous research of
corrosion investigations on fuel oil tanks where are established
different two and multi-parameter continuous distributions as it is
normal, Weibull and logistic distributions which are best fitted
distributions for the corrosion [3, 6].

Table 1: Review of collected data per year
Age [year]
Number of data
5
230
10
266
15
526
20
998
25
1016

This paper is organized as follows. Section 2 firstly gives a short
description about input data and motivation for this investigation.
Section 3 explain descriptive statistic for collecting data which are
dedicated to corrosion wastage of inner bottom plates of aging bulk
carriers [3, 6]. Chapter 4 presents regression analysis between
statistical values and the time. Chapter 5 is dedicated to conclusion.

2.

3 Descriptive statistics for the collected data
The distributions of the data are visualized in Fig.1 and 2.
The x axis is the measured value, and the y axis is the count of a
certain interval. It is clearly seen that the histogram is “moving”
toward larger values by the time. Minitab 18 software was used for
statistical, graphical and numerical results of analyzed data.

Input data

As it is mentioned earlier, large data base has been provided
by the recognized ultrasonic measurements used from the INVARIvošević Company (see Acknowledgement) during the last fifteen
years [3, 6]. These data were collected through numerous
standardized and very detailed measurements over almost all hull
structure members of the group of analyzed aged bulk carriers.
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Figure 1: Histogram for the vessels’ data grouped by the age
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Figure 2: Histogram for the vessels’ data grouped by the age in separate diagrams
The distribution of the data is not well known and described. The
distribution regarding the age factor were controlled for normal,
lognormal, Weibull, exponential, logistic, smallest extreme values
distributions and the data is not fitted. (In case of distributions

related to positive numbers, the values were neglected from the
data). Therefore the statistical parameters (such as mean, median,
and so on) could describe the measurement values. Those statistical
values are presented in Table 2.

Statistical values of data collected (the data are in mm)
Age [year]
Mean
StDev
CVariation

TRMean

Skewness

Kurtosis

5

0.109565

0.097545

89.02948

0.105825

3.280854

28.88383

10

0.38609

0.373553

96.7527

0.351667

1.44518

1.398052

15

1.421863

0.969358

68.17518

1.387131

0.199421

-1.03158

20

1.991483

1.273258

63.93518

1.954566

0.387214

-0.86397

25

3.28878

1.851659

56.30233

3.308425

-0.02964

-1.56701
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Above tables show the statistical values for the collected
data where are [12]:








)

(In case of normal distribution)
Kurtosis: Kurtosis indicates how the tails of a distribution
differ
from
the
normal
distribution.
.

StDev: The standard deviation is the most common
measure of dispersion, or how spread out the data are

Above mentioned values are good in case of really or
approximately normal distributed data. When the distribution
is not known it is better to use the following statistics (Table
3):

)

about the mean. (


not symmetrical.

Mean: The mean is the average of the data, which is the
sum of all the observations divided by the number of
observations. (

Skewness: Skewness is the extent to which the data are

CVariation: The coefficient of variation (denoted as
COV) is a measure of spread that describes the variation
in the data relative to the mean.
TRMean: The trimmed mean is the mean of the data,
without the highest 5% and lowest 5% of the values.
Table 3. Statistical values of data collected (the data in mm)
Age [year]
Q1
Median
Q3
5
0
0.1
0.2
10
0.1
0.2
0.5
15
0.4
1.5
2.2
20
1.1
1.8
3.1
25
1.5
3.2
5.2

IQR
0.2
0.4
1.8
2
3.7

Minimum
0
0
0.1
0
0

Maximum
1
1.6
4
5
6.7

The third quartile is the 75th percentile and
indicates that 75% of the data are less than or
equal to this value.

IQR: The interquartile range (IQR) is the distance
between the first quartile (Q1) and the third quartile (Q3).
50% of the data are within this range.

Minimum: The minimum is the smallest data value.

Maximum: The maximum is the largest data value.

Range: The range is the difference between the largest
and smallest data values in the sample. The range
represents the interval that contains all the data values.
The boxplots with quartiles, minimum and maximum values
are in Fig. 3. The lowest point is the minimum of the data set and
the highest point is the maximum of the data set. The box is drawn
from Q1 to Q3 with a horizontal line drawn in the middle to denote
the median.
o

In Table 3 we can see the statistical values for the collected
data where are [12]:

Q1, Median and Q3 are the quartiles. Quartiles are the
three values–the first quartile at 25% (Q1), the second
quartile at 50% (Q2 or median), and the third quartile at
75% (Q3)–that divide a sample of ordered data into four
equal parts.
o The first quartile is the 25th percentile and
indicates that 25% of the data are less than or
equal to this value.
o The median is determined by ranking the
observations and finding the observation that
are at the number [N + 1] / 2 in the ranked
order. If the number of observations are even,
then the median is the average value of the
observations that are ranked at numbers N / 2
and [N / 2] + 1.
7
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Figure 3: Boxplot for the vessels’ data
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3.

Regression between the statistical values and the time
Linear regressions are presented here between the statistical values (Mean, StDev, and so on) and the Year parameter. The following
figures show connections between these variables. The goodness of fit is denoted by R-sq. The closer is the R-sq value to 100% the better the
fitting. The equations are on the top of the graphs, and the green line is related to the 95% confidence interval for the equation. With the help
of these equations the future behaviour of the vessels’ data could be predicted, i.e. what will be in 30 years.

Figure 4: Regressions for the Table 1
There are good linear regressions between Mean and Year, StDEv and Year and TRMean and Year variables due to goodness of
denoted R-sq is greater then 90%. The skewness values are moving toward 0 (which is the normal distribution case) by the time. The kurtosis
values are quite different at 5 year, 10 year and in case of the other values.
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Figure 5: Regressions for the Table 2
There are good linear regressions between quartiles and
Year, IQR and Year and Range and Year variables. As we can see
from Figure 5 almost all analyzed value of R-sq is grater then 93%
of confidence what is mean excellent linear regression of all
collected data from Table 3.

[3]

4.

[5]

[4]

Conclusion

Motivated by previous research of author of this analyze
regression model related only to inner bottom plates of aging bulk
carriers. Precisely, in this article we analyze some empirical data
collected on inner bottom plating, as a part of 71 fuel oil tanks of 25
aging bulk carriers. In order to predict future behaviour of the
specific structural vessel’s data could be predicted. On that way, we
can predict what will be in 30 years of vessel explanation.
Also, considering above analyzes we can compare any data
in range of 5-25 years of exportation and consider intensity of
corrosion of structural areas.
On that way, we can use different empirical data and larger
set of measuring data in order to predict future condition of vessel
in different structural elements or areas. This will be part of future
research in this field.

[6]

[7]

[8]
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Determining the forces for a plate – spring at a pull clutch on the supporting straps
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Abstract: The development of vehicles and the expected higher demand those face-up requires lighter assemblies of the installation. The
achievements in clutch design during recent years led to the so-called pull clutches. Their main features are higher compressive strength,
lower shutdown power, cumulative design, calmer reception and torque transfer from the engine to other transmission. In this paper are
shown the features of plate springs as a part of a pull clutch, the factors affecting the characteristics of plate-springs and the calculations of
the forces for a clutch on the supporting straps. The results will show why that plate springs are increasingly used in motor vehicle clutches.
Keywords: PULL CLUTCH, PLATE-SPRING, SUPPORTING STRAPS, FORCES.

Introduction
In the early 1980s, a clutch was expected to last about 50 000
km. It now typically last around 150 000 km, in many cases the
working life of the car it was originally fitted in.
For severe service, the qualifications of a satisfactory frictionfacing are density of structure, together with a reasonably high
tensile-strength.
Also the coefficient of friction should be high and fairly
constant over a wide range of temperature; the facing must be able
to withstand high temperature without deterioration; the
impregnating compound must not bleed out at high temperature;
and the permeation of the impregnating solution must be complete
so that the wear resistance is constant throughout the thickness of
the facing.

1. General features of plate-springs

Fig. 1 Pull – clutch

The main characteristic of plate-springs is to provide
compressive force between the friction surfaces, which transmits
the torque from the engine through the friction disk of the gear
and other transmissions.

2. Geometric features of plate-springs
The geometrical characteristics of the plate-springs (PS) are
shown in the drawing below (Figure 2) and it relates to the PS with
a diameter of 362 mm designed for MHS 395 mm clutches (shown
in Figure 1) for medium-haul vehicles with engine power between
250 - 300 kW.

In addition to this task, plate-springs also provides:
–

simple design of the cluch and simple constructive
sollution,

–

reduced number of elements, and thus reduced weight
per unit of torque, also reducing the inertia.

Depending on the way the clutch disengagement force works,
they are divided into push and pull clutches. Push or pull refers
to the action to release the clutch. A push clutch, does just that,
pushes on the disk cover or diaphragm, to release pressure on the
disks, so the center is disengaged from the engine. A pull clutch
pulls on the diaphragm to release pressure on the disks.
The development of vehicles and the expected higher demand
those face-up requires lighter assemblies of the installation. It led
to the so-called pull clutches (Figure 1). Their main features are
higher compressive strength, lower shutdown power, cumulative
design, calmer reception and torque transfer from the engine to
other transmission.
.

Fig. 2 Plate-spring design
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After a few step of calculations, it is needed to calculate the forces of
the clutch on the supporting straps, minimum and maximum forces
(Fs, Fsmax, Fsmin). The calculation way and the diagram (Figure 3)
of the results is shown bellow

3. Factors affecting the characteristics of platesprings
The most important structural elements that affect dynamic
spring strength are obesity, diameters, angle and spring support
points, as well as dynamic and static strains. Each of these values
directly or indirectly affects its voltage state. By changing one of
them and the other being unchanged (constant sizes), the individual
impact of each on its dynamic durability is determined.

3 daN
3
Fs ( ∂f )=kz⋅Ft ( h−∂ f )= 2.281⋅10 daN
3
Fsmax= kz⋅Ftmax= 2.284⋅10 daN
3
Fsmin= kz⋅Ftmin=1.721⋅10 daN
Fs ( h )= kz⋅Ft ( h)=2.002⋅10

The thickness is generally a determining element of the
compressive and depressive forces. The highest thickness at the
largest developed clutch (430 mm pull type clutch) is 5.6 mm.
The most commonly used (even exclusively) material for
making plate springs is C4830 (51CrV4) as the most suitable. The
material should be non-metallic, with a clean surface and no carbon
coating. One of the most important characteristics of plate springs is
the rigidity that is determined by the ratio of outer diameter and
thickness of the spring (Da/s).
According to the permissible material voltages and the specified
Da/s ratio is introduced a new relationship between the height of
spring at a flat pole and its thickness (h/s), on which the flow
characteristic of the spring depends, that is to say, a linear or nonlinear relative characteristic of the spring characteristic. The most
important structural elements that affect dynamic spring strength are
obesity, diameters, angle and spring support points, as well as
dynamic and static strain checking.

4. Calculations for plate-spring 362 mm
To calculate the plate springs in "Ruen" is used the MathCAD
software package, a program calculation based on DIN 2092 has
been created.
Fig. 3. The diagram of forces of the clutch on the supporting straps

Table 1. Input parameters for calculation of 362 mm plate spring (PS)

Parameters

Symbol

Value

Unit

Outer Diameter of
PS

Da

362

mm

Inner Diameter of
PS

Di

288

mm

Bending angle of
PS

e

12

degree

Thickness of PS

s

4.4

mm

Modulus of elasticity

E

20600

daN/mm2

Poisson number for
stainless steel

m

0.3

/

Outer diameter
the clutch relief

of

Da1

358

mm

Inner diameter
the clutch relief

of

Di1

310

mm

Control point

δf

3

Off road

l

10.0

mm

Diameter of
disconnected liner

d

120

mm

At a ratio h/s> 1.5 the rigid characteristic of the plate springs is
a degressive curve. This form is most applicable to plate springs for
motor vehicle clutches. This ratio reduces the share of plastic
deformation in the elastic deformation area, thus increasing the
dynamic spring durability.

