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Introduction

The energy intensity of the main techno-
logical processes in solid mineral mining using
the opencast method and cyclical technolo-
gies takes up to 60-70% of the total cost of
production and haulage operations. With the
given mining technologies, when the direc-
tions and procedures for stripping and exca-
vation are determined, the main routes of
searching for the potential to reduce the pro-
cess energy intensity are associated with the
appropriate choice of models of the main min-
ing and haulage equipment, its duty and oper-
ation conditions [1-5]. As the analysis of the
mining practices in Kazakhstan and in many
other countries of the world shows, the man-
agement of the energy consumption process
focuses on energy saving. At the same time,
the energy saving efforts often fail to increase
in efficiency or to decrease the mining and
haulage cost. This situation is explained, first
of all, by the lack of a developed energy effi-
ciency methodology, including a number of
disimprove effective solutions. This article
reveals the possibilities and a potential for real
energy efficiency improvement in opencast
mines.

Methodology

The article addresses energy efficiency of geotechnological facilities at opencast
mines. The energy intensity of basic processes in solid mineral mining by the opencast
method using the cyclical technologies takes up to 60— 70% of the total mining and haulage
cost. Given the mining technology is selected, and the stripping and excavations directions
and procedures are determined, the potential for reduction in the geotechnology energy
intensity lies in a proper choice of models of mining/haulage equipment, its duty and oper-
ation conditions. First of all, it is required to develop an energy efficiency methodology.
This article reveals the possibility and potential of actual energy efficiency improvement
in mines using the most widespread opencast method. The proposed approach assumes the
in-depth analysis as an essential factor of the energy efficiency improvement of geotechnol-
ogy facilities at opencast mines. The in-depth analysis should ensure real-time monitoring
and assessment of energy consumption governed by the duty and operation conditions of
the main mining and haulage equipment. The implementation of the proposed approach
requires appropriate methods and techniques to take into account all factors that affect
the mining and haulage equipment performance. This makes it possible to evaluate energy
efficiency with due regard to the energy consumption and the nature of this energy integra-
tion by shares in the energy flows within the technology process. The studies emphasize
that energy saving is a conventional key objective in mining. To this effect, it is required
to ensure mechanical availability of mining and haulage machines, to monitor fuel con-
sumption, to plan and control energy intensity based on the expected extraction volume per
planned period. In the meanwhile, the research implemented reveals that opencast mines
can essentially improve their energy efficiency in case of an appropriate backup with the
relevant methods and techniques.

Keywords: energy efficiency, mines, opencast mining, in-depth analysis, geotechnologi-
cal facility, simulation, digitalization.
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One of the essential factors of the energy efficiency
increase at geotechnological facilities in opencast mining is
the in-depth analysis. This process should ensure monitoring
and assessment of energy consumption per operation, gov-
erned, in turn, by the mode and operating conditions of the
main mining and haulage equipment. The general informa-
tion chart of the energy consumption/efficiency assessment
is shown in Fig. 1. Implementation of this approach requires
appropriate methods and techniques that allow adequate
accounting of the main factors affecting performance of min-
ing and haulage machines. In this case, energy efficiency is
assessed based on the adequate accounting for operation-
by-operation energy consumption and the nature of integra-
tion of these energy inputs into the forming energy flows of the
technological process as a whole.

Energy efficiency involves not only simple reduction in
energy consumption, but first of allis considered in conjunction

with the overall efficiency of the geotechnological facilities,
which is assessed using a set of technical and economic cri-
teria. In this regard, it is fundamentally important in analyzing
and assessing the energy efficiency of the investigated tech-
nological processes to be based on the adequate accounting
of all main operational costs of the mining process. For these
purposes, the methodology of process management econom-
ics is applied.

All above factors are inherent in the process approach
in the management of complex and large-scale systems, to
which geotechnological facilities in opencast mining can be
fully attributed. The process approach to management is the
framework of the advanced control of both day-to-day oper-
ation and progression. This approach assumes delegation of
authority and liabilities through the totality of interacting pro-
cesses of mining-loading, haulage and unloading, which are
considered as a stable (repeated) activity on conversion of
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resources (energy sources, materials, monetary assets) into
results (target technical and economic indexes).

