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Abstract: Results of tests into the energy-efficiency of belt conveyor transportation systems indicate 
that the energy consumption of their drive mechanisms can be limited by lowering the main re-
sistances in the conveyor. The main component of these resistances is represented by belt indenta-
tion rolling resistance. Limiting its value will allow a reduction in the amount of energy consumed 
by the drive mechanisms. This article presents a test rig which enables uncomplicated evaluations 
of such rolling resistances. It also presents the results of comparative tests performed for five steel-
cord conveyor belts. The tests involved a standard belt, a refurbished belt and three energy-saving 
belts. As temperature significantly influences the values of belt indentation rolling resistance, the 
tests were performed in both positive and negative temperatures. The results indicate that when 
compared with the standard belt, the refurbished and the energy-efficient belts generate higher and 
lower indentation rolling resistances, respectively. In order to demonstrate practical advantages re-
sulting from the use of energy-saving belts, this article also includes calculations of the power de-
mand of a conveyor drive mechanism during one calendar year, as measured on a belt conveyor 
operated in a mine. The replacement of a standard belt with a refurbished belt generates a power 
demand higher by 4.8%, and with an energy-efficient belt—lower by 15.3%. 
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1. Introduction 
Research into energy-saving conveyor belts has been conducted by scientists, belt 

manufacturers, and by users of belt conveyors [1–3]. The choice of appropriate materials 
and designs in energy-saving belts has also been an object of interest at Wroclaw Univer-
sity of Science and Technology, where unique research methods and test rigs have been 
developed [4–6]. This research has been performed in cooperation with conveyor belt 
manufacturers and with the largest operators of such belts, i.e., with surface lignite mines, 
underground copper ore mines, as well as with hard coal mines. The focus has been 
placed mainly on steel-cord belts, as belts of this type are typically used on conveyors 
having greatest lengths and capacities, and such conveyors are operated in lignite mines. 
The drive mechanisms of such conveyors also allow greatest savings in electricity con-
sumption. As a matter of fact, manufacturers of single-ply textile belts with aramid core 
and of multi-ply textile belts with polyamide-polyester core have recently started to ex-
press interest in the energy-efficiency of such belts as well, and this fact represents a prom-
ising further research option [7]. 

The need for investigations into lower energy consumption of belt conveyor drive 
mechanisms is demonstrated not only by successful and tested implementations abroad 
[8–10], but also, and most importantly, by the popularity of belt conveyors in the Polish 
mining industry. Recent long-haul conveyors incorporate unconventional technical solu-

Citation: Bajda, M.; Hardygóra, M. 

Analysis of the Influence of the Type 

of Belt on the Energy Consumption 

of Transport Processes in a Belt  

Conveyor. Energies 2021, 14, 6180. 

https://doi.org/10.3390/en14196180 

Academic Editor: Sergey Zhironkin 

Received: 1 September 2021  

Accepted: 24 September 2021 

Published: 28 September 2021 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/). 



Energies 2021, 14, 6180 2 of 18 
 

 

tions, which result from research works performed into belt conveyor resistances to mo-
tion [11,12]. In the near future, similar solutions are expected to be introduced in the Polish 
mining industry. In Polish copper ore mining plants, discussions have intensified on the 
need to replace series of short belt conveyors with several long steel-cord conveyors. 
Promising experiments and economic results are also reported by some hard coal mines, 
where rail transportation has been replaced with long belt conveyors [13]. 

An analysis of belt transportation systems in Polish copper ore mines shows the scale 
of the issue [14,15]. Currently, three mines operated by KGHM Polska Miedz S.A. have 
185 conveyors (40 in the Lubin mine, 65 in the Rudna mine, and 80 in the Polkowice-
Sieroszowice mine) with over 245 km of belts installed. The majority of these belts are 
textile multi-ply belts. The power of the drive systems installed on the conveyors is 68 
MW. The Turow lignite mine operated by PGE Gornictwo i Energetyka Konwencjonalna 
S.A. uses more than 160 km of conveyor belts having widths from 1400 mm to 2250 mm, 
70% of which are steel-cord belts. The Belchatow mine operated by the same company has 
over 240 km of steel-cord conveyor belts. The power of the drive mechanisms used in this 
mine and working in the loader─conveyor─stacker (LCS) system is more than 470 MW. 
Thus, mining companies are interested in lowering the operating costs of belt conveyor 
transportation, which depend on the costs of electricity consumption and on the operating 
costs of the conveyor elements, in particular belts, idlers, and drive mechanisms. 

Considering the application range of belt conveyors in Polish lignite mines and the 
number of steel-cord belts installed on these conveyors, electricity savings from the drive 
mechanisms seem vast. The scale of such savings is currently being analyzed at the 
Belchatow mine [16,17]. 

This article presents the results of comparative research into the energy-efficiency of 
steel-cord conveyor belts. It describes the impact of replacing traditionally used belts with 
energy-efficient belts on the lowering of the power demand from belt conveyors. This im-
pact is shown using the example of a conveyor operated in the Belchatow mine. The tests 
were performed with steel-cord belts as test objects, as this type of belts dominates in lig-
nite mines. However, many other types of conveyor belts exist, which are commonly used 
in other branches of industry [18,19]. 