5. Conclusion
The wear of the friction disc laminates increases the
compressive strength of the plate to a certain limit and then the
force decreases, but not less than the compressive strength when
there is no wear on the laminates, while at the torsion springs the
laminate expands. Reducing the compressive force, and also the
moment the clutch can transfer. This is one of the main reasons that
plate springs are increasingly used in motor vehicle clutches.
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LossThis
ratiocalculation is the starting
point 0.98
for analyzing the forces
kz
of the spring as a function of the constructive elements and
factors. The following is a calculation of the ф 362 mm plate
spring with the nominal values of the two most influential
geometric features (thickness and angle of the plate spring).
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Abstract: Existence of reliable/safe freight or transportation base is a requirement for establishing maritime transportation company. Therefore, Georgia
has to search for internal freight base necessary for container transportation which is highly and permanently demanded on a global market. Pure
drinking water represents such product for Georgia.
According to UN, the world demand on the fresh water is increasing rapidly. The accessibility of it is decreasing day by day on our planet. It’s proved by
the macroeconomic researches that Georgia possesses the resources of the world importance in the form of the fresh drinking water.
The paper presents the methods of the transportation of fresh drinking water, calculation of the potential income received from the export and its role in
the development of Georgian economy.
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1.

positioning [4]. The developed countries have actively begun
cooperation with Georgia in order to maximally realize their
preferential geo-economic significance.
Asian countries located on the coast of Pacific Ocean are
connecting to the developed countries of the west Europe on the
coats of Atlantic Ocean using the five existing international transit
corridors: 1. North marine corridor; 2. South marine corridor; 3.
Trans-Cyberia railway transit corridor; 4. South land transportation
corridor; 5. Multimodal, or mixed type, transit corridor of Silk
Road, so called TRANCECA.

Introduction

The history of the European-Asian trade development is inalienably
related to the long trade roads. In the beginning these were inner
land routes. Alongside to the appearance of marine fleet, which has
the higher load capacity than the overland transport, the main cargo
flow of Eurasia transferred from the land trade routes to the
maritime transportation. Eurasian intercontinental trade routes
through the central and lesser Asia, Caspian region, Russia and
Eastern Europe has become empty. The cargo shifted to the south
marine routes through the tree oceans – Pacific, Indian and Atlantic.
From the beginning it used to be the path around the Africa
continent, while after the construction of the Suez Canal the shorter
marine route has developed.
Georgia is situated in one of the most significant and geopolitically
complex regions of the world - on the knot of the Silk Road, which
historically played a vital role in the development of and
communication between Europe and Asia. After the escape from the
geopolitical captivity of the Soviet Union Georgia became a new
geo-economical center between Europe and Asia, Russia and Near
East due to its own geographical space, history, political
significance and economical capacities. Correspondingly, an
increasing interest toward Georgia, as the new geo-economical
center, has evolved on the regional, as well as on the international
arena.

On the Figure 1 presents multimodal transit corridor of Silk Road,
or TRANCECA, and the marine Eurasian routes of South and
North.
Compared to the all other competing transit corridors of
TRANCECA have its advantages and deficiencies: Advantages: a)
shorter transit time; b) shortest distance; Deficiencies: a)
Multimodal/mixed types of transportation; b) absence of common
tariffs; c) operational complexity of transportation; d) absence of
agreed common custom procedures; e) inappropriate level of
technical/logistical support. Existence of reliable/safe freight or
transportation base is a requirement for establishing maritime
transportation company. Therefore, Georgia has to search for
internal freight base necessary for container transportation which is
highly and permanently demanded on a global market [5]. Pure
drinking water represents such product for Georgia.
Authoritative ecologists and UN experts think that water will
become more significant strategic resource in 21st century than oil
and gas. In the hot climate conditions of Asian, African and
Australian deserts the cost of 1 tone of pure water exceeds the cost
of 1 tone of oil. The third of the world reserve of pure water is
found in Latin America, primarily in Brazil. The least water
reserves come to Middle East and tropical Africa, as well as on
central Australia.
Figure 2 represents the distribution scheme of pure water in the
world according to regions.
According to UN, the world demand on the fresh water is increasing
rapidly. The accessibility of it is decreasing day by day on our
planet. Only 1,5 billion people from 7,5 billion people living on the
earth has an opportunity to use pure drinking water due to the
poverty and low purchasing power. 2,4 million children die due to
the diseases caused by the low-quality water. Approximately 2,5
billion people leave in the regions with the disastrous deficit of
water usage. It is expected that this number will increase to 5,5
billion by 2025 and constitutes two-third of the world population.
Georgia is rich with its water resources. The total annual flow of its
rivers amounts to 65 800 million m3, while the total annual flow on
the territory of Georgia is 56 500 million m3. There are 26,060
rivers in Georgia, the total length of which is 58 957 km. 99.4% of
them are small rivers (the length shorter than 25 km). There are 555
rivers of the Black Sea basin and 528 rivers of Caspian Sea basin
which are hydrologically studied [6].

2. Preconditions and means for resolving the problem
The trading-economical relationship between Georgia and its
neighbor or remote countries has a long history. Old trading transit
roads of Transcaucasia historically were a component part of the
existing international systems of land, marine and inland waterway
routes [1]. From the Bronze Age (III-II millenniums BC) the
communication between the people from east world and European
territories took place exactly through the Caucasus. The trade road
which connected India to the Mediterranean countries in the
beginning of Christian age was passing through Georgia [2]. In the
III-II millenniums BC there was created the land and marine route
system which connected quite remote cultures and civilizations in
wider regions – from the lowland of Mesopotamia to the Indian
fields, from the desert of Central Asia to the Arabian Sea. Later
those routes conditioned the development of “Silk Road” routes [3].
The most significant road – “Silk Road”, which is mentioned as
transcontinental caravan route in the historical sources, was
connecting the China to the European coasts of the Mediterranean
Sea through the Black Sea. It has to be mentioned, that the “Silk
Road” has promoted the political, economic and cultural
rapprochement of the East and West worlds.
In the present, in the conditions of globalization, the role of
independent Georgia as a significant connecting transit artery of the
West and East, North and South, is becoming even more actual and
appears to be in the geo-economic interest of such a huge countries
as USA, EU countries, Russia, Turkey, Iran and China. This transit
artery is also important for economic interests of Armenia,
Azerbaijan and Central Asian countries. Therefore, Georgia
appeared in the global interest fields due to its geo-economic
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Figure 1. Multimodal transit corridor of Silk Road, or TRANCECA, and the marine Eurasian routes of South and North.

Figure 2. Pure water distribution scheme the world according to regions.
Table 1 presents the annual formation of the natural water resources on the territory of Georgia.Table 1
Total flow
of rivers
km3

Water formation
on the territory
of Georgia;
km3

65,8

56,5

Transit flow;
km3
9,3

Water
formation
per 1 km2 on
average;
m3
820 000

Pure groundwater is the most valuable recourse and the most
reliably protected source of drinking, high quality water. It
represents the primary requirement of human life after the air and
that’s why it is considered as unique resource, considering the
amount of which Georgia is one of the richest countries.
The natural pure water stock of the country amounts to
approximately 18 000 million m3. Total forecasted-exploitative
stocks are approximately 10 600 million m3. The huge part of the
natural resources of the groundwater – 95% - consists of drinking

West Georgia

East Georgia

Relative
Water per
Relative share
Water per
share of
person;
of water
person;
water
m3
resources; %
m3
resources; %
67
19 000
33
5 000
waters – 571,7 m3/sec or 49,4 million m3/day, while permissible
amount of water resources to exploit is 301 m3/sec (26 million
m3/day), which is widely, but not equally spread on the whole
territory of Georgia. 64,4% (362,5 m3/sec) of the water resources
come to the west Georgia, 24,1% (137,9 m3/sec) to east Georgia and
12,5% (71,3 m3/sec) - to south Georgia. Significant part of these
waters is characterized by the very low content of the mineral salts
(200-300 mg/liter).
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The table 2 shows the distribution of the natural stock of groundwater according to regions. Table 2
The natural
Total
Underground Permissible
West Georgia
East Georgia
stock
forecastpure
exploitation
Relative
Amount
Relative
Amount
underground exploitative
drinking
amount of
share of
of
share of
of
pure water;
stock;
waters;
pure
water
drinking
water
drinking
Million m3
million m3
m3/sec
drinking
resources;
water;
resources;
water;
water;
%
m3/sec
%
m3/sec
m3/sec
18 000

10 600

571,7

301

63,4

362,5

24,1

137,9

South Georgia
Relative
share of
water
resources;
%

Amount
of
drinking
water;
m3/sec

12,5

71,3

bottles. Then the number of containers (Scon) which is necessary to
carry annual volume of the water is:
Scon = Sb / 620 = 3 169 737 000 / 620 = 5 112 500 container,
where Scon – is number of containers.
We choose container ship the volume of which is equivalent
to 4 000 units of standard 40-foot containers. Annual number of
trips for the ships is:
Slin = Scon / 4 000 = 5 112 500/ 4 000 = 1 278 trips,
where Slin – is the number of trips necessary to carry the annual
volume of the water.
The number of trips in a day is:
Sd = Slin / 365 = 1 278 / 365 = 3,5 trips.
So number of trips alters in the range of 3-4.
Therefore, there is a cargo base for forming the cargo container line
of seaports of Georgia.
Thus, our country can make a real contribution to resolving the
already escalated problem of provision of the products vital to life
of the world population.
Nowadays 75-80% of population of the capital cities of developed
countries use packaged water for drinking and it is highly probable
that this approach will be spread throughout the world in a

Considering the daily physiological norm for the human (2-2,5
liters), mentioned resources gives an ability to satisfy the world
demand of the water – 17,5 billion liters of drinking water daily, in
case of existing real opportunity of packaging and transportation
without endangering its bio ecological environment.
If we conduct the calculations and assume that 1 person consumes
1,5 liter of water daily in average (V 1), number of consumers (Lpe)
is 110 million – considering that there are 7,5 billion inhabitants on
the earth but not all the countries are situated on the shores, not
every person has an ability to purchase a bottle of water and the part
of the market is taken by other companies. Then total annual
consumption of the water will be:
V=Vl * Lpe * Tday=1,5 * 110 000 000 * 365 = 60 225 000 000 liters,
Where V – is the volume of the water purchased annually; V l is the
volume of the water consumed by a person on a daily basis; Tday is
number of days in one year.
Assume we are using the 19-liter volume bottles for the
transportation of water. Then the number of bottles necessary to
carry the water (Sb) is:
Sb = V/19 = 60 225 000 000 / 19 = 3 169 737 000 bottles.
Let’s choose the 40-foot container, which fits 620 units of 19 liter
near future.
The market for bottled water has been estimated for 90 billion
US dollars in 2007. North America turned out to be on the first
place according to the volume – almost 100 liters of bottled water
per inhabitant annually, while the figure is 10 times less in Asian
countries. The volume of bottled-packaged water sold increased
sharply in 2011 and reached 214 billion liters, which is equivalent
to the 30,5 liters per person in the world. The bigger part of this
volume sold – 171 billion liters, was the pure non-carbonated water.
The market of South-East Asia became the most rapidly increasing
and largest scale market. It outstripped West Europe, which was
absolute leader in terms of sales. Changes like this continue to
happen: according to the estimations, the consumption of packaged
water solely in India and China increased by more than 60% in
2010-2015.
The United States has actively got involved in the supply of clean
drinking water to the countries of Asia. In order to exert influence
on the market of water supply American companies are working on
the projects, according to which the water will be supplied to the
Arabic countries from American great lakes [7].
Thus the time of free water has ended. For example, 1 m3 of
irrigation (not drinking) water costs 1,25 US dollars in Oman. In
some countries the price of 1 liter of drinking water reaches 3 US
dollars.
If we discuss the passed year 2019, the share of mineral and pure
water trade in the foreign trade (export) of Georgia constituted 3,5%
and takes 6th place in the production exported. This is quite low
measure considering the existing resources, but it is quite real to
increase those figures in case of active marketing campaign through
the positioning of the health benefits of the Georgian water. In
total, from the export of mineral and pure water Georgia received
133 570.7 million dollars in 2019, which is 21,2% higher than in
2018. Total US dollar volume of the exported mineral and pure
water was 110 171,7 million in 2018. The largest amount of mineral
and pure drinking water has been exported to Russia with the total
volume of 95 605,5 tones, which amounts to 60 580,6 million US
dollars.