Thus, a package of studies is supposed to be carried out
on the basis of a systemic approach using the methodol-
ogy of simulation modeling of the studied mining and haul-
age processes, providing adequate accounting for the order
and sequence of the main technological operations with due
regard to specific geotechnical, geometrical, geological,
organizational and economic conditions for the functioning of
the main technological facilities of opencast mines [6-11].

The algorithm of simulation logical and statistical mod-
eling of mining and haulage processes using motor trans-
port, with appropriate account of fuel consumption versus
duties and operation condition of the main process equip-
ment assumes serial and operation-by-operation automated
interrogation on the condition and location of machines in
an opencast void. Based on the rated traction performance,
service life and loading conditions of dump trucks, as well as
on the physical and mechanical properties of rocks, quality
of road surfacing and speed limits, the algorithm allows real-
time estimate of dump truck velocities and fuel consumption.
In this manner, during a model shift, the actual fuel consump-
tion is found for load, empty and idle machines. Depending
on haulage volume and actual haulage distances, specific
fuel consumptions are found for each machine in use. Thus,
the adequate account of fuel consumption becomes possible
as function of process, technology or management decision
application.

It should be noted that the traditional economy, adapted
to a functional rather than a process approach in the mining
and haulage management, which is currently used at mines,
allows incomplete qualitative assessment and optimization of
energy efficiency and / or inadequate assessment of energy
consumption standards per mining and haulage process.
Within the framework of the proposed approach, during simu-
lation modeling and research, the economic and mathemati-
cal modeling uses the process approach, which provides an
adequate account of the order and sequence of operation-by-
operation cost of functioning of the mining and haulage facili-
ties as a whole.

Energy efficiency improvement:
trends and approaches

Based on the specifics of the objects, adopted approaches
and research methods, the main routes of the search for the
potential to reduce energy consumption and to increase the
energy efficiency of mining and haulage operations are deter-
mined as: selection of appropriate models, optimization of the
modes and conditions of the main mining and haulage equip-
ment operation.

Within the framework of the first route, the technical con-
dition of the main mining and haulage equipment, its work-
force and the numerical ratio machines engaged in load-
ing, haulage and unloading are of great importance. In this
aspect, it is important to take into account the rated trac-
tion characteristics of machines and their main technologi-
cal parameters — bucket and body capacities, cycle times,
engine power, etc.

In accounting and optimization of operating modes of
the main mining and haulage equipment, speeds (accepted
speed limits), loading modes and data card (pyramid load-
ing, even with body sides), physical parameters of rocks (bulk
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Fig. 1. Concept of energy efficiency in opencast mines.

density and fragmentation degree). The technical condition
and operation modes of the machines are interrelated and
mutually dependant, which requires adequate consideration
of these factors.

To adequately take into account the operating conditions
of the main mining and haulage equipment, which significantly
determine the total energy consumption, itis important to con-
sider such factors as the surface quality and length of roads,
the accepted speed limits, the interaction between mining and
haulage equipment, the condition and quality of automobile
tires, the structure and geometrics per road sites (slope, dis-
tances, length of adjacent sites if any), number and arrange-
ment of loading and unloading points, shift change and equip-
ment examination, etc. As practice shows, it is the speed limits
at the points of loading and unloading, at intersections and
exits, as well as at various purpose sites that play a significant
role in the energy consumption by transport units.

In mining and haulage management, it is critical to reliably
take into account the technological interconnection of various
mining and haulage machines, as well as the traffic flow cross-
ing or distribution in an opencast.

One of the approaches to energy consumption reduction
of truck-and-shovel systems in opencast mines can be the
optimization of the location of shipping sheds in the opencast
space and points of dump truck shift change since this largely
determines kilometrage of the machines per shift.

The potential and approaches to energy efficiency
enhancement essentially depend on reliable assessment of
specific energy consumption.