2. Materials and Methods 
2.1. Belt Indentation Rolling Resistance 

When a viscoelastic belt rolls on idler sets, a part of its energy is transformed (dissi-
pated). The increase of the force in the belt required to overcome the energy losses on an 
individual idler set is defined as the belt indentation rolling resistance, or the rolling re-
sistance of the belt on idlers. In a model-based approach, it is the resistance that accompa-
nies the movement of a rigid cylinder (idler) rolling on a deformable surface (belt) [20]. 

The identification of the belt indentation rolling resistance was attempted with the 
use of theoretical data [21]. Furthermore, complicated experimental tests were performed 
on a conveyor and their results served to define coefficients, which additionally allowed 
for how rolling resistances are influenced by the belt trough, the belt design, and the force 
in the belt, as well as by the degree to which the belt is loaded with the transported mate-
rial [22,23].  

In publications [24,25], rheological models were used to derive formulas, which were 
for the first time based on physical parameters, including the viscoelastic properties of the 
belt, in such a way that they can be applied to any type of belt. Viscoelastic properties 
describe the behavior of elastomers at a defined load, providing a nonlinear relationship 
between the load and the deformation, as well as between the load and the deformation 
velocity. Experimental tests [26] allow accounting for the influence of certain conveyor 
operating parameters, i.e., belt velocity and ambient temperature, on belt rolling re-
sistances, which is important, as conveyor belts work in extremely different climate con-
ditions. The previous publications are based on both theoretical models and laboratory 
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tests. The missing element was for these results to be confirmed in actual conveyor oper-
ating conditions [27]. Extensive research on how the properties of belts and their bottom 
covers influence belt indentation rolling resistances was presented in [28]. The tests in-
cluded materials used in the bottom covers of conveyor belts made of various rubber types 
and with various additions of soot. They were performed in a laboratory, on a dedicated 
test rig in a climatic chamber, at uniform load, velocity, idler diameter, and cover thick-
ness. The lowering of ambient temperature has been observed to have a negative influence 
on the indentation rolling resistances of the investigated belts.  

An increase of belt indentation rolling resistances due to increasing belt loads is an 
important design factor in the case of long belt conveyors. Publication [29] describes a 
dedicated test rig for measuring belt indentation rolling resistances. The measurements 
can be performed based on belt load, belt velocity, idler diameter, ambient temperature, 
and type of rubber mixtures used in belt covers.  

The above-discussed publications have become a basis for introducing national 
standards describing methods for measuring belt indentation rolling resistances [30–32]. 
In both cases, the rolling resistances were identified with the use of belts closed in loops. 
In order to reduce the test costs related to the significant length of the belt test sections, 
which need to be additionally spliced in loops, a small-scale rolling resistance test method 
has been proposed [33].  

The literature also proposed variable velocity adjustment as a means for improving 
the operating effectiveness of belt conveyors [34]. A reduction of the electric energy con-
sumption in transportation systems comprising belt conveyors can also be achieved by an 
optimal use of the operating schedule of such systems [35–41]. 

The phenomena occurring in the belt during the implementation of the propulsion 
process are described in the measurement methodology of other researchers [42], and 
make it possible to determine the energy consumption of the implemented processes.  

Results of tests into the energy-efficiency of belt conveyor transportation systems 
[43–45] demonstrate that the energy consumption of their drive mechanisms can be lim-
ited by lowering the main resistances in the conveyor. Main resistances are related to the 
movement of the belt on the idler sets and are a sum of components depending on belt 
properties. They include belt indentation rolling resistance and belt flexure resistances. 
The remaining components of main resistances are represented by resistances independ-
ent of the belt properties. They include idler rotational resistances, material flexure re-
sistance and sliding resistance of the belt on idlers. An analysis of belt movement on idler 
sets indicates that belt indentation rolling resistance and belt flexure resistance are signif-
icantly influenced by the properties of the conveyor belt, which account for approximately 
60% of the main resistances in the conveyor. A vast majority of the main resistances (ap-
proximately 80%) is in turn represented by belt indentation rolling resistances. They can 
be minimized with adequately selected bottom covers of the conveyor belt. Belt indenta-
tion rolling resistance most significantly affects the electricity consumption level of the 
belt conveyor. Therefore, with appropriate bottom covers, belts can be designed to have 
reduced rolling resistances and thus the electric energy consumption of conveyor drive 
mechanisms can also be reduced. As a result, such a conveyor belt becomes an energy-
saving belt. 

This article presents a dedicated test rig and a practical method for conveyor belt tests 
with respect to identifying unit indentation rolling resistances. Such phenomena as con-
tamination on the belt, belt wear and tear, abrasion of the covers, or belt cuts, which all 
occur frequently on the belt conveyors operated in a mine, are not observed during labor-
atory tests and therefore their influence was not accounted for in the measurement results. 

2.2. Test Rig 
The simplest and also the most accurate method for testing belt indentation rolling 

resistances consists in performing measurements according to the schematic diagram of 
Figure 1. 