3. Conclusion
Although Georgia is not rich with such natural resources as oil and
natural gas, but it actually can get a name of mineral and drinking
water producer country on the work map due to the characteristics
of its water. The data ambiguously makes it clear that the sector has
a potential, though using the water resources will bring more
considerable benefits to the economy of Georgia if the pace of
development will increase in the direction of export production, as
well as building hydro powers.
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Abstract: Transport infrastructure brings together conventional groundwork and innovative technologies in order to improve various
aspects of transport system management and control. It enables anticipatory maintenance, planning and scheduling, resource management
and aims to improve reliability and safety, increased capacity and asset utilization, better energy efficiency and lower emissions, higher
customer service levels and increased economic feasibility. Transport infrastructures have long service life and great costs of building,
manning, operating and maintaining throughout their life. Innovation and technology shifts proved to be important factors determining great
changes in infrastructure potential and even determine its obsolescence. It is regarded as a concern throughout infrastructure’s entire life
cycle and reflects changes in expectation regarding performances in functioning, safety and environmental effects.
Performance and failure are illustrated conceptually and represented in a simplified form considering the evolution of technology, the
influence of innovation breeding new generation rail infrastructure, all the way through infrastructure’s service life.
According to the identified particularities, recommendations are to be made in order to insure a best practice in lifecycle management and
transport infrastructure renewal in the context of improved reliability, safety and efficiency.
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First of all, the premises from which the forecast starts, for
example, the characteristics of transport infrastructure features, the
maintenance operations that will be applied, the future atmospheric
conditions, cannot be guaranteed for several decades. Second,
infrastructures are very rarely completely taken out of service; this
does not happen until an alternative infrastructure is available to
provide the same services, possibly at lower costs, or until the
service is no longer needed, i.e. the infrastructure is obsolete.
Maintenance work may be negligible, but component repair and
replacement work must be carried out when it can no longer be
postponed. In the end, the expected increases in users will more
than likely lead to a decrease in the level of intrinsic performance of
the old infrastructure below an acceptable minimum and then to its
consideration as exhausted.

1. Transport infrastructures and their lifecycles
An unquestionable feature of transport infrastructures is the
long service life. Even if some parts/ components decrease their
performance more rapidly, most transport infrastructures last for
decades, some even for centuries ((see Fig.1.1). Commonly, the
lifespan of transport infrastructure is different than the physical life.
The end of physical life is reached when parts/components are over
the limit and need to be replaced, it doesn‘t depend on the demand
level, economical factors, new technology boosts or on
infrastructure obsolescence that is directly connected to increased
pressure and level of expectations regarding performance measures.

In conclusion, the notion of design service life of an
infrastructure is significant only if it is defined in the sense of
obsolescence and can hardly be described in terms of intrinsic
deterioration of performance. Therefore a function of user‘s
expectations must be included in the analysis [2]. The function PF is
known as „expectation function‖. The growth rate of this function
of expectations can vary very rapidly, as shown in Fig. 1. 2.
Fig. 1.1 Main Transport Infrastructures Lifecycles
(source: data from Living Planet Report, 2006 and Summary
result of second Eurostat questionnaire on CFC on public
infrastructure, DOC.CFC 15, Eurostat, 2003 [1])
Experience and testing are the two main sources of information
on which the expectations on the service life of an infrastructure are
based. Efforts to predict service life, as well as the form of function
that describes performance deterioration, face a number of
obstacles, including the limited ability to understand how failure
occurs, uncertainties and factors influencing deterioration and lack
of data are very complex issues of the problem. Among these
aspects are the challenges of characterizing the service life for a
facility, for the entire infrastructure or even for the entire system, as
opposed to their repairable or replaceable elements.

Fig. 1.2 Evolution of expectations over transport infrastructures

In general, the experience already gained in good practice cases
and the empirical data are still the main source of estimating the
service life of an infrastructure. The decisions of designers and
future infrastructure managers are based on the premise that
performance at an appropriate level can be ensured for a certain
service life - a convenient number of years. In some cases, financial
reasons, rather than those of a technical or organizational nature, are
the source of this lifespan. It can be said that the attempt to
determine a correct theoretical value, which would predict the
physical life of an infrastructure, is irrelevant, that this may even be
impossible, at least at the level of the entire specific transport
infrastructure.

Expectations on transport infrastructure performance are rising,
so the slope of the function curve must be greater than zero. Wellfounded data for an analysis of this function are not easy to find, it
is only known that the obsolescence of an infrastructure is
determined by technological changes, new regulations, social,
economic, user behavior and values, changes that are, as shown in
the last decades, accelerated for periods of time comparable to the
service life of the infrastructure.
Experience shows that expectations almost always have an
increasing trend, but there is not much information either about the
pace of growth or their consequences on the installation of
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obsolescence of infrastructure. Direct observation provides some
information about each of the four main sources that induce the
moral degradation of infrastructure: technological, regulatory, socio
economic and behavioral.
Of these, technological change follow-on new generation,
intelligent infrastructure that brings together conventional
groundwork and innovative technologies in order to improve
various aspects of transport system management and control, can
only be seen from a long-term perspective and it is observed that it
takes longer and longer until an infrastructure is considered
obsolete. This period of transition from one technology to another is
not as slow as it used to as there is currently a major technological
change in transport sector.

2. Performance and failure
2.1 Performance
Infrastructure performance is a concept widely examined over
the years and therefore many perspectives concerning this concept
emerged. Present paper refers to the model of describing
performance proposed by Lemer [3, 4] and bases his assumption on
the mathematical formalization presented in equation 2.1.

Performanta  P( S j , D j , t )

(2.1)

represents the supply vector for an infrastructure facility j (in

= the demand vector for an infrastructure facility j (in relation
to different users: operators, individual users, neighbors
of the infrastructure);

t



Travel time reliability – the probability that a trip between
an origin and a destination node can be completed within
a given time period. The travel time can be affected by the
increasing demand for rail services, straining the existing
system and therefore requiring optimization of the
existing passenger and freight schedules to achieve
increased throughput on existing rail infrastructure;



Capacity reliability – the probability that an infrastructure
network can accomplish a given level of travel demand
and the reserve capacity can accommodate the required
demand for a specific capacity loss due to network
degradation or obsolescence Rail companies are
increasing asset utilization and making significant
investments in infrastructure to meet the capacity
challenge.

Operational Efficiency. Aging rail systems limit the efficiency
of resources and compromise reliability in established rail markets.
New markets have the opportunity to adopt newer, more flexible
technology infrastructures, advancing fast and leaving behind
current practices. Many current intelligent transportation systems
are old and complex, making the sharing of data difficult. They are
also unable to cope with the scale of growth predicted over the next
few years. Frequent network failures and systems components
obsolescence can have a domino effect, significantly impacting
customer satisfaction.

relation to to different users: operators, individual users,
neighbors of the infrastructure);

Dj

Connectivity reliability – the probability that the nodal
infrastructure remains connected through linear
infrastructure (links) - there is still a path connecting the
nodes even if a set of links do not fulfill their roles or
have been cut off;

Safety and Security. As rail network infrastructures become an
even more attractive alternative to other modes of transportation,
stricter requirements are being imposed on railroads to help ensure
safety. Political scrutiny and regulatory oversight are increasing,
with legislation enacted requiring positive train control (PTC)
systems. Predictive maintenance and data analysis is being used for
accident prevention.

Where:

Sj



= time, measured from the commissioning of infrastructure

On general terms, supply vector, Sj, is well described using a
function that uses as variables the physical characteristics and
operational characteristics of a given infrastructure, as in equation
2.1.

S j  S(X j )

(2.1)

Xj represents the physical characteristics and operational
characteristics vector (for example: simple or double track,
interlocking systems type, management system type, safety integrity
level).
The service outputs that infrastructure provides can be
quantified as positive: higher accessibility, mobility, safety, comfort
reliability or as negative: higher noise level, pollution, disruption of
wild life habitats.
The main measures of the performance function, P, can be
considered to be: reliability, safety and efficiency. Consequently,
the specific criteria can be organized in three main groups:
reliability criteria, safety criteria
and efficiency criteria. Each
group is multidimensional and the specific indexes varies with
infrastructure‘s location, features etc.

Fig. 2.1 Transport infrastructure performance evolution
Fig. 2.1 presents, in a simplified manner, the infrastructure
performance function over its entire life cycle. At commissioning
moment, typically, performance level is below optimum designed
level. Most of real life situations show that a short period of
operating infrastructure is compulsory in order to reach the
optimum designed level of performance. For simplification in
figures 2.1 is made the assumption that optimal and minimum
accepted performance levels are stationary most of infrastructure‘s
lifespan.

Reliability. On general terms, reliability is a probabilistic
measure of rail transport infrastructure network that refers to
specific infrastructure elements ability to fulfill their roles, not to
fail or malfunction, during a specific period, given a set of
performance guidelines. Even if some elements of transport
infrastructure fail, the network should remain functional even if not
so performant as before. There can be differentiated three types of
reliability [5, 6]:

94

TRANS MOTAUTO WORLD, ISSUE 3/2020

A special attention to operational matters must be shown in the
early stage after commissioning the infrastructure in order to reach
the highest level of performance and to avoid the possibility of early
manning problems that can influence performance.
Assuming that infrastructures performance level is reaching the
optimum designed level, the new infrastructure will continue to
function at this parameters, in a quasi-stable regime, for a long
period of time, if maintained according to standard procedures. A
slow but inevitable degradation sets up as years go by reaching, at a
certain moment an unacceptable performance level.
Planers and designers of infrastructure work with multiple
criteria decision models trying to well balance reliability, safety and
efficiency outputs in order to maximize performance for the entire
infrastructure‘s design life, as in equation 2.4.

t  T D , P(t )  P F

Fig. 2.2 Typical behavior of infrastructure components failure rate.
Adaptation after [10]

(2.4)

Where TD represents the infrastructure‘s design service life.
Maximum performance, in this context, denotes that level of
service that insures reliability and safety at minimum acceptable
cost, in other word, at the higher efficiency level. Considerations
can be debated on this subject as different users consider that this
minimum cost measure conveys in an unacceptable level of
congestion, an unsafe service or other compromises.

3. Obsolescence of transport infrastructures
User‘s awareness, higher expectations due to innovation and
technology shifts proved to be important factors determining great
changes in infrastructure perceived performance and even
determine its obsolescence. It is regarded as a concern throughout
infrastructure‘s entire lifecycle and reflects changes in expectation
regarding performances in functioning, safety and environmental
effects. From the point of view of railway infrastructure
management the problem of obsolescence is becoming more and
more acute. Obsolescence has the connotation of the loss in value of
one or more infrastructure‘s components, due not to its conditions
or past operation history but to a change in the external scenario of
technological evolution and marketing [11].