Energy Efficiency Improvement Potential Assessment

In order to assess the potential of the proposed approach
to improving energy efficiency of mining and haulage opera-
tions in opencast mines, the comprehensive energy audit was
carried out for the coal mines of Shubarkol-Komir LLP.

The West and Central opencast mines of Shobarkol-Komir
use dump trucks — 9 BelAZ-75306 machines with service life
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to 2010-2017, 4 BelAZ-75307 machines of 2016 manufac-
ture, 5 BelAZ-75131 machines manufactured in 2013-2015, 1
BelAZ-75581 machine manufactured in 2017, 6 BelAZ-75473
machines manufactured in 2010-2012, 4 Hitachi-3500-AClI
machines manufactured in 2013-2015, 2 Hitachi EH-1100 -
manufactured in 2013 and 2017, and 10 CAT 777E machines
manufactured in 2018-2019.

The specification data and process variables of the main
mining and haulage equipment are assumed according to
Shubarkol-Komir’s paperwork and from the ratings provide by
manufacturers.

Economics includes accurate estimates of salaries of
operators and operator assistants of shovels and dump trucks,
energy source prices, and extra expenses connected with the
main mining and haulage equipment. The costs of the road
construction and maintenance were taken from the applied
research data on five common types of road surface. The eco-
nomics is calculated for 7 cold months and 5 warm months
with regard to quality and price of diesel fuel.

The aspect of the work organization included the actual
operating mode of mining and haulage machine systems
in both opencast mines. The total number of working days
is assumed as 365. The company has adopted a two-shift
12-hour work schedule. Each car is serviced by 4 teams of
operators and assistants.

In both opencast mines, the 2020 performance is assumed
as the main initial technical and economic data. The standard
volumes of mining and haulage operations are assumed as
follows:

— Central opencast: rock mass — 25432.622 Km?3; overbur-
den — 19879.014 Km3; coal — 5553.608 Km3. Here, the bulk
density of overburden is taken equal to 2.25 t/m3 and the strip-
ping ratio is 3.27;

- West opencast: rock mass — 17004.352 Km3; overbur-
den - 12156.424 Km3; coal — 4847.929 Km3. Here, the bulk
density of overburden is taken to be 2.23 t/m? and the strip-
ping ratio is 2.11 m3/t.

The models of mining and haulage machine systems in the
opencasts are built as of 2020 and include all actual geometri-
cal, geotechnical and geological conditions of their function-
ing. The structure and procedure for dividing roads into block
sections corresponds to the specific technology and geology
of the opencasts.

The analysis of workload and energy consumption by
block sections of the internal road network in the opencasts
allows their ranking with a view to optimizing payout connected
with the road surface quality maintenance in the most energy-
intense sections toward energy and fuel saving.

In the above list of dump trucks, the most energy-saving
models are: CAT-777E, BelAZ-75307 and BelAZ-75581 in the
Central opencast; CAT-777E in the West opencast.

Regarding the shovel fleet of the Central opencast mine,
according to the simulation results, it can be noted that out
of 15 machines (three diesel-driven and 12 power-driven), of
six models in the list fleet, 12 machines have service life of 30
years or more. About 10 machines are involved in the imple-
mentation of the planned annual load. The average shift time
use factor is 0.44. The annual volume of total energy con-
sumption for process needs is at the level of 9983128.15 kW.

For the shovel fleet in the West opencast, including 12
machines (2 diesel-driven and 10 power-driven) of four mod-
els (Table 2 in Appendix 3), it can be noted that the energy

consumption is about 7747859.68 kW per year. Electricity
and diesel costs account for 34.7% of the total excavation
costs which make 5.62% in the total mining and haulage
costs. The vehicle condition is better in this opencast than in
the Central opencast mine, but 8 machines also have service
life of about 30 years, and 2 machines have been operated
for more than 20 years. The average shift time use factor of
the shovels is 39%.