Energies 2021, 14, 6180 4 of 18 
 

 

 
Figure 1. Schematic diagram illustrating measurements of the resistance of an idler rolling on the conveyor belt. 

The principle behind this measurement is as follows. A conveyor belt having a width 
B is placed on a rigid and even surface, with the bottom cover facing upwards. An appro-
priate idler having a mass m and a moment of inertia Ir, normally engaged with such a 
belt on an actual conveyor, is rolled on the belt with a velocity V1. Due to the rolling re-
sistances, the idler rolls on the belt with a negative acceleration, losing its velocity and 
reaching a velocity value V2. If the time t required by the idler to travel a distance s is 
measured, the result can serve to calculate the negative acceleration (the deceleration) of 
the idler, and subsequently, by following relationship (1), to find the unit indentation roll-
ing resistance We: 
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Symbols used in Equation (1) represent: 
We—unit indentation rolling resistance, N/m (the contact zone between the idler and 

the belt is 1 m);  
m—mass of the idler, kg; 
Ir—moment of inertia of the idler, kg·m2;  
r—radius of the idler, m; 
a—deceleration, m/s2. 
However, the above-described method has some limitations, which prevent its prac-

tical usage. These include the following points: 
• The weight of the idler is relatively small compared with the mass of the belt and the 

carried material. Loading a single idler with an additional force required to obtain a 
desired pressure is practically impossible. The idler mass cannot be simply increased, 
as this would entail increasing its diameter and the moment of inertia. In effect, the 
idler parameters would be significantly modified in comparison to typical idlers used 
on an actual conveyor. 

• The initial velocity V1 of the idler rolling on the belt should be approximately 3.5–6.5 
m/s, so that it adequately represents the actual velocities of steel-cord belts operated 
on conveyors in surface lignite mines. The idler should roll on the belt along a dis-
tance of more than ten meters, so that the difference between V1 and V2 is significant 
and allows the required measurement accuracy. 

• The measurement can also be performed until V2 reaches a velocity equal to 0. In such 
a case, the belt specimen needed in the test should be more than 20 m in length. The 
belt manufacturing technology, the dimensions of vulcanization presses and the 
price of materials cause the cost of such a specimen to be very high and in fact pro-
hibitive to potential clients. In the case when V2 = 0, the measure in the test is the 
distance s traveled by the idler until it stops. An idler rolling on a belt with reduced 
rolling resistance will travel a longer distance in comparison to a belt having higher 
rolling resistance values.  
Considering the above, ensuring that an idler can travel along a belt on a straight 

path is practically impossible. Importantly, each deviation from the rectilinear movement 
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path generates additional resistances and consequently could result in the idler leaving 
the belt. Taking into account the above limitations, a decision was made that the tests 
would be performed with the use of two idlers positioned in a dedicated metal frame. 
Owing to such a solution, the idlers can travel along the belt in a straight line. The carriage 
frame can be additionally loaded in order to exert a desired pressure force of the idlers on 
the belt. A limitation of the frame-loading option is that in such case calculations of the 
indentation rolling resistances must include the rotational resistances of idler bearings. 
These resistances can be measured, however. In order to minimize the dimensions of the 
test specimens, a decision was made that the idlers would roll on a belt placed on a rigid 
and slightly inclined surface. 

Design Concept 
The following assumptions dictated the design and preparation of the test rig for 

testing the conveyor belt indentation rolling resistance: 
1. The width of the tested belt specimen should be 0.5 m. 
2. The length of the test specimen should be approximately 7.5 m.  
3. The minimum length of the measurement section should be 5 m. 
4. The tested belt should be supported along its entire length and width by a flat and 

rigid surface. 
5. The tests should be performed with the use of two idlers secured in a rigid frame, 

which can be additionally loaded. It was also assumed that the outer diameter of the 
idler should correspond to the diameter of idlers used in the transportation of over-
burden in lignite mines and should be 190 mm, while the length of the idler coat 
should be 630 mm. The idlers should have a defined: 
- Moment of inertia Ir, kg·m2; 
- Rotational resistance Wk, N. 

6. The idler frame should be ready to accommodate weights in order to allow the idlers 
to exert a desired pressure against the belt. 

7. An initial velocity should be given to the idler frame with the use of an inclined plane 
having an inclination angle of approximately 65°. The length of this plane should 
enable such a carriage to obtain a maximum velocity V1 = 5 m/s with an option to 
adjust a lower velocity. 

8. In order to reduce the distance traveled by the carriage on the belt, its measurement 
section should be positioned at an ascending angle of approximately 5°. 

9. The test rig should be equipped with adjustable clamps allowing the proper position-
ing of both the raceway and the inclined plane, so as to ensure that the carriage trav-
els in a straight line along its entire path on the tested belt. 

10. The required weight of the loading carriage to be rolled on the belt installed in the 
test rig was calculated based on an average annual load on three-idler sets, which 
work with a conveyor belt of 1800 mm in width, have a trough angle of 45°, and are 
spaced at 1.2 m. The calculations were performed with the following parameters: 
- The nominal cross-sectional area of the transported material on the three-idler set 

is 0.425 m2, 
- The bulk density of the transported overburden is 1600 kg/m2, 
- The average annual load on the conveyor is equal to 40% of the belt nominal load, 

based on data provided in [46], 
- The belt width on the test rig is 0.5 m, 
- The number of idlers on the loading carriage is 2. 