2.2 Failure
Failure establishes when performance level drops below a
threshold level considered by the decision makers to be
inacceptable – infrastructure is either unable to fulfill its functions
either shortly it will become unable, either is much too expensive to
further operate it. The failure condition is described in equation
2.3:
P(t)<PT

(2.3)
T

Where P represents the minimum infrastructure‘s performance
threshold level considered by the decision makers to be acceptable.
As for mechanical and electrical components, the failure
behavior of infrastructure facilities can be described in terms of a
bath-tub time-dependent failure (see Fig. 2.2). We can set the limits
of three zones in this ﬁgure as those correspond to the young age, to
the maturity and to old age, with decreasing, constant and
increasing danger of collapse, respectively.
The effects of infrastructure components aging are compensated
by maintenance actions, performed periodically, which reestablish
the infrastructure performance level. In practice, during the interval
between maintenances, the failure rate increases only slightly so
that, to simplify the calculations, they are characterized by stepwise
constant failure rates whose values are determined by imposing that
the probabilities of failures within each maintenance period [6].
Even with maintenance counterbalancing its effects, the aging of
some components is inevitable [7, 8].

Fig. 3.1 Transport infrastructure obsolescence fishbone diagram
Fig. 3.1 shows that many stakeholders cause or are affected by
obsolescence. The transport infrastructure depends primarily on the
fixed facilities, their components and on supporting tools used in
design and management. It often uses contracted manufacturing
and repair process capabilities, but is also driven by regulations and
legislation.

As shown in practice, the result of a repair action on an
infrastructure component might not necessarily return it to an ―as
good as new‖ condition since it is likely to become more instable
and susceptible to future failures [9].

The drawback of infrastructure‘s design service life, below TD
(see Fig.2.1) is considered a failure both by infrastructure
beneficiaries and administrators and only in very few cases large
efforts of manning and maintenance can restore it to designed
service life.

Negligence in respect to manning conditions of every
infrastructure component and high solicitations of this components
lead to an increased failure rate and therefore to a decreased
performance level, resulting in a drawback of infrastructure‘s
design service life.

For simplification, in Fig. 3.2 is made the assumption that
optimal and minimum accepted performance levels are stationary
most of infrastructure‘s lifespan. In practice one can rarely come
across this type of behavior as user‘s higher expectations evolve
most of them due to development of new infrastructures and
facilities, new emerging technologies, new standards (see Fig. 3.3).
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offers the enviable opportunity to plant managers of upgrading their
system performance while rejuvenating the system itself [7].

Fig 3.2 Higher user’s expectation effect on modification of
infrastructure’s lifecycle
If we refer to equation P(t)<PT,
the infrastructure‘s
performance threshold minimum level can be described as in
equation 3.1:
PF = PF(Ek , t)

Fig.3.3 Change of regulations or standards effect on
modification of infrastructure’s lifecycle
However, obsolete infrastructures can still be used, but if they
are not replaced or upgraded, they create a wide variety of
inconveniences for users, managers and residents (e.g., loss of
capacity, environmental degradation, very high operating and
maintenance costs).

(3.1)

Where Ek represent exogenously and environment factors (new
emerging technologies, economic and social
environment, beneficiaries higher expectation, behavior
changes) challenging infrastructure‘s performance level.

Other factors that can be included in the EK vector of exogenous
or environmental factors are: the level of economic development
and industrialization, the location of the infrastructure, the
availability of alternative infrastructures.

t – time.
User‘s higher expectation lids to a decrease in perceived
performance level and finally to infrastructure obsolescence.
A good measure for obsolescence is the decrease in design
service life. Obsolescence occurs when PF, performance threshold
minimum level, increases rapidly due to exogenously and
environment factors and the real lifespan goes well beyond
optimum expected lifespan, characterized by an expected
performance level at t0 as in equation 3.2:
E[ P(t  t 0 / X i , D j )]  P F (t  t 0 / EK ),

4. Conclusions
The evaluation of the transport infrastructures efficiency must
be assessed at the global social level and reflect the interests of all
those involved and affected by the transport process on the
infrastructure: the interests of users, managers, operators and
residents who feel the positive and negative external effects of
system activity (see Tab 4.1). All these effects can be quantified by
a generalized cost function that combines the monetary and nonmonetary costs at global society level, costs are related to transport,
but involves a lot of parameters that are difficult to estimate and
which, in most cases, require simplifications [9].
For this reason, for synthetic assessments regarding the
efficiency of transport infrastructures, no explicit calculations can
be made, but instead, the use of quantitative and qualitative criteria
and indicators is preferred. Based on this indicators, the
achievements are compared with the previous ones, with those of
similar systems, in order to guide the decisions regarding the
technical, technological and organizational improvement. The
complexity of some aspects regarding calculation of the transport
efficiency led to the necessity of go into detail and structure a set of
indicators of great variety some of them with a pronounced
contradictory character.

(3.2)

for t0 < TD
where t0 is the starting moment from which infrastructure is
considered obsolete.
The function PF(EK, t) is known as „expectation function‖. The
growth rate of this function of expectations can vary very rapidly, as
shown in Figure 3. 3.
Standardization and regulatory actions are potential sources of
both system functional (demand side) obsolescence and component
(supply side) obsolescence. If transport infrastructure facilities are
not compliant with a new standard, it can no longer be used or is
subject to significant usage restrictions. Rules and mandates are
regulatory instruments that impose new operational requirements or
procedures. They may impose new functional requirements on
infrastructure‘s features, but require new equipment and
installations [12].

Table 4.1: Outputs of transport infrastructure performance assessment
Actors involved and
affected by transport
Outputs of transport infrastructure
infrastructure
performance assessment
performance
assessment

The infrastructure‗s obsolescence related with the change of
regulations or standards can be represented in the form of a scale
function (see Fig. 3.3), although these changes are often preceded
by significant periods of time dedicated to public discussions and
debates.
The overcoming of a new standard/given technology due to
technical, legislative and/or marketing reasons typically leads to a
decrease in value of the system which is not necessarily related to
its past or current performance but can certainly inﬂuence its future
life. Indeed, the availability on the market of improved components

Users
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Improved speed,
availability and
reliability of trips

Enhanced safety due
to efficient
maintenance and asset
health monitoring.

TRANS MOTAUTO WORLD, ISSUE 3/2020

Transport
infrastructure
personnel
maintenance

Enables planned
maintenance as
opposed to
emergency
intervention.

In the best practice studies of restructuring / development of a
transport infrastructure, the efficiency of various possible technical
solutions can be estimated as follows: only equivalent solutions are
retained for ranking in terms of meeting quantitative (e.g. capacity)
and qualitative requirements (e.g. travel / transport duration),
facilities for users, comfort, storage of goods). In this situation, the
selection among given solutions, a choice can be made by
comparing the equivalent expenses to ensure the desired level of
imposed performance measures (e.g. capacity, reliability, safety).

Provides the
capability to analyze
any breakdowns from
trend measurements,
thus providing
valuable information
about the nature of
the breakdown and
facilitating swifter
breakdown resolution.

Transport
infrastructure
managers

Greater availability
of assets including
rolling stock as a
result of fewer
breakdowns and
swifter breakdown
resolution.

Enables monitoring of
infrastructure
equipment and
components, making
it possible to identify
operational deviations
in time.

Transport
infrastructure
companies

Provides improved
insight and elevates
the entire
maintenance
process. Far fewer
unscheduled repairs
are needed and
condition linked
maintenance
generates cost
savings and
efficiency gains.

Companies can keep
their operations
running longer and
more frequently. This
helps keep
operational costs
under control.
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Certain issues to minimize the human factor impact in transportation security
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Abstract. Aviation security as a topical area of scientific research is marked contrast to other application tasks of security sector. The
specific nature aims at dealing with research objects that differ in considerable uncertainty of identification and description. In such a case,
the requirements for aviation security systems are constantly becoming more complex, and the methodology of scientific research on security
issues lags far behind the common trend of civil aviation development.
In the last few years, the trend to improve aviation security management systems in transportation industry has become a transition from
classical schemes of regulatory management to schemes of computer-assisted management using procedures with the challenge of reducing
the human factor. In fact, the human factor is not the only criterion for management in such systems. We can identify a number of factors
that reduce the effectiveness of security management in the current system, and their impact is not fully investigated. A system analysis of
these factors shows that each of them is not only related to the human factor, but the parameters of these factors’ influence on the
management efficiency are largely determined by the human component. In this case, the human factor becomes the main criterion for
optimal aviation security management. There is a problem of minimizing the negative impact of the human factor on aviation security
management procedures. The authors of this work offer and study an original approach to solving this problem.
KEYWORDS: SECURITY, AVIATION SECURITY, AUTOMATED MANAGEMENT, MINIMIZATION OF THE HUMAN FACTOR.
The human factor (HF) in the field of security, especially in
the field of aviation security (AS), is purely negative, and it is clear
that it cannot be excluded. The aviation security management
system, being the ergatic system, has a superior human component.
The overall level of aviation security is largely determined by the
level of personnel’s professional training and adequate results of
their professional activities, even if there is a developed system of
the object’s protection equipment. In-depth studies of the human
factor in security show the negative impact of personnel on security
parameters [1].
When switching to AS management in modern security
systems, the task is to minimize the human factor and replace
human impact on security processes with automated procedures
without human participation.
The authors consider this approach as inappropriate for the
following reasons.
1. Fully automated security systems are utopian in some
sense, since any automation involves almost complete
algorithmization of the procedures that implement it. Most
processes are difficult to formally describe and algorithmize in
aviation security, and the tasks to be solved are poorly formalized
and poorly structured.
2. The proportion of the human factor in implementing
security procedures are notably increasing to the extent that security
systems develop and become more complex. Hence, there is a rather
serious contradiction between the human factor and the problem of
forming and using a complex of technical means in a real situation,
where minimizing the human factor is hardly an option.
3. Mud-slinging a person as the weakest unit is crucially
ineligible, because there is a wide class of tasks, processes,
procedures, where a person (specialist), and only he, has essential
advantages compared with technology.
In other words, the question should not be about minimizing
the human factor, but about a significant change in the meaning and
content of the human factor concept (Picture 1).
We can select the personality factor (PF) from the human
factor concept, in other words, everything related to the
characteristics of a person. In this part, the study of the HF consists
of strengths and weaknesses of a specialist as a participant in the
production process, with the consequent limitation of his
participation in accordance with professional capabilities.
In the second part, you can concentrate on what is related to
technology and its interaction with a specialist. Here the issue is
whether the mutual adaptation of human and technical parameters
to the conditions and tasks are solved within the framework of AS
management.
We wish to draw attention to the third aspect, which in
modern works on the human factor remains outside the scope of the
study. During production operations in progress, the personnel of
aviation organizations often exceeds the defined activity algorithm,
guided not necessarily by any negative intent. Mostly on the

contrary, in order to improve the efficiency of their work, the
personnel makes while attractive decisions that can lead to highly
negative results, up to an aviation accident with disastrous
consequences. In this case, the personnel of the aviation
organization involved in ensuring aviation security becomes a
source of danger and is able to bring the situation with the object of
study out of balance, which is manifested, at least, through
deviations from the requirements for aviation security to the object.
In this case, there is a task to manage these deviations in order to
minimize them, and the control parameter becomes a threat from
the aviation organization's personnel in relation to the safety of the
object. This is now the most urgent and timely task.
There is proposed an innovative approach, focusing on the
following. The main problem of the human factor’s study is the lack
of opportunities to unify the parameters of the object of study,
determined by the insurmountable complexity of the human
component. It is enough to say that today there is no human
(operator) model that is sufficiently adequate from a practical point
of view. The author puts forward the following hypothesis to solve
this problem: it is proposed to consider the human factor as a
complex system in terms of system engineering, consisting of many
elements, each of which represents a human operator, whose
functions are different, but which are united by a single goal of
professional activity. In this case, the human factor can be
considered as a certain threat, which becomes comparable to the
threats defined in the intruder model [2].
From the point of view of aviation security, it is proposed to
consider the human (personal) factor as an unavoidable evil,
excluding the useful component, and all its negative manifestations
are classified as security threats. In this case, the methodological
apparatus developed for the protection of transport infrastructure
objects can be applied to the study of the human factor in order to
reduce and / or exclude its influence in aviation security, i.e. the
well-known formula begins to work: detection-reflectionelimination.
The personnel threat (PT) in aviation security is a state of
inadequacy of the operator’s professional readiness and the
parameters of the situation in the security system defined by the
limiting level of psychophysiological parameters of the person,
allowing the occurrence of negative events.
As a result, a new situation emerges when it is necessary to
minimize not the human factor, but the task is to regulate the
negative influence of the aviation organization's personnel on the
procedures for performing production activities, considering this
influence as a threat to the object’s security. In this case, they
change approaches to solving the problem and research methods.
The personnel threat is not always a potential event. These
threats are quite often implemented, manifesting as negative results
of the aviation specialist's activity, which can be an act of unlawful
interference (AUI) or even a terrorist act. Scientific research of
personnel threats is aimed at developing and implementing a special
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methodology for working out such threats according to the formula"
detection-reflection-elimination", i.e. threats to personnel are
included on equal terms in the set of potential threats to the
transport infrastructure object.
Personnel threats as threats to airport security are
implemented in the form of unauthorized interference in aviation
security procedures. This means that in the course of their
professional activities, aviation security personnel perform certain
actions that are not provided for by their functional responsibilities
and are not included in their target functionality. These actions may
occur as a result of personnel mistakes or some other reasons, but in
any case they lead to deviations from certain standard operating
procedures (SOP) of the activity.
Personnel threats are considered to be some by-product of a
professional activity of an aviation security specialist. This means
that it is impossible to single out a separate threat or classify them
in any way. It is impossible to study the threats of personnel as
potential for the same reason, i.e. it is impossible to develop a