The total cost of energy sources in the overall operat-
ing costs of mining is 22.47% in the Central opencast and
18.46% in the West opencast, including, respectively, 89.43
and 93.28% of cost connected with dump trucks. However,
the processes of loading, haulage and unloading are links in
the same technological chain with one product at the outlet,
which suggests that the prospects and implementation of the
existing energy saving potential at the mines are associated
with the challenge of energy efficiency enhancement in min-
ing and haulage within the framework of activities undertaken
to increase the economic efficiency of the geotechnological
facilities as a whole.

A feature of mining and haulage in both opencast mines is
internal dumping, which disables implementation of the exist-
ing potential for increasing their energy efficiency. A certain
minimum potential for the increase in energy efficiency of min-
ing and haulage operations can be materialized by ensuring
the surface quality of the internal roads in the opencasts. This
requires comprehensive monitoring of the road loads per sec-
tions in both opencasts.

Another feature, though with a certain potential for
increasing the energy efficiency of mining and haulage in the
opencast mines, particularly in the Central opencast mine, is
a wide range of models of dump trucks and shovel which have
different rated energy efficiencies and operate in the same
geotechnical, geometrical, geological, economic and organi-
zational conditions.

The opencast mines use depreciated mining and haul-
age equipment is used, which, as manufacturing practice and
research show, is associated with the increased energy con-
sumption governed by service life and technical condition of
the machines. This is especially true for dump trucks.

The analysis of the initial information provided by open-
cast mine and characterizing the state and efficiency of mining
and haulage operations show that one of the energy efficiency
improvement trends can be the better rating of fuel consump-
tion based on the real-time monitoring, age and technical con-
dition of the machines, seasonality of their work, fuel prices
per seasons, as well as on the overall economic performance
of mining and haulage.

In order to ensure adequate conditions for increasing
energy efficiency of geotechnological facilities at opencast
mines, it is necessary to continue the purposeful development
and improvement of the suitable ecological environment -
digital data base, analysis and procedures. transition of the
management from function-based to process-based control,
introduction of economic elements of the process-based con-
trol, creation of teams of managers—analysts and adaptation
to local scientific and innovative potential challenges.

The energy efficiency increase potential of the mining and
haulage facilities of the opencast mines was estimated in two
directions: quality improvement of road surface in the most
loaded and energy-consuming sections and optimization of
the machine fleet structure.
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In the first direction, we considered the options con-
nected with the change the unpaved rolled surface to dry
primer coating on the active traffic and most loaded internal
roads 9613.12 m long in the Central opencast and 5957.07 m
long in the West opencast. The total length of the roads with
improved surfacing at Shubarkol-Komir will be 15570.19 m,
or 36.2% of the total length of internal roads involved in the
current mining and haulage operations. This makes it possible
to reduce energy consumption as a whole along the internal
roads of the opencasts, respectively, from 2.02 to 1.99 I/m
and from 1.54 to 1.43 I/m. At the same time, the specific fuel
consumption in the working fleets of dump trucks in the open-
cast mines is reduced by 2.68 and 2.3%, respectively, which
is accompanied by an increase in the efficiency of the mining
and haulage systems and by a decrease in the specific oper-
ating costs by 2.11% and 0.81%, respectively, as follows from
Tables 1 and 2.

The implementation of these measures will require extra
one-time expenses at the level of KZT 12,5 M for road con-
struction (with depreciation coefficient of 0.3) and KZT 4,67
M for annual current maintenance, which in total is: 12.5x0.
3+4.67 = KZT 8,42 M. This will make it possible to obtain an
economic effect of KZT 242,132,65 K/year in the Central
opencast and KZT 53,580.0 K/year in the West opencast, or
KZT 295,7 M/year for the Company as a whole.

The second direction of the energy consumption reduc-
tion per opencast is associated with the optimization of
the dump truck fleet structure at the same fleet of loading
machines, as well as at the same conditions and modes of
their operation. In this research area, the various combination
options of mining and haulage equipment within the existing
fleet are examined.