The weight of the loaded carriage, as calculated based on the above data, should be 
234 kg. 

11. The travel time t of the carriage along a defined distance s should be measured with 
the use of tachometer probes, with an accuracy of up to 0.001 s. The tachometers 
should be secured in dedicated stands fixed to the ground in such a way that they 



Energies 2021, 14, 6180 6 of 18 
 

 

are isolated from the vibration of the test rig. In order to increase the measurement 
accuracy, it is recommended to use three such tachometer probes. 

12. The belt ends should be secured in clamps that allow the belt to be tensioned. 
Figure 2 schematically shows a test rig according to the assumptions described in 

points 1–12. 

 
Figure 2. Schematic representation of the test rig for measuring belt indentation rolling resistances. 

The symbols shown in Figure 2 are as follows: 
1—measurement section; 
2—belt specimen; 
3—inclined plane used to accelerate the carriage with two idlers; 
4—rigid raceway surface; 
5—section used to decelerate and stop the idler set; 
6—loading set—carriage with two idlers; 
7—carriage weights; 
8—system for lifting the carriage; 
9—belt tensioning system; 
10—tachometer probes Tacho 1, Tacho 2 and Tacho 3. 

13. The belt unit indentation rolling resistance We on the test rig according to the sche-
matic representation in Figure 2 should be calculated following Equation (2). A pa-
rameter Wp present in Equation (2) is related to the movement in height, as the car-
riage rolls on the belt arranged at an angle β with respect to the flat surface. This 
parameter is described by Equation (3): 
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βsin⋅⋅= gmWp , (3) 

Symbols used in Equations (2) and (3) represent: 
We—belt unit indentation rolling resistance, N/m; 
Wk—sum of the dynamic rotational resistances of the two idlers, N; 
Wp—carriage lift resistance, N; 
m—mass of the carriage, kg; 
a—deceleration, m/s2; 
Ir—moment of inertia of the idler, kg⋅m2; 
r—radius of the idler, m; 
g—acceleration of gravity, m/s2; 
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β—angle of the measurement section of the inclined plane; 
B—belt specimen width. 
Figure 3a shows the test rig for identifying belt indentation rolling resistances de-

signed and constructed according to the recommendations listed in points 1–13. Figure 
3b, on the other hand, shows the loading set comprising two idlers secured in a metal 
frame loaded with additional weights (the loading carriage).  

 
Figure 3. The test rig (a) and the loading carriage (b). 

2.3. Test Object 
The tests covered two conveyor belts used on conveyors operated in Polish surface 

lignite mines and three energy-saving belts with reduced rolling resistances. They are 
steel-cord belts type ST 3150 (cord diameter approximately 7.4 mm) having a tensile 
strength of 3150 kN/m. The test specimens were cut from conveyor belts 2250 mm in width 
(type B-2250). The test specimens are designated as follows: 
• 1-ST, standard belt commonly used in Polish lignite mines. 
• 1-ST-R1, standard belt after first refurbishment (regenerated). 
• 2-EO, energy-saving belt with a textile breaker in the top and bottom covers located 

2 mm from the steel cords. 
• 3-EO, energy-saving belt with a textile breaker in the top and bottom covers located 

2 mm from the steel cords. 
• 4-EO, another energy-saving belt with a breaker formed of textile cords in the top 

and bottom covers located 2 mm from the steel cords. 
The belt specimens had the following dimensions: length—7500 mm, width—500 

mm, thickness—29.5 mm. The thicknesses of the bottom covers were identical for all belts 
and were approximately 8 mm. Similarly, the thicknesses of the top covers and the cores 
were identical for all belts and were approximately 14 mm. 

Table 1 lists the following physical and mechanical parameters of the rubber covers 
(the top and the bottom covers) for the above belts: tensile strength, elongation at break, 
rubber abrasiveness and hardness. 

Table 1. Physical and mechanical parameters of the rubber covers. 

Belt Symbol 1-ST 1-ST_R1 2-EO  3-EO  4-EO  
Covers Top/Bottom Top/Bottom Top/Bottom Top/Bottom Top/Bottom 

Tensile strength, MPa 25.7/22.1 18.9/16.6 22.0/20.4 25.4/25.6 26.2/20.3 
Elongation at break, mm 590/490 588/695 491/491 567/440 575/447 
Abrasion resistance, mm3 89/108 144/155 98/71 90/108 107/91 

Hardness, °Sh A 62/63 64/59 64/63 62/68 61/66 
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The belts are types commonly used in Polish lignite mines for transporting overbur-
den to the waste heap and coal to the power plant. Adding reinforcement in the bottom 
cover improves the rolling parameters of the belt on the idlers (reduced indentation of the 
idler is observed). On the other hand, adding a textile reinforcement in the top cover im-
proves the resistance of the belt to failures in normal operation, such as punctures, longi-
tudinal cuts, and tears.  