counteraction device for each threat in advance. This is the main
difficulty in investigating personnel threats, which prevents the use
of mathematical models and other classical research methods.
The problems associated with the human factor are
multifaceted and quite complex. Classical approaches to solving
these problems have almost run out. The idea of the new approach
consists of a fundamental revision of the physical meaning of the
human factor, understanding that the HF is still not a factor, but a
much more complex and multifaceted category that belongs to
complex systems and has a cost functional that does not subject to
strict mathematical description.
An entirely new situation occurs when you need to not
minimize the human factor, but the task is to regulate the negative
influence of the aviation organization's personnel on the procedures
for performing production activities, considering this influence as a
threat to the object’s security. In this case, they change approaches
to solving the problem and research methods.

Aviation security and management system

Aviation security
personnel
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structure

The factor of the
personnel’s negative
impact

Production activity’s
content

Technology factor

Adaptation

Personnel threat

Mistakes

The reasons of influence

Incompetence

Terms

The scheme of
professional activities

Condition

Nonconformance rating

Monitoring the situation

The analysis of the
situation

Correction of
algorithms

Resources

Correction of
interference

Human factor management
Picture 1. On the new content of the human factor concept
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The reasons that determine the factor of personnel’s
negative influence are associated with mistakes in the wider
sense of this term; the conditions for the implementation of
production activities; the level of professional readiness of
aviation personnel and the state in which the specialist is in the
process of work. These reasons are apparent in the main point,
namely: there are discrepancies, deviations, inconsistencies with
the algorithm of activity. The fact is that in aviation security, all
production activities are strictly regulated and legalized in the
format of standard operating procedures (SOP), which assume
compliance with the established requirements. The personnel of
an aviation organization in the implementation of their
professional function is in a certain situation, the parameters of
which are determined by the parameters of the SOP and the
parameters of the real algorithm of professional activity of a
particular specialist. A security threat to the object under study
appears if there are discrepancies between these parameters. In
this case, in order to minimize the negative impact of personnel,
it is necessary to monitor the situation, evaluate emerging
inconsistencies, and analyze them from the point of view of the
measures taken. Minimization of the negative is possible in two
directions: correction of the algorithm (SOP) and correction of
the procedure of the specialist's activity. In both cases, certain
resources are required, the inclusion of which in the process
minimizes the negative impact of personnel. In this case, the
negative influence of the staff becomes manageable.
Further study consists of developing methods and
procedures to minimize the negative impact of aviation
organization personnel in the aviation security system.
Unauthorized interference of aviation security personnel
represents certain deviations or inconsistencies from the standard
operating procedures (SOP) approved in advance. These
deviations are recorded and evaluated during the monitoring
process. They are thus the negative impact that is called
unauthorized interference or personnel threat in the field of
aviation security [3,4,5].
Therefore, reducing the level of negative influence of
airport security personnel is contemplated on the basis of
managing unauthorized interference by the criterion of personnel
threat using the method of instrumental correction of the
algorithm of professional activity of an aviation specialist and the
method of managing aviation personnel by the criterion of the
quality of their professional readiness to perform their functional
duties.
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Annotation. Aviation integration is seen as a process of rapprochement and unification in the air transport industry. Conducting a study of
the common aviation area of the European Union. Today there is a common transport policy in the EU. Its goal is to provide market
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transport services. The implementation of such a policy has a
particular specificity related to the close interaction between
international law and EU law, which provides for the participation
of member states in international transport agreements.
In the field of air transport, there is a harmonious combination
of international law and supranational levels of legal regulation.
According to the tasks of ICAO, the key elements of legal
regulation are the development and enhancement of activities in the
field of civil aviation with a high level of aviation security,
promoting the participation of states in international air
transportation and the benefits associated with such participation.
Since 2011, a Joint Commission of the EU and ICAO has
been active. This commission has already concluded a number of
agreements on air flights and incidents. In 2013, a new aviation
security program was agreed and added to the memorandum of
cooperation. This program has determined important areas of
cooperation, in particular, the exchange of information and funding
of certain initiatives in this area.
EU legislation in the air transport sector is mainly based on
regulations and structured in accordance with the tasks to be
fulfilled. The main goal is to ensure proper market conditions and
competitive principles for airlines, regulation of requirements for
aircraft, conditions for transportation, safety assurance and other
issues.
On 10 June 2013, the European Commission proposed a plan
to accelerate the implementation of the Single European Sky project
(SES-II +). This project is a set of measures to address the current
situation concerning the state monopolies that are responsible for
providing air navigation services, which, in turn, has caused a
number of protests.
Back in 2005, the EU Commission developed a roadmap for
the implementation of foreign policy for air transport, which was
based on the three following elements:
1. Gradual alignment of existing bilateral air service
agreements with EU law. This is an outcome of the resolution made
by the European Court of Justice, which states that the provisions
on nationality in such agreements are illegal, but it is permissible
for an EU carrier to conduct air transportation from its country to a
third country.
2. The need to conclude aviation agreements with key
strategic partners. The EU model tends to liberalize airline
ownership and regulate security, competition and other issues that
have not been regulated at the national level.
3. Creation of a common airspace with neighboring countries.
Consistent alignment with the abovementioned requirements
of the EU aviation market provides financial and material support.
For Ukraine, "open skies" means the intensification of the
process of the air transportations market development due to:
update of airport infrastructure; establishment of high technical
standards for airplanes and air services; security enhancement;
modernization of air traffic control procedures; updating sectoral
legislation, etc. In order to solve these problems, it is necessary to
implement the provisions of the Concept for the development of the
aviation complex and the development of programs for the period

1. Introduction
International economic integration should be understood as a
political and economic process of convergence and unification of
states with their economic systems interconnected, joint economic
policy and supranational political governance.
Nowadays, aviation integration is deemed to be a process of
convergence and unification in the air transport industry, which
includes the following: interconnected management systems, a joint
policy and control. Pertaining to the international integration,
general provisions are introduced for the countries interested in
such integration, which allows management of aviation activities
between these countries.
Air transportation in Ukraine has not been able to be referred
to as a competitive market. The availability of healthy competition
is obstructed by a certain monopoly taking place at the modern air
transportation market in the country [1]. However, one of the most
attractive features of the Ukrainian market for foreign investors and
manufacturers is the transit location of Ukraine and necessary initial
conditions for the creation of a new transport connection system
that complies with the European standards.
The open skies agreement with the European Union (EU)
opens new opportunities for the air transportation market in
Ukraine, both for individual citizens and for the state as a whole.
The interest of citizens is as follows: being provided with
reasonably priced air services of high quality, increasing the profits
of national companies and taxes to the budget, and enhancing the
level of air transport safety.
The creation of a "free trade zone" leads to the enhancement
of air transportation services and the liberalization of the national
aviation market of Ukraine. Within the established Common
Aviation Area of the European Union and the third countries
involved, the air transportation markets of different countries are
actually combined [2].

2. Characteristics of the Common Aviation Area
of the European Union
Integration in the transport sector is carried out based on the
principles of international economic law, as well as by means of
introducing a common transport policy in the European Union,
which reflects the supranational nature of European integration [3].
Legal support therefore comprises regulatory documents of EU
authorities and international agreements between EU members and
other countries.
The purpose of the EU's common transport policy is to adopt
and implement generally accepted rules for international transport
to or from the territory of the Member States or for transit transport
(Treaty on the Functioning of the European Union, Articles 90-100)
[4]. The common transport policy also includes conditions for the
provision of services by non-resident carriers, and measures to
improve transport safety. The ultimate goal of the common
transport policy is to create a common market in the field of
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up to 2020 and to ensure the safety of flights by improving the
mechanisms of supervision and control of transport activities [5].

3. Analysis of competition
transportation market of Ukraine

in

the

The volume of passenger traffic in Ukraine in
2009-2019 (thousand people)

air

In 2019, national air carriers attained an increase in the main
economic indicators of the industry. 28 national air carriers operated
in the market (Fig. 1), which performed 47.8 thousand commercial
flights (compared to 46.2 thousand in 2018). 10 air carriers of those
specified above have been engaged in passenger transportation [5].

transportations
conducted

international
transportations
national
transportations

Fig. 2. The volume of passenger traffic in Ukraine in 2009-2019
(thousand people)

Ukrainian
air carriers

During 2019, commercial flights of national and foreign air
carriers were served by 20 Ukrainian airports and airfields.
According to the statistics, the number of departing and arriving
aircraft equaled 153.9 thousand units, which exceeds the number
obtained in the previous year 2018 by 15.8 thousand units (Fig. 3).
Passenger traffic through the airports of Ukraine increased by 27.6
percent and equaled 16498.9 thousand people.

Foreign
air carriers

Fig. 1. Number of air carriers that performed regular international
passenger transportation from/to the airports of Ukraine

Arriving and departing aircraft

At the same time, 93% of the total volumes are covered by the
five national air carriers (see Table 1) that are the following:
Ukraine International Airlines (UIA), Wind Rose, Azur Air
Ukraine, Sky Up and Bukovyna. Traditionally, the largest passenger
traffic was served by UIA [7].
Table 1 Growth of passenger traffic of the top 5 airlines in 20182019
Top air
carriers in
2018

Growth of
passenger traffic
from 2017 to
2018, %

Top air carriers
in 2019

Growth of
passenger traffic
from 2018 to
2019, %

UIA

16,5

UIA

8.1

Fig. 3. Arriving and departing aircraft in 2009-2019, thousand

Wind Rose

25

Azur Air Ukraine

33,6

Azur Air
Ukraine

17

Wind Rose

19,7

Atlas jet
Ukraine

74

Sky Up

Multiplied by 7

Bravo

50

Bravo

-

When visually assessing the real-time flight map (Fig. 4), it is
possible to distinguish the main air routes passing through Ukraine,
which, in turn, means the loss of Ukraine's benefits in the form of
payment for flight performance through its airspace. When
comparing foreign and Ukrainian air traffics, Ukraine has a much
smaller one.
Factors leading to the bypass of Ukraine's airspace comprise
the political situation in the country, the Crimea annexation and
military conflict in its Eastern part. Hence, there are flight safety
recommendations established by some international institutions and
authorities of the European Union to bypass a certain part of
airspace in Ukraine, using other routes, and the deterioration of the
economic situation takes place in this regard.
The non-competitiveness of air transportation in Ukraine is
due to the following factors:
1) UIA monopoly in the air transportation market;
2) Obstacles to the creation of a competitive environment by
foreign companies in the air transportation market;
3) Long delay in signing the agreement on Common
Aviation Area with the European Union;
4) The air fleet is morally obsolete;
5) The infrastructure of most airports is underdeveloped.