In these variants, less energy-efficient machines for the
given operating conditions are alternately replaced by more
efficient dump truck models from the list of dump truck mod-
els available in the fleet. In the Central opencast mine, it is pro-
posed to purchase and use stage-wise 4 most efficient dump
truck models. At the first stage, two BelAZ-75473 dump trucks
and 5 BelAZ-75131 dump trucks were replaced by 3 BelAZ-
75581 dump trucks and 1 CAT-777E dump truck in the list of
vehicles. The former models are manufactured in 2017, and
the latter model is manufactured in 2018. This can be imple-
mented within one year, at the subsequent stages of the reno-
vation adhered to the adopted strategy, which, of course, will
lead to a further increase in the overall efficiency and economi-
cally feasible energy saving of mining and haulage operations
at the mine. As a result, at the same performance, the total
specific fuel consumption decreases from 104.69 g/tkm to
88.24 g/tkm, or by 15.71% in the reference variant and by
13.49% in the variant with improved road surfacing. In this
case, the total cost of mining and haulage decreases from
451,02 KZT/m3 to 411,59 KZT/m83, or by 8.74%, which indi-
cates a general significant increase in the mining and haulage
efficiency, including 2.11% and 6.63% in the first and second
directions, respectively.

For the West opencast, given the most energy efficient
dump truck here is CAT-777E, we considered a mining and
haulage system composed of the single model machines as a
promising option for increasing energy efficiency.

It is assumed that 23 CAT-777E dump trucks have a uni-
form age distribution with a depreciation period of 7 years, the
corresponding depreciated cost and transmission efficiency.

The optimal number of dump trucks to ensure up to 103.05%
of the planned rock excavation in 2020 is 21 machines at the
accountable strength of 23 machines. At the same geotech-
nical, geological, geometrical, economic and organizational
conditions, this variant provides a specific fuel consumption
of dump trucks as 79.05 g/tkm, which is less by 21.11% than
the same indicator in the reference variant and by 19.25% that
in the variant with improved road surfacing. At the same time,
the unit cost of mining and haulage operations is reduced to
340,07 KZT/m3, or by 12.64% and by 11.96 as compared with
the reference variant and improved road surfacing variant
(Table 9). The average dump truck speed rises to 18.41 km/h,
or by 6.57% and 2.06% as against the the reference variant
and improved road surfacing variant, respectively.

Evaluation of economic efficiency by the variants is carried
out within the framework of the process-based management
economics approach. The economic efficiency of functioning
of a geotechnological system is estimated, and the options of
its optimal operation are determined.

This approach to the economic assessment provides
an adequate account of the functional causal relationship
between subsystems and elements of the mining and haul-
age facilities, as well as the sensitivity of the mining and
haulage process to varying parameters of both each of the
subsystems and the entire system. As the main criterion of
economic efficiency at the first stage of optimization, the
indicator of the current unit costs, formed according to the
principles of process-based management economics, is
taken [12-14].

The total annual economic effect after implementation of
the considered package of measures to improve energy effi-
ciency, including road quality improvement, replacement of
less efficient dump trucks by higher energy efficient machines
in the given operation conditions, as well as optimization of
service lives of the machines in the opencast mines of Shubar-
kol-Komir may amount to KZT 1839,59 M/year, including KZT
1002,87 M in the Central opencast and KZT 836,72 M in the
West opencast. Regarding total economic effects per open-
casts, respectively, KZT 242, 13 and 58,38 M falls at improved
road surface; KZT 460,24 and 408, 12 M - at energy-efficient
machines; KZT 300,5 and 370,22 M - at optimization of the
machine service lives.

Conclusions

The studies have shown that energy conservation is con-
ventionally one of the key challenges. The regular activities
in this respect are usually connected with main mining and
transport equipment availability, fuel consumption monitor-
ing and auditing, as well as with energy consumption planning
and rating based on the estimated volumes of excavation per
planning period. In the meanwhile, the analyses of the avail-
able information and the related studies show that the test
opencasts have a significant reserve for improving energy
efficiency of mining and haulage operations, which requires
appropriate methodological support.
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