2.4. Test Method 
The measurement was performed as follows. The belt specimen 500 mm in width 

and 7500 mm in length is secured in clamps and tensioned, ensuring its stability. The belt 
specimen is positioned on a rigid, metal surface, with the bottom cover facing upwards. 
The loading carriage is lifted on an inclined plane to an appropriate height, so that it can 
travel with a set velocity V1 in the first velocity measurement point in which velocity is 
measured with the use of the tachometer probe. After the release system is triggered, the 
loading set with two idlers rolls on the bottom cover of the belt, and three tachometer 
probes record the time t needed by the carriage to move along the belt. Prior to the meas-
urement, the specimen was conditioned at an appropriate temperature. The measure-
ments were performed in temperatures both above and below zero degrees Celsius. The 
temperature of the belt was measured at several locations along its length. The measure-
ment was performed in the conditioning temperature. Nine measurement points were 
recorded. Figure 4 shows an illustrative record of the carriage travel time. 

 
Figure 4. Time needed by the carriage to travel along the belt, as recorded by the Tacho 1, Tacho 2 
and Tacho 3 probes. 

The measurement results served to plot a graph of the distance traveled by the car-
riage in a function of time s = f(t). The results were approximated with Equation (4): 

,
2

2
oo stvtas ++=

 
(4) 

where: 
a—carriage deceleration in uniformly retarded motion, m/s2; 
t—travel time of the carriage on the belt, s; 
vo—carriage initial velocity, m/s;  
so—free term. 
The value of deceleration a found from Equation (4) was used to calculate belt unit 

indentation rolling resistance We in accordance with Equation (2). 
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2.5. Research Scope 
The laboratory tests included the identification of unit indentation rolling resistances 

for 5 steel-cord conveyor belts. The tests were performed with the use of two standard 
load-carrying idlers working on a conveyor with an 1800 mm wide belt (type B-1800). The 
idlers had the following parameters:  
• Diameter D = 190 mm; 
• Coat length l = 630 mm; 
• Moment of inertia Ir = 0.173 kg·m2; 
• Rotational resistance of a single idler Wk = 4.38 N; 
• The belt was loaded with unit forces 2.3 kN/m, which corresponded to the weight of 

the loading set. The calculations of the required carriage weight on the test rig were 
performed on the basis of the guidelines presented in point 10 of Section 2.2, 

• Initial carriage velocity approximately 3.5 m/s; 
• Measurement section length 5.20 m; 
• The test temperature corresponded to the conditioning temperature. 

Belt indentation rolling resistances depend on the ambient temperature, and there-
fore, in order to identify these relationships, the tests were performed at positive temper-
atures of 23.0 ± 2.0 °C and 7.5 ± 2.0 °C and at a negative temperature of –9.0 ± 2.0 °C. The 
temperature was measured on the bottom cover of the belt.  

The scope of research into the indentation rolling resistances of standard and energy-
saving belts includes a comparison of: 
• the influence of bottom cover parameters on indentation rolling resistances;  
• the influence of bottom cover design on indentation rolling resistances; 
• the influence of bottom cover refurbishment on indentation rolling resistances. 

The tests were performed for one specimen of each belt type, and the carriage trav-
eled along the belt in ten repetitions. The obtained indentation rolling resistance values 
were compared with the results obtained for the standard 1-ST belt. 

3. Results 
Tables 2 and 3 show, respectively, values representing mean carriage travel times on 

belts at the positive temperatures of 23.0 ± 2.0 °C and 7.5 ± 2.0 °C. Table 4, on the other 
hand, shows values representing mean carriage travel times on belts at the negative tem-
perature of −9.0 ± 2.0 °C. The tables contain mean carriage travel times t along a distance 
s on the belt, as recorded by the three tachometer probes. In the first research stage, the 
carriage travel times were measured at the beginning and at the end of the measurement 
section with the use of two tachometer probes (Tacho 1 and Tacho 2). However, because 
of the nonlinear character of the phenomena occurring in the belt as the idlers roll on it, 
an additional third probe (Tacho 3) was introduced in the middle of the belt length. As a 
result, nine measurement points were defined, which allowed Equation (4) to be fitted 
with more precision. 

Table 2. Belt test results at a temperature of 23.0 ± 2.0 °C. 

Rolling Distance of the Carriage 
on the Belt s (m) 

Probe Tacho 1 Probe Tacho 2 Probe Tacho 3 
0 0.273 0.772 2.175 2.448 2.947 4.389 4.662 5.161 

Mean travel time of 
the carriage on the 

belt t (s) 

1-ST 0 0.0833 0.2295 0.6870 0.7849 0.9657 1.5716 1.7071 1.9738 
1-ST-R1 0 0.0831 0.2302 0.6909 0.7894 0.9716 1.5859 1.7255 1.9966 

2-EO 0 0.0835 0.2315 0.6935 0.7929 0.9764 1.5882 1.7289 2.0002 
3-EO 0 0.0836 0.2301 0.6874 0.7865 0.9670 1.5685 1.7063 1.9692 
4-EO 0 0.0841 0.2312 0.6925 0.7910 0.9733 1.5800 1.7158 1.9830 
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Table 3. Belt test results at a temperature of 7.5 ± 2.0 °C. 