According to statistical indicators [7], the number of
transported passengers increased by 986.9 thousand people in
comparison with 2018 (Fig. 2).
Along with this, cargo volumes were increased by 688.5
thousand tons. Mail and cargo were transported by 18 Ukrainian air
carriers, most of which were charter flights to other countries under
UN humanitarian and peace programs, as well as under contracts
with other customers. The majority of transportations (83%) were
performed by Antonov, ZetAvia, Ukrainian Helicopters, Maximum
Airlines and CAVOK Air.
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4) Development of airports, liberalization of the aviation
service market;
5) Increasing the number of multimodal transportations and
high-speed ground transport connections between the airport and
cities, improvement of logistics links and creation of logistics
centers;
6) Improvement of air navigation systems;
7) Development of general aviation and unmanned aerial
systems;
8) Improvement of qualified training.
Regardless of the status of the Agreement [11], the process of
liberalization of the national aviation market can be implemented by
signing bilateral cooperation agreements. This process also
facilitates the development of regulatory documents implementing
EU regulations and directives on civil aviation, as well as bringing
the existing national legislation into compliance with EU
legislation.
An option to increase the level of competitiveness in the air
transportation market of Ukraine is to unite the leading national air
carriers. Coordinating the activities of these companies, combining
efforts to improve the quality of services provided, can help to
improve the image of Ukrainian air carriers in the European
transportation market. Also, the unification of these air carriers can
lead to the expansion of the route network by coordinating the flight
schedules, combining different types of services, and increasing the
number of routes to different countries.
Access to resource allocation among the air carriers
participating in the alliance can reduce the cost of various services,
including the maintenance and servicing of aircraft, the use of the
services provided by handling companies, the establishment of joint
systems for selling and booking tickets, and others.

Fig. 4. Map of flights over Ukraine and the EU in real time as of
28.01.2020 [8]
One of the significant problems of Ukrainian air carriers in
the international air transportation market is unsatisfactory service.
According to the British company named Skytrax, UIA was
awarded 2 stars out of 5. The disadvantage is the inflated price
factor, low quality of services provided and a number of other
factors that sustain the low position of Ukrainian air carriers in
international markets.

4. The current situation regarding the processes
of Ukraine’s integration into the Common Aviation
Area

5. Conclusions
The air transport industry in Ukraine is still underdeveloped in
comparison with other countries, but there has been some
improvement in recent years. However, Ukraine can efficiently
apply its capabilities in the aviation industry, which is possible if
there is some liberalization of access to the national market.
Insufficient state support is a major factor among the political
factors. There is no basic state policy for Ukrainian airlines in a
difficult competitive environment. The weak point is also a
discrepancy legislation of Ukraine in the field of air transport to
international and European standards, including the International
Civil Aviation Organization (ICAO), the European Union, the
European Civil Aviation Conference (ECAC), and the European
Organization for the Safety of Air Navigation (EUROCONTROL).
Gradual displacement of a domestic air carrier to foreigners is due
to weak state regulation of competition in the aviation market.
At the stage of Ukraine's integration into the Common
Aviation Area, the issue of promotion competitiveness between
national air carriers becomes extremely relevant. After all, when
entering the market of European air carriers, the situation pertaining
to competitiveness in the Ukrainian market can change
exponentially. Therefore, in order to maintain Ukraine’s
achievements in the international air transportation market, it is
necessary to identify the main areas where the development of
competitiveness between Ukrainian air carriers can be attained in
the period of liberalization and integration.
Ukraine's accession to the Single European Sky has a number
of benefits for both aviation infrastructure and citizens. The benefits
anticipated as a result of this accession can be the following [12]:
1) Improving the level of service and increasing the level of
flight safety;
2) The growth of supply in the market of air services,
resulting in a possible reduction in air transportation prices;
3) Increasing the load of airports in Ukraine and further
intensification of the development of "Boryspil" International
Airport with its capabilities as a hub;
4) Improving methods of management and increasing the
efficiency of Ukrainian air carriers;

Ukraine's air transport system is currently at the stage of
integration into the European one. To implement the Single
European Sky program, a number of measures have been taken to
ensure compliance with Eurocontrol standards. Integration into the
Common Aviation Area implies that the system of economic
regulation of air transportation ought to be adapted in accordance
with EU legislation, which is one of the priority areas [9].
The State Aviation Administration of Ukraine (SAAU), which
reports to the Ministry of Infrastructure of Ukraine, monitors the
aviation industry in Ukraine. SAAU is responsible for the
implementation of aviation policy and the use of the country's
airspace, oversees the safety of air traffic, the flight condition of
aircraft, the proper condition of airfields, technical devices and
other aviation facilities, manages and regulates the aviation security
system.
Ukrainian aviation still has a number of aspects that need to
be addressed. One of them is instability in the creation and
implementation of state policy in the aviation industry. In this case,
it is appropriate to propose the development of a comprehensive
program pertaining to the preparation for the Agreement on the
Common Aviation Area being concluded and entering into force.
The agreement itself should describe a number of relevant issues to
be resolved.
The lack of a single plan to liberalize the air transport market
is the reason for the lack of clear regulations on the integration of
Ukraine's aviation market into the European Union, which, in turn,
can reduce the negative effects of "Open Skies" and liberalize the
market without prejudice to the aviation industry.
The key areas of the strategy regarding the development of
the air transportation market of Ukraine should be the following
[10]:
1) Improving the regulatory provision of air transport at the
national level;
2) Increasing the level of air transport safety;
3) Attaining progress in air transportation and increasing the
level of its accessibility for citizens;
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5) Improving air connections between the Ukrainian regions
and the European Union, which might lead to the emergence of new
markets for national manufacturers, including those who represent
the aviation industry;
6) Attaining an increase in foreign investment into airports,
growth in the number of jobs related to both aviation and services,
as well as an increase in the level of remuneration for aviation
specialists.
Strategic directions of the development that the air
transportation market of Ukraine ought to achieve can be
considered as follows:
1) Improving the regulatory provision of air transport at the
national level;
2) Increasing the level of air transport safety;
3) Attaining progress in air transportation and increasing the
level of its accessibility for citizens;
4) Development of airports, liberalization of the aviation
service market;
5) Increasing the number of multimodal transportations and
high-speed ground transport connections between the airport and
cities, improvement of logistics links and creation of logistics
centers;
6) Improvement of air navigation systems;
7) Development of general aviation and unmanned aerial
systems;
8) Improvement of qualified training.
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must also enable the movement of alternative fuel vehicles in
urban/suburban agglomerations and within the network developed
by other EU Member States.

1. Introduction
The traditional approach to meeting the requirements for
passenger vehicle travels by further building the capacity of the
street network has been replaced by an approach that involves
managing travel requests to make greater use of public transport
system and other environmentally friendly modes of transport. In
recent years, with the aim of identifying and reducing harmful
agents by air, land and water, various strategies have been adopted
and legislative and policy adjustments have been made, both
nationally and internationally. The modes of traffic that can equally
affect the living space and the ability to provide efficient service are
emphasized. Particular emphasis is placed on reducing the use of
conventional fuels by alternative fuels and promoting renewable
energy sources. Developing technologies are pushing the
boundaries we know today, and the future are the use of clean
technologies, or technologies that are environmentally friendly.
Although there has been a major improvement in internal
combustion engines which has resulted in a reduction in specific
fuel consumption at the level of total passenger transport activity by
passenger cars, the efficiency has remained unchanged because at
the same time there has been a negative effect of the reduction of
occupancy of passenger cars. Therefore, the promotion of
production of new vehicles that will use alternative fuels is
encouraged.

Fig. 1 Global greenhouse gas emission by sectors – data from 2016 [1].

All EU Member States were obliged to adopt plans for the
construction of infrastructure for alternative fuel vehicles, with
completion of construction planned for 2020 and 2025, respectively,
depending on using of types of alternative fuel vehicles. The
strategy presented under this Directive can be implemented through
the national frameworks and policies of the EU Member States.
This policy implies that it is necessary for national authorities to
establish good cooperation with local and regional authorities
within their own country and to facilitate the exchange of
experiences of each individual local and regional government. In
addition, cooperation with other EU Member States is crucial, to
work on joint development and implementation of prescribed
strategies. The Directive contains guidelines for the national policy
framework that must be formed to meet infrastructure requirements,
supply of traffic by electricity, hydrogen, natural gas and other
alternative fuels. Aim of the Directive is dual: it is necessary to
reduce the use of oil and to mitigate negative transport impacts on
environmental. At the same time, the Directive agrees with the
document White Paper adopted by the European Commission [5],
where is a key part of the strategy phasing out of conventional cars
in cities by 2050 - with switching to electric vehicles, hydrogen
vehicles, hybrid vehicles, public transportation and walking or
cycling.

2. European strategies
The global climate situation is worrying, so goals that have been
set earlier need to be constantly revised and updated. The transport
is one of the major pollutants [1], which is why there are specific
strategies that apply only to the transport sector. The main
challenges for the transport sector in the EU include creating a wellfunctioning single European transport area, connecting Europe with
modern, multi-modal and safe transport infrastructure networks, and
shifting towards low-emission mobility [2].
The use of alternative fuels is one of the measures for lowemission mobility achievement. In Europe, there is a generalized
uncertainty about alternative fuels (in terms of fuel types, necessary
infrastructure, technical and economic viability, sustainability) that
leads to a fragmented market with unstable conditions [3].
Nevertheless, the use of alternative fuels is becoming more and
more certain. There are different strategies, both nationally and
globally, for implementing environmentally friendly vehicles and
alternative fuels, especially those that can be obtained from
renewable sources.
Concerned about the overuse of oil and its depletion, as well as
the decarbonisation and combustion of fuel that is damaging to the
environment, EU has adopted Directive 2014/94/EU of the
European Parliament and of the Council [4], that seeks to encourage
its members towards sustainable mobility and a healthier life. This
document provides guidance for the use of alternative fuels and
setting up of infrastructure that will enable suplied of vehicle with
alternative fuels. The Directive sets out the minimum requirements
that are necessary when planning infrastructure. The construction of
the infrastructure must be technically and financially justified. It

It is also planned to reduce emissions of harmful gases to zero
by the same period. Since it is already late in fulfilling the set plans
and strategies, the long-term climate target alone will not be
sufficient. Experts consider If the EU takes action now to drastically
reduce emissions by 2030, we could prevent the most severe
consequences for our planet [6].
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3. Types of alternative fuels
The Directive [3] defines which substances are considered as
alternative fuels



1.
2.
3.
4.

Electricity
Hydrogen
Biofuels
Natural gas – CNG (compressed natural gas) and LNG
(liquefied natural gas)
5 . Liquefied petroleum gas (LPG)

All the above criteria are important when choosing an
alternative fuel and its subsequent development. In road transport, it
is most realistic to expect that the economic aspect will decide,
especially because the price of the fuel itself affects the price of
transport, and especially the price of freight transport. It should be
taken into account that the prices of alternative fuel vehicles are
significantly higher than the prices of conventional vehicles. The
availability of alternative fuels also reduces their use, as petrol
stations for conventional fuels are currently incomparably more
accessible than the infrastructure for refueling with alternative fuels.
It is expected that alternative fuels will only gain in importance in
the coming years, since many European and world countries have
started the production and application of vehicles with alternative
fuels. The development of infrastructure and the application of
vehicles on alternative fuels have recorded significant growth in the
last few years. Technological innovations whith significant
investments are made and pilot projects implemented within
individual countries, contribute to the fulfillment of the set
European strategies on cleaner vehicles. Many cities, encouraged by
European Union policies, have implemented a range of measures
that have resulted in reduced dependence on car use and greater use
of environmentally friendly modes of transport, including public
transport.