Rolling Distance of the Carriage 
on the Belt s (m) 

Probe Tacho 1 Probe Tacho 2 Probe Tacho 3 
0 0.273 0.772 2.175 2.448 2.947 4.389 4.662 5.161 

Mean travel time of 
the carriage on the 

belt t (s) 

1-ST 0 0.0795 0.2243 0.6746 0.7706 0.9487 1.5470 1.6805 1.9417 
1-ST-R1 0 0.0795 0.2248 0.6760 0.7721 0.9508 1.5544 1.6898 1.9564 

2-EO 0 0.0798 0.2250 0.6764 0.7726 0.9509 1.5499 1.6843 1.9460 
3-EO 0 0.0794 0.2241 0.6739 0.7693 0.9469 1.5426 1.6748 1.9328 
4-EO 0 0.0793 0.2244 0.6737 0.7689 0.9464 1.5375 1.6687 1.9236 

Table 4. Belt test results at a temperature of −9.0 ± 2.0 °C. 

Rolling Distance of the Carriage 
on the Belt s (m) 

Probe Tacho 1 Probe Tacho 2 Probe Tacho 3 
0 0.273 0.772 2.175 2.448 2.947 4.389 4.662 5.161 

Mean travel time of 
the carriage on the 

belt t (s) 

1-ST 0 0.0830 0.2305 0.6977 0.7990 0.9871 1.6358 1.7891 2.0994 
1-ST-R1 0 0.0802 0.2268 0.6891 0.7881 0.9720 1.6021 1.7486 2.0448 

2-EO 0 0.0802 0.2265 0.6879 0.7862 0.9694 1.5919 1.7351 2.0214 
3-EO 0 0.0824 0.2291 0.6901 0.7902 0.9747 1.6024 1.7479 2.0399 
4-EO 0 0.0823 0.2288 0.6891 0.7883 0.9719 1.5933 1.7361 2.0206 

The data provided in Tables 2–4 were used to calculate the deceleration of the idler 
set and subsequently to calculate unit indentation rolling resistances. Table 5 contains the 
values of the idler set deceleration for each investigated temperature, calculated from 
Equation (4). Subsequently, unit belt indentation rolling resistance values were calculated 
from Equation (2). 

Table 5. Indentation rolling resistance test results at the investigated temperatures. 

Belt Symbol 
Loading Set Deceleration, a (m/s2) 

Unit Indentation Rolling Resistances, We 
(N/m) 

23.0 ± 2.0 °C 7.5 ± 2.0 −9.0 ± 2.0 23.0 ± 2.0 °C 7.5 ± 2.0 −9.0 ± 2.0 
1-ST 0.8648 0.8974 0.9390 26.10 35.04 46.44 

1-ST-R1 0.8712 0.9110 0.9464 27.86 38.76 48.46 
2-EO 0.8562 0.8926 0.9184 23.75 33.72 40.79 
3-EO 0.8520 0.8904 0.9254 22.60 33.12 42.71 
4-EO 0.8416 0.8770 0.9098 19.75 29.45 38.43 

Based on the data provided in Table 5, Table 6 was compiled; it contains the inden-
tation rolling resistance test results for different temperatures and for unit loads of 2.3 
kN/m. The unit loads correspond to the mean annual loads on belt conveyors in Polish 
surface lignite mines in Belchatow, Turow, Konin, and Adamow. In other words, they 
correspond to a situation in which the conveyors are filled with material at 40% capacity, 
as an average per year. The change in unit rolling resistance is provided in relation to belt 
1-ST, which is a standard belt, typically used in the above-mentioned mines. The sign “-” 
indicates that the belt is characterized by lower indentation rolling resistances in compar-
ison to the standard belt. 

Table 6. Test results summary. 

Belt Symbol 
Mean Unit Indentation 

Rolling Resistance, 
N/m 

Change of Belt Indentation Rolling Re-
sistances in Relation to Belt 1-ST 

N/m % 
1-ST 35.86 0 0 

1-ST-R1 38.36 2.50 7.0 
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2-EO 32.75 −3.11 −8.7 
3-EO 32.81 −3.05 −8.5 
4-EO 29.21 −6.65 −18.5 

In comparison to the standard belt, all the tested energy-saving belts show lower 
rolling resistance values. The energy-saving belts designated with symbols 2-EO and 3-
EO have similar mean rolling resistance values at almost 33 N/mm. They are lower by 
approximately (8.5 ÷ 8.7)% from the value obtained for the standard belt, which was 35.9 
kN/m. In comparison to the standard belt, the energy-saving belt 4-EO has an indentation 
rolling resistance lower by approximately 18.5%. On the other hand, the 1-ST-R1 belt 
shows indentation rolling resistance higher by 7.0% in comparison to the 1-ST belt. This 
value is due to the fact that the belt was subjected first to a refurbishment. The costs of 
new belts incurred by the mines cause the refurbishment of used belts to be profitable. 
The refurbishment process consists in the removal of damaged covers from the belt and 
in their replacement with new vulcanized covers made of adequate rubber compound. 
The refurbishment process also consists in the replacement of damaged cords in the belt 
core [47]. Out of the total number of steel-cord belts used at the Belchatow mine, almost 
40% are refurbished [48]. 

The tests indicated that it is possible to use steel-cord belts with indentation rolling 
resistances reduced by 8.5% in comparison to standard belts. The test results for the 4-EO 
belt suggest a potential to reduce these resistances even further. 

In comparison to the 3-EO belt, the 4-EO belt is different in the type and design of the 
reinforcement plies used in the covers, which may be of significance for the obtained belt 
indentation rolling resistance values. 

The application scale of refurbished belts indicates that the refurbishment should be 
performed with the use of improved materials allowing lower indentation rolling re-
sistances. 

4. Discussion 
In order to demonstrate the practical advantages resulting from the use of energy-

saving belts, this article also included calculations of the power demand of a conveyor 
drive mechanism, as measured on a belt conveyor operated at the Belchatow mine. The 
calculations and the analyses were performed for a standard conveyor transporting over-
burden. The calculations allowed for the dynamic parameters of belt covers that were 
identified in separate research works. The calculations were performed with a profes-
sional QNK-TT software application, which employs an algorithm for calculating con-
veyor resistances to motion [49]. The technical data used in the calculations are listed in 
Table 7, and the operating data in Table 8. The conveyor route consists of three sections 
having the following lengths: section 1—60 m, section 2—1065 m, and section 3—80 m. 
The lift height in sections 2 and 3 is 9 m and 6 m, respectively. Section 1 is flat. The vertical 
curve radius for all sections is 0 m. 

Table 7. Conveyor technical data. 

Parameter Description Unit Value 
Belt type - ST 

Belt strength kN/m 3150 
Belt width mm 2250 

Cord diameter mm 7.6 
Type of upper idler sets - Articulated 

Upper idler troughing angle deg 45 
Upper idler spacing m 1.2 

Upper idler mass kg 39.1 
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Mass of rotating parts in the upper idler kg 29.5 
Upper idler diameter m 0.19 

Upper idler axle length m 0.8 
Side skirt length at the feed point m 8.5 

Type of bottom idlers - With rings 
Type of bottom idler sets - Articulated 

Bottom idler spacing m 6 
Number of bottom idlers pcs 2 

Bottom idler troughing angle deg 10 
Bottom idler mass kg 42.4 

Mass of rotating parts in the bottom idler kg 35.01 
Bottom idler diameter m 0.19 

Bottom idler axle length m 1.3 
Belt velocity m/s 5.98 

Idler rotational coefficient al - 3.29 
Idler rotational resistance coefficient bl - 0.34 

Idler─belt friction coefficient - 0.25 
Bottom cover thickness mm 7 

Core thickness mm 7 
Top cover thickness mm 14 

Plate stiffness of the belt Nm 40.51 
Belt damping factor at bending - 0.58 

Linear modulus of belt elasticity kN/m 225 
Elastic modulus of bottom cover N/m2·106 40 

Elastic modulus of the core N/m2·106 25 
Mass of 1 m2 of the belt kg/m2 46.91 

Belt stiffness - 0.17 
Belt damping factor at indentation - 0.5 
Head and drive pulley diameter m 1.6 

Diameter of the remaining pulleys m 1.25 
Belt─pulley friction coefficient - 0.35 

Table 8. Operating data. 

Parameter Description Unit Value 
Lateral wandering - None 

Operating conditions - Average 
Ambient temperature °C 20 

Material angle of repose deg 15 
Material─side skirt friction coefficient - 0.6 

Internal friction angle deg 35 
Bulk density kg/m3 1700 

Friction angle between the idler and the belt rad 0.26 

The parameters shaded in Tables 7 and 8 were edited during the calculations depend-
ing on the applied elements of the conveyor (the idler and the belt), the fill degree with 
material, which was translated into vertical forces acting on the three-idler set, and the 
ambient temperature. 

The power of the conveyor drive mechanism was calculated depending on the ambi-
ent temperature. The assumed temperature range was from −25 °C to 30 °C. The results of 
the calculations are shown in Table 9. 
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Table 9. Calculation results for the conveyor drive power. 

Temperature, 
(°C) 

Drive Power, (kW) 
Belt Symbol 

1-ST 1-ST-R1 2-EO 3-EO 4-EO 
−25 2361 2580 2482 2433 2450 
−20 2177 2360 2270 2224 2229 
−10 1866 2026 1943 1908 1860 

0 1673 1800 1715 1696 1483 
10 1552 1660 1553 1558 1288 
20 1484 1580 1450 1476 1239 
30 1457 1556 1393 1440 1231 