Electricity – Countries with a large production of electricity
from renewable energy sources have great potential for the
application of electric vehicles. Electricity is widely available so
that it is possible to provide charging infrastructure on the entire
street network.
Hydrogen – Hydrogen can be used in a converted petrol engine
or to power a „fuel cell‟, which acts rather like a battery. Hydrogen
fuel can be produced by reforming steam from natural gas, by
breaking down a hydrocarbon source (such as natural gas, fossil
fuels or ethanol) or by the electrolysis of water[7].
Biofuels are renewable transport fuels that are made from
biomass materials. There are different types of fuels covered by this
name such us biomethane, biodiesel, bioethanol, etc. However,
although biofuels are beneficial to the environmental, many critics
express concerns about the scope of the expansion of certain
biofuels because of the economic and environmental costs
associated with the refining process and the potential removal of
vast areas of arable land from food production [8].
CNG is produced by compressing natural gas to less than 1% of
its volume at standard atmospheric pressure. Using CNG as fuel
reduces carbon monoxide and nitrogen oxide emissions by up to
80%, CO2 emissions by up to 25%, and the proportion of methane
hydrocarbons by up to 73%. Another advantage of CNG is that its
processing into a fuel doesn‟t require any additives or complicated
refining processes [9].

4. Use of vehicles with alternative fuels in public
transport – practical application
Public transport has very important role in sustainable transport,
apropos in sustainable mobility. Therefore, it is very important that
public transport of passengers is performed by vehicles that use
alternative types of fuel. Many more developed countries and cities,
which have adopted different environmental strategies, are
gradually replacing conventional fuel buses with buses that use
alternative fuels.

LNG is natural gas in its liquid form. LNG is produced by
purifying natural gas and super-cooling it to -260°F to turn it into a
liquid. During the process known as liquefaction, natural gas is
cooled below its boiling point, removing most of the extraneous
compounds found in the fuel. Because of LNG's relatively high
production cost, as well as the need to store it in expensive
cryogenic tanks, the fuel's widespread use in commercial
applications has been limited [10].

Although the purchase of new buses cost twice as much as
conventional vehicles, the savings resulting from the use of these
vehicles are numerous. In addition to reduced noise in the city
center, the most obvious result is certainly a reduction in fuel costs,
as well as the absence of harmful gas emissions. According to
calculations of the Technical University of Graz, electric buses will
reduce emissions of CO2 by 5.3t, of NO by 1.7t and of NO2 by
0.06t per year compared to the liquid gas buses which had been
used before [11].

LPG or autogas is an alternative fuel, derived from natural gas
processing and oil refining, with a lower carbon footprint and
significantly less pollutant emissions than conventional fuels [4].
Alternative fuels are essentially fuels that should be a substitute
for conventional fuels, oil and coal. Environmentally, these fuels are
a transitional solution in the search for more efficient and renewable
energy. As world stocks and world production, as well as the
monopoly of conventional fuels, shrink, alternative fuels become
the ultimate solution. When we talk about alternative fuels, we
mainly mean motor fuels for transport vehicles, which produce less
pollution than conventional fuels. Which technology to choose
largely depends on the local situation, political motives, specific
operational and environmental requirements that need to be met.

The Reading public transport operator (UK) introduced 34 CNG
buses in april 2013. which at the time was the largest fleet of CNG
buses in that country. A major advantage of using CNG over the
Euro V diesel buses (the comparable traditional technology at the
time of purchase) was the reduction of harmful tailpipe emissions
including particulates, which are negligible. Estimates from
Reading Transport are that NOx emissions of their fleet of
biomethane buses are 30%-50% lower than comparable Euro V
diesel buses. As well as low emissions the buses are smoother and
quieter than conventional diesel engine buses [12].

The some basic criteria for evaluating alternative fuel are
reflected in the following:



The impact on the environment is becoming increasingly
important, because the introduction of new fuels sets strict
regulations for environmental protection.
The degree of danger during manipulation is a criterion,
which is also related to the impact of fuel on the
environment, whereby the technological process of
production and manipulation during exploitation must be
taken into account.

In the autumn of 2019, London got two routes 43 and 134,
which are the first bus lines in the UK that use only electric doubledecker buses. It has the largest electric bus fleet, with over 200
electric buses. For this year, an increase in this number of electric
buses is planned, as Transport for London (TfL) has awarded
contracts to operators for a further 78 electric double-decker buses.
Generally, for the past 10 years, London has been considered a city

Possibility of mass production as well as production from
renewable sources.
The overall economic aspect of the application of potential
fuel, and thus the specific price; it is evaluated per energy
unit, which has a direct impact on the transition to
alternative fuels.
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that has one of the largest fleet of green buses in Europe. In some
areas of the city there were 90 per cent fall NOx emissions [13].
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The Italian city of Turin has also replaced existing vehicles with
electric buses in the city center. In addition to the stated advantages
of zero emissions, vehicle maintenance costs have been reduced by
20%, while the life of the vehicle has been extended by also 20%.
The overall experiences of the operator and passengers have been
very positive [14].
Porto‟s public transport operator (STCP) has operated a fleet of
255 standard and articulated CNG buses since 2009. The models
used are MAN NL 233 CNG and MAN NL 310 CNG. These
vehicles performed better in terms of emissions than comparable
diesel models, produced less noise emissions and have been well
accepted by drivers and passengers [14].
In 2011, the city of Umea in Sweden tested electric buses on
certain bus routes, with very good results. According to data from
2016. in the city of Umea there were nine electric buses and two
hybrid buses on three lines 6, 9 and 80. In June 2019. an additional
25 electric buses are planned to be introduced [15]. Due to the fact
that there is clean wind energy and hydroelectric power plants in
Umea, buses can run entirely on clean energy. Buses use LTO
batteries that can be charged within 6 minutes for an hour‟s drive
[16].
In the summer of 2019. the formation of public transport lines
with zero emission in Barcelona has begun. TMB company has
procured 23 e-buses, which will replace existing diesel vehicles.
They has a plan to renew the fleet of city buses in Barcelona with
the introduction of 266 electric, hybrid and natural gas buses in the
period 2019-2021. The final plan is that by 2030 the whole TMB
fleet will be made only of alternative drive buses [17].

5. Conclusion
With the global energy system at a crossroads and current
European and global trends largely based on fossil fuels, the future
of alternative fuels and vehicles using alternative fuels is yet to
come. It seems that the demands of climate policy and the economic
interests that are placed before society have found their place in the
politics of most European and world countries. Attempts are being
made to change the current position on mobility, ie transport, in
favor of modern and obviously necessary strategies on
sustainability. Since there are different alternative fuels, it is
necessary to make a detailed analysis before introducing vehicles
with these types of fuels into the transport system. Countries that
have not yet started using vehicles with alternative fuels can use the
experience of countries that have already started using them.
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The power train layout (configuration) of BEV with REx looks
very similar to that one, which the series hybrid vehicles use. The
main role of the range extender unit is to increase the vehicle travel
range to an acceptable level when it is necessary. However, in most
cases this device has to serve only as a safety measure, to remove
the anxiety of staying broken down on road with a flat (discharged)
battery.

1. Introduction
Alternative fuel vehicles are growing in popularity these days,
especially the battery electric vehicles (BEVs). The pure electric
power train of vehicles appeared more than a century ago. Since
that time the available technologies, manufacturing processes and
human knowledge have been changing incredibly. Thanks to these
prerequisites, it is possible nowadays to create much better allelectric powered vehicles with significant enhancement in
efficiency and performance.

2. Electric vehicle with Range Extender
Electric Vehicle Modelling and Simulation. Nowadays, in the
automotive industry there are different simulation software
products, which are used for convenient analyses of vehicles and
their power trains (engines, transmissions, etc.) during the design
process. For the next simulations, the package GT-SUITE from
Gamma Technologies is used.
This paper presents a brief comparison between a traditional
battery electric vehicle (BEV) and a modified electric vehicle
equipped with a range extender. In that case, simple models are
prepared for a simulation study and then properties of the vehicles
are explored. To compare how the vehicles perform under different
circumstances, basic simulation analyses are done in the conditions
of two driving cycles - the old NEDC and the new WLTP.

Fig. 1. A Range Extender System with Twin Cylinder Boxer IC Engine from
Robby Moto Engineering, Italy.

Vehicle Simulation Model. As a representative example, a
simple EV model is studied. The vehicle itself is equipped with a
battery electric system and a single electric traction motor. The
motion goes through a single drive shaft and a differential to the
axles of the wheels. An external power source recharge the
batteries, but a regenerative brake mode can be also present.

Despite that, a disadvantage still prevents electric vehicles from
a greater success (besides the high price). This disadvantage is the
limited vehicle range, i.e. electric vehicles can travel less distance in
comparison with conventional ones. Logically, the next step has to
be a refinement of the available battery technologies (increasing the
capacity, lowering the weight, lowering the price). This requires a
large amount of further research and additional time. Fortunately,
there is another very interesting and more accessible solution such
as a discreet modification of the traditional all-electric vehicle. The
vehicle power train system itself is supplemented with an additional
auxiliary power unit, which is called commonly range extender
(REx): it extends the reachable travel range of the vehicle by
supplying the battery system with additional electrical energy
directly on the road (during driving). A REx unit consists of a
different power source: commonly a small internal combustion
engine (ICE) that drives an electric generator (EG) to produce
electrical energy for supplying (charging) the batteries of the
vehicle.

As a next step, the same EV power train configuration is
transformed to a ReEV one. The additional REx unit includes
models of an IC engine and an electric generator. This ReEV
architecture is similar to the layout of the series hybrid vehicles. For
simplicity, a single simulation model is used to perform all analyses
for both vehicles. The vehicle parameters are modified for each type
of vehicle, e.g. in the pure EV the IC engine is simply disconnected.
BEV 60 Ah

BEV 94 Ah

REx 60 Ah

Vehicle weight [kg]

1270

1320

1390

Battery weight [kg]

230

280

230

REx weight [kg]

-

-

120

EM power [kW/rpm]

125/4800

125/4800

125/4800

Fig. 3. Some EVs Parameters

Three different configurations are reviewed: 1) an EV with 60
Ah battery, 2) the same EV with a REx unit and 3) the same EV
with 94 Ah battery. Their analysis shows the differences in
reachable electric range just by changing the size of the battery and
the contribution of using a range extender instead of increasing the
battery size. This quick study reveals also some preliminary
parameters of the range extender unit.

Fig. 2. A Range-Extended Electric Vehicle (ReEV).
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specific battery SoC is reached. The total vehicles range is
presented below.

Most of the important parameters are inspired from products
available on the market, i.e. BMW i3 series EV. The EV simulation
models are not calibrated in any way and the provided input data are
roughly adjusted to correspond to BMW parameters. Fig. 4 presents
the described simulation model in GT-SUITE.

BEV 94 Ah
NEDC
WLTC
REx off

REx on

0,0

50,0

100,0

150,0

200,0

250,0

Total vehicle range [km]
Fig. 6. A Comparison of the Total Vehicle Range
Fig. 4. A Vehicle Simulation Model in GT-SUITE.

Right now, it is roughly known what amount of power is needed
for an IC engine in a REx unit to prolong the EV range. In the
model example, a 20 kW IC engine can roughly provide 50 %
longer travel range in both NEDC (+93 km) and WLTP (+80 km)
compared to BEV 94.

Some results from EV simulations can be seen below. For
simplicity, a single simulation model is used to perform all
analyses. The vehicle parameters are modified for each case and in
the pure EV the IC engine is disconnected.

3. Internal Combustion Engine for EV Range
Extender Unit

EV Simulation Results. The overall EV range is estimated by
performing the selected driving cycle a few times in a sequence
until the battery is fully discharged. The results show that by
increasing the capacity of the battery from 60 to 94 Ah, i.e. adding
additional 50 kg of weight, the EV can drive 65/53 km more in the
NEDC/WLTP accordingly (i.e. +53 % for both).

The REx unit has to satisfy different requirements. Most of
them depend on the IC engine itself such as fuel consumption,
efficiency, exhaust emissions, costs, assembly size and weight,
NHV properties etc. Shortly, the IC engine in a REx unit has to be
small, compact and efficient. A naturally aspirated (NS) spark
ignition (SI) IC engine seems to be the most suitable for this
application because of its simplicity and undemanding design.

BEV 94 Ah
At the beginning of the design process of a new reciprocating
IC engine, there are four essential points, which need to be
determined. They will significantly affect the engine design, size,
performance and behaviour. They are as follows: the engine
displacement volume needed to generate the required power, the
number of the cylinders which the displacement volume will be
divided to, the cylinder geometry (bore and stroke), and the engine
(cylinders) configuration.

NEDC

REx 60 Ah

WLTC
BEV 60 Ah
0,0

50,0

100,0

150,0

200,0

For an estimation of the IC engine displacement volume Vd, the
engine can be considered as a positive displacement air pump. To
produce a certain amount of work (power P at a specific engine
speed), the IC engine has to burn an appropriate quantity of fuel. To
ensure a complete combustion of the fuel a sufficient amount of air
has to enter into the engine. After a rough outline of the expected
torque curve and prediction of the brake specific fuel consumption
(BSFC), as well knowing the air to fuel (A/F) mass ratio, the needed
mass airflow can be calculated as follows.

Electric range [km]
Fig. 5. A Vehicle Electric Range.

ReEV Simulation Results. One more important question
appears here: what amount of power the IC engine in the range
extender unit has to generate and of course, how the engine
operating to be controlled: when to start and stop it to guarantee an
appropriate optimal extension of the vehicle range. The preliminary
results indicate that an engine with output power of about 20 kW to
30 kW has to be enough for ensuring an acceptable extension for
this vehicle segment. For this model example, only one engine
operating point is used (power of 20 kW). Clearly, it is meaningful
to develop a more advanced control strategy with more than one
operation points of the range extender.

𝑚𝑓𝑢𝑒𝑙 = 𝐵𝑆𝐹𝐶. 𝑃 → 𝑚𝑎𝑖𝑟 = 𝑚𝑓𝑢𝑒𝑙 . 𝐴/𝐹 → 𝑉𝑑 =

𝑚𝑎𝑖𝑟
𝜌𝑎𝑖𝑟 .

𝑛
2

. 𝜂𝑣𝑜𝑙

In our case, the objective is to propose a new NA spark ignition
IC engine for an application in a REx unit for EVs. Let us state the
IC engine has to deliver a power of 20 kW at 4000 rpm. It can be
assumed the specific fuel consumption at that power could be
around 250 g/(kW.h). In addition, an engine volumetric efficiency
of around 90 % at that speed is supposed. The estimated
displacement volume is calculated for these assumptions as 586
cm3.

Because at that moment the parameters and properties of the IC
engine are completely unknown, the simulation model is simplified.
The IC engine is represented in the model by simple mechanical
components that simulate the function of the engine just by
applying torque and speed to the rotating shaft. In the electric mode,
the state of charge (SoC) of the battery is set to 100 %, i.e. fully
charged. The simulation runs the vehicle in the specific driving
cycle a few times until the battery is completely depleted (fully
discharged). In the REx mode the range extender is started when a

A next critical issue to decide is how to divide the IC engine
displacement volume, i.e. the number of cylinders and their
orientation. The engine layout has serious impact to costs,
complexity, components mass, engine speed, acting mechanical
forces and their balancing, surface to volume ratio, losses etc.
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An essential point to solve is the ratio of the cylinder bore (B)
and the piston stroke (S). In theory, for a specific cylinder
displacement, an endless number of bore to stroke (B/S) ratios is
feasible. However, selecting the right B/S ratio will significantly
affect the overall size and design of the engine (i.e. engine block
length and height). Moreover, it has an essential impact on the
engine performance, efficiency and losses.

variants meet the power requirement. The maximal value of power
occurs at B/S ratio 1,1 - 1,3. It is clear that the engine with higher
B/S ratio performs better at this speed.
The pistons move in a reciprocating manner and continuously
change their velocity and acceleration during the strokes. The piston
velocity is zero at TDC, and the piston accelerates to its maximum
velocity around the middle of the stroke, and then decelerates and
stops at BDC at every stroke. The maximum values of the piston
velocity and acceleration depend to the stroke length and the engine
speed. A higher rate of acceleration causes higher mechanical
stresses of the engine components. An effective method for stating
the engine design limits is to define the mean (average) piston speed
(Vp = (Stroke.rpm)/30 [m/s]). The mean piston speed is one
parameter that limits an engine structural design. A higher piston
speed increases friction and wearing, but it increases also the load
forces in the connecting rod. In some cases, it is possible to reduce
the stress in the connecting rod by using of a longer connecting rod
in a combination with a shorter and lighter piston. Fig. 9 shows a
comparison of engine variants from this point of view.

ICE Simulation Model. A simple study (sensitivity analysis)
can show the impact of the B/S ratio on the IC engine behaviour.
For a better image, the IC engine displacement is maintained at a
constant value and a few different B/S ratios are used. For this aim,
a simple model of a twin-cylinder boxer IC engine in GT-SUITE is
used for a parameters analysis. At this stage of the IC engine design,
there are many unknown parameters and some assumptions are
done. Some parameters of the IC engine that can also significantly
affect the engine behaviour are considered and maintained similar
for all variants, e.g. compression ratio (CR), ignition and valve
timing, intake and exhaust system (diameters and lengths), etc.
However, their further design and optimization are needed.
ICE Simulation Results. Some output parameters of the IC
engine, as the brake power produced at the specific speed, the brake
fuel consumption and the volumetric efficiency at that speed are
presented.

Mean piston speed [m/s]

16

Displ. vol. [cm3]

B/S Ratio

Bore B [mm]

Stroke S [mm]

0,6

60,7

101,2

585,7

0,7

63,9

91,3

585,6

0,8

66,8

83,5

585,6

0,9

69,5

77,2

585,6

1,0

72,0

72,0

586,3

1,1

74,3

67,6

585,6

1,2

76,5

63,8

585,6

1,3

78,6

60,4

585,6

1,4

80,5

57,5

585,6

12
10
8
6
0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
B/S ratio

Fig. 9. A Mean Piston Speed at 4000 rpm

Fig.10 presents the IC engine volumetric efficiency at defined
speed. The results corresponds with the preliminary assumption
made at the beginning of the IC engine design process.

Fig. 7. An Overview of Bore/Stroke Ratios

Volumetric Eff. [%]

96

The cylinder bore specifies the size (diameter) of the intake and
exhaust valves. That is why, the B/S ratio and the parameters of the
valve train system have to be tuned together to optimize the
cylinder charge exchange and thus, the engine performance. A
larger value of B/S ratio, i.e. a larger cylinder bore, will make
possible operating at higher engine speeds and together with larger
valves (i.e. an optimized intake velocity) will ensure a higher power
density. On the other hand, a smaller value of B/S ratio, i.e. a longer
stroke, will allow locating the peak power at lower engine speeds.

Brake power [kW]

14

94
92
90
88
86
84
0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
B/S ratio

25
24
24
23
23
22
22
21
21
20

Fig. 10. A Cylinder Volumetric Efficiency at 4000 rpm, CR 12

The B/S ratio affects significantly the heat transfer process in
the cylinders and the combustion efficiency. For a number of
reasons, the design and optimization of the combustion chamber
with a rising bore diameter is getting more and more complicated.
The B/S ratio has a major impact on the shape of the combustion
chamber for a specific cylinder size. The rising bore diameter will
cause a change of the aspect ratio of the combustion chamber to a
shallow disc.

0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
B/S ratio

The achievable engine compression ratio (CR) is also dependent
on the B/S ratio, which specifies the volume of the cylinder and the
combustion chamber. A higher CR is necessary to enhance the
engine thermal (and fuel) efficiency. For a given displacement, it is
not easy to reach a high CR. With a growing cylinder bore, the

Fig. 8. An Output Power at 4000 rpm, CR 12

The brake (output) power, which the engine generates at 4000
rpm is presented in Fig. 8, where it can be seen that all engine

110

TRANS MOTAUTO WORLD, ISSUE 3/2020

Fig. 13. Brake Specific Fuel Consumption at 4000 rpm, CR 12

piston stroke shortens and the compression chamber height shortens
also, and an interference of the valves and the piston crown can
occur at TDC.

Compression ratio [-]

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 _𝑅𝑎𝑡𝑖𝑜 =

Also the values of the fuel consumption in the simulation are more
optimistic than the preliminary expected value of 250 g/(kW.h).

𝑉𝑜𝑙𝑢𝑚𝑒_𝑚𝑎𝑥 𝑉𝑐𝑐 + 𝑉𝑐𝑦𝑙
=
𝑉𝑐𝑐
𝑉𝑜𝑙𝑢𝑚𝑒_𝑚𝑖𝑛

4. Summary
This paper presents a brief outline of the problems connected to
the design of range-extended electric vehicles. An initial study of
vehicle properties shows a comparison of a traditional BEV and the
same vehicle equipped with a REx unit to ensure an extension of the
vehicle range. The results confirm the fact that the EVs with REx
have a great potential and need a further research. In the Figure 14
one more challenge can be seen, i.e. the weight of the REx unit is
also deciding (of course together with the solution price). Therefore,
the main question is: is it worth going to a higher battery capacity or
to a REx unit from this point of view (i.e. weight vs. price)?

16
15
14
13
12
11
10
9
8

300
Vehicle range [km]

0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
B/S ratio
Fig. 11. A Compression Ratio for Equal Combustion Chamber Height

The B/S ratio slightly affects the engine frictional losses. A
larger B/S ratio means that a similar peak combustion pressure will
act on an increased piston surface area and this will cause higher
loads on engine components and bearings (Fig. 12). That is
necessary to take into account during the design and optimization of
all separate engine components. Higher loads will result in a need
for larger bearings and higher hydrodynamic losses. The mass of
the piston grows as a function of the bore and this will negatively
affects the inertial forces, which also increases the loads. On the
other hand, a longer piston stroke will result in a higher mean piston
speed, which leads to an increase of friction between the piston and
piston rings and the cylinder wall.

1250

A brief overview of some issues related to the IC engine design
for REx units for EVs is presented here focusing on the main IC
engine parameters (geometrical properties): the cylinder bore and
the piston stoke. The research outlines some trends how the relation
between these two parameters (B/S ratio) can affect the
performance and behaviour of the engine. A basic review of a
possible REx unit IC engine layout – a twin cylinder spark ignition
boxer IC engine with displacement volume of 586 cm3 is presented
and a preliminary simulation study has shown the sensitivity of the
engine parameters and its performance to different B/S ratios.

25,0
Pressure [Mpa]

In any case, a further study and optimisation of the IC engine
parameters and its individual systems will give better advice which
parameter values are better and more suitable. According to the
noticeable at this design stage trends, most of the IC engine
parameters are getting better with a higher value of B/S ratio. So a
B/S ratio of around 1,1 - 1,2 could be recommended. A magic rule
for a right selection of the parameters does not exist. The ratio
between the cylinder bore and piston stroke of the IC engine
depends on many different factors and of course, on the engine
purpose. That is why the general knowledge and engineering
experience have to be always supported additionally with
parametric studies (simulations) and optimizations.

10,0
5,0
0,5 0,6 0,7 0,8 0,9 1 1,1 1,2 1,3 1,4 1,5
B/S ratio
Fig. 12. Force on piston vs. cylinder peak pressure at 4000 rpm, CR 12

Fig. 13 shows the engine brake specific fuel consumption
(BSFC) at the defined speed. It can be seen that the variants of an
IC engine with B/S ratio of 1,0 to 1,3 have one of the best fuel
economy.
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1300
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Fig. 14. BEV vs. ReEV Range Comparison
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