The calculation results indicate that the power demand of the conveyor drive mech-
anism increases together with the decrease of ambient temperature. This phenomenon is 
directly caused by the fact that a decrease in temperature results in an increase of rolling 
resistances. Conveyor drive mechanisms show the most limited power demand at posi-
tive temperatures. Positive temperatures also cause the greatest fluctuations of the power 
demand. In negative temperatures, the power demand is similar for all the belts. Below 
−10 °C, the standard belt shows the lowest power demand, which suggests that its energy-
efficiency is the highest at such temperatures. This fact suggests, on the other hand, that a 
belt that is energy-saving at positive temperatures, may not necessarily be energy-saving 
at negative temperatures. Belts 2-EO, 3-EO, and 4-EO are examples of this tendency. It 
may be an important observation for both users and manufacturers of conveyor belts, as 
it suggests that belts should be selected with consideration paid to their future operating 
temperatures. For example, belt 4-EO will prove to be energy-saving if it is operated in a 
climate in which temperatures rarely drop to approximately 0 °C. In the case of belt 1-ST 
with a standard bottom cover, the increases in power demand are lower than in the case 
of the 4-EO belt, with the bottom cover having the lowest rolling resistances. This fact 
means that the bottom cover of a standard belt is less sensitive to ambient temperature 
changes. At extreme temperatures, the increase in the power demand of the conveyor 
drive mechanism may be almost two-fold. 

Figure 5 shows a comparison of the power demand from a conveyor drive mecha-
nism for the 1-ST standard belt used in lignite mines and for the 4-EO energy-saving belt. 
The power of the conveyor drive mechanism is shown against the mean ambient temper-
ature in successive months of the year. The blue line indicates mean monthly temperatures 
in the area of the Belchatow mine. The bottom cover of the 1-ST belt is made of a rubber 
compound commonly used by the manufacturer of this type of belts. The bottom cover of 
the 4-EO belt has lower rolling resistance values in comparison to the standard 1-ST belt. 
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Figure 5. Relationship between power consumption and mean monthly temperatures for the 1-ST standard belt and for 
the 4-EO energy-saving belt. 

Figure 6 shows a comparison of the power demand from a conveyor drive mecha-
nism for the 1-ST standard belt and for the 1-ST-R1 refurbished belt used in lignite mines. 
The bottom cover of this belt is manufactured from a rubber compound which has the 
highest rolling resistance values of all the tested belts. 

 
Figure 6. Relationship between power consumption and mean monthly temperatures for the 1-ST standard belt and for 
the 1-ST-R1 refurbished belt. 

In comparison to the standard belt, the refurbished belt generates, on average per 
annum, a power demand higher by approximately 4.8%.  

By installing a steel-cord conveyor belt with the lowest indentation rolling resistance 
and the highest energy-efficiency, in place of the standard belt used to date in the mine, 
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the power consumption of the conveyor drive mechanism can be reduced by approxi-
mately 15.3% on average per annum. If this belt is used in place of the refurbished belt, 
the power demand is reduced by more than 20%. 

Although it generates lower belt indentation rolling resistances, the energy-saving 
belt is more sensitive to ambient temperatures in comparison to the standard belt and to 
the refurbished belt. The power consumption difference within the range of extreme tem-
peratures observed in February and in July was 374 kW for the energy-saving belt, 295 
kW for the standard belt and 302 kW for the refurbished belt. 

The proposed method for measuring belt indentation rolling resistance on the “in-
clined plane” test rig is the result of long-lasting research into belt conveyor resistance to 
motion, performed at Wroclaw University of Science and Technology [50,51]. Acquiring 
proper dimensions of the conveyor drive mechanism is a very important design task. It 
can be performed based on conveyor resistances to motion. These resistances can be most 
advantageously estimated from unit resistance methods, which were developed at differ-
ent research centers [52]. The improvement of the calculation methods to verify the iden-
tified relationships requires laboratory tests. This article presented an experimental test 
method for measuring the greatest component of conveyor belt motion resistances, i.e., 
indentation rolling resistances. This method consisted in measuring a carriage with two 
idlers rolling on the conveyor belt. The obtained results may serve not only to verify the 
calculation methods, but also to compare the rolling resistances of different belt types and 
designs. The identification of the impact of various factors on belt indentation rolling 
resistances is also a basis for any activities aimed at finding solutions to help reduce the 
electric energy consumption of belt conveyor drive mechanisms. 

5. Conclusions 
The “inclined plane” test rig developed for the purpose of identifying belt indenta-

tion rolling resistances allowed quick and easy measurements. Tests performed with the 
use of this “inclined plane” may help research optimal parameters for rubber compounds 
and optimal design solutions for conveyor belt bottom covers. 

A complex analysis of the influence of the bottom cover design and of the rubber 
compounds used in bottom covers on indentation rolling resistances must include a num-
ber of criteria, such as the sensitivity of rubber compounds to temperature changes. The 
operating temperature of a particular conveyor thus becomes an important factor. 

The power consumption of conveyor drive mechanisms is possible if the rubber used 
in the bottom cover of a steel-cord belt has appropriately selected mechanical parameters 
that reduce indentation rolling resistances. At a mean annual temperature of 8.3 °C, if a 
standard belt used to date in Polish lignite mines is replaced with an energy-saving belt 
with a bottom cover generating lower indentation rolling resistances, the power consump-
tion of the conveyor main drive mechanism can be reduced by approximately 15%. 

Refurbished conveyor belts should be withdrawn from service. They generate higher 
rolling resistances and thus increase the power consumption of conveyor drive mecha-
nisms. The application scale of refurbished belts at the Belchatow mine, where they ac-
count for 40% of all operated steel-cord belts, causes their operating cost to be very high. 
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