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Abstract

Electrical energy consumption in the opencast coal mine is very high. Electric shovels, pumps and coal handling
plants consume 75% of the total electricity consumption of an opencast coal mine. In this paper, a modelling
framework has been developed for electrical energy use benchmarking (internal as well as cross-sectional) of
the mine. To develop a mine specific model for benchmarking electrical energy use statistical approach (linear
regression method) has been applied. Specific power consumption (SPC) is used as a benchmarking index to
assess the operating energy performance of a specific mine and multiple coal mines of India based on the
field studies. Seasonal analysis of the electrical energy usage has also been analysed. Our results show the
benchmark SPC as 0.50 kWh/t and the energy-saving potential as 10.7% for a single mine and the benchmark
SPC of multiple coal mines as 0.52 kWh/t. The result concludes that SPC widely depends on its capacity and
mining method and the developed model are useful for benchmarking and targeting for efficient electrical
energy use in opencast mine.
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noTpe6seHns INEeKTPOIHEPrun Ha YrosibHbIX pa3pesax
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D seematopno@rediffmail.com

AHHOTauus

Ha yrompHBIX paspesax IOTPeOIseTcs OONbIIOe KOIMYECTBO 3SJIEKTPOSHEPIUU. IJIEKTPUUECKME IKC-
KaBaTOPbI, HACOChI ¥ YCTAHOBKM [IJIs1 MEpPerpysku yIjs MOTpe6nsioT 75 % oT o6ijero oobema 3JeKTpo-
sHeprun. B maHHoI pa6oTe mpeacTaBieHa cxemMa MOIeIMPOBaHMS [JIs IPOBeHeHMsI COITOCTaBUTeIbHOrO aHa-
7m3a (Kak BHYTPEHHEro, TaK U IepeKpeCcTHOr0) MOTpe6IeHNs 3JIeKTPOIHEPIUN Ha IpeqnpusaTun. [l paspa-
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OGOTKM MOZENM COMOCTaBUTEIBHOTO aHa/IM3a MOTPEeOIeHNsT JIeKTPOIHEPTMM Ha KOHKPETHOM IPeAIIPUSITUN
ObUT IPYMEHEH CTAaTUCTUYECKMUIT MoAXoH, (MeTo, JIMHEeTHO perpeccun). YieabHOe TOTpebIeHne 3IeKTPo-
sneprum (YIID) ucronb3yeTcsl B KauecTBe KOHTPOJIBHOTO TOKa3aTesis OlleHKM 3HeprosddeKTMBHOCTM KOH-
KPETHOTO MPeAIPUATUS M HECKOJIBKUX YTOIbHBIX TTPeAIpUsITHii B IHAMM Ha OCHOBE T0JIEBbIX UCCIeIOBaHMIA.
Taxke TIPOBeJeH Ce30HHBIN aHaIM3 MOTpebiaeHus 3nekTposHeprun. COracHO MOMYYEeHHBIM pe3yibTaTam
KOHTPOJIbHBII oKkasaTesnb YIID coctasiset 0,50 KBT-4/T, a MOTeHIMal 3HEProcoepeskeHus IJIs OMHOIO IIpef-
npustusg — 10,7 %. [ HECKOJNBKUX YTOJIbHBIX MPeANpUsITUII KOHTPOIBHBIN MMoKa3aTenb YIID cocraBiasieT
0,52 kBT-u/T. CoenaH BbIBOJ O TOM, UTO YIID B 3HAUUTEIBHOI CTEIIEHM 3aBUCUT OT IIPOMU3BOACTBEHHO MOIII-
HOCTH, a pa3paboTaHHbIe METO/, I MOJIeTb TOPHBIX PAOOT MO3BOJISIIOT BBITTOIHUTD COMTOCTABUTEIbHBIN aHATN3
¥ JoCTuYb 3¢ (HEKTMBHOTO SHEPronoTpebieHns: Ha pa3pesax.

KnioueBble cnoea

3/IEKTPUYECKUIA, COTIOCTAaBUTEIbHbIN aHAIN3, BHYTPEHHUI aHA/IN3, [TIePEeKPECTHDIN aHaA/IN3, yIeJIbHOE SHepro-
norpebneHne, oTpebaeHe SHEPTUH, paspes

BnaropapHocTu

ABTODBI BBIPAKAIOT 6J1aTOAAPHOCTD AUPEKTOPY LIeHTPasbHOTO MHCTUTYTA TOPHOTO Jiejia ¥ HayYHO-UCCIe0-
BaTEJIbCKMX PabOT IO M3YUEHMIO U MCITONIb30BAaHMIO TOIIMBA 3a pa3pelleHye OmyoaMKOBATh JaHHYIO PaboTy.
ABTOpBI TaK)Ke BhIPAXKaloT 6/1ar0lapHOCTbh PYKOBOAMUTEIIO MCCIEI0BATETbCKO IPYIIITBI M HAYUYHBIM COTPYIHM-
kam MccnemoBaTenbckoro neHTpa Harmyp LleHTpasibHOTO MHCTUTYTa TOPHOTO Jle/ia ¥ HAayYHO-UCCIeq0BaTeb-
CKMX paboT 0 M3YUEHMIO U MCITO/Ib30BAHMIO TOIIMBA (TPYIIA TOILIMBOBEeHMS) 3 OKA3aHHYIO MO IEePXKKY.
MbI uckpeHHe 6narogapHsl 1-py A.K. CoHM, IaBHOMY HaYYHOMY COTPYIHMKY VcCieoBaTelbCKOro eHTpa
Harmyp LIeHTpa/IbHOTO MHCTUTYTAa TOPHOTO JIejia M HayYHO-MCC/IeqOBaTEeIbCKMX PaboT 10 U3YUEHUIO U UC-
MOJIb30BAaHMIO TOIUIMBA (IPYIIa reOTEXHOIOTHUIN), 3a LieHHbIe 3aMeYaHusl U NpeaIoKeHUs IO pefaKTUpOBa-
HMIO TEKCTa JAHHO cTaThy. MbI TakKe 671arogapmm GakyyIbTeT JMEKTPOHMKIU U MHPOPMAIIMOHHBIX TEXHOJIO-
Uit ¥ 3aBeyoIero Kadbeapoit aneKTpoTeXHUKY HalMoHaIbHOTO MHCTUTYTA TeEXHOMOTMY M. M. BucBecapas,
Bce pykoBomcTBo npennpusituit SECL, BCCL 1 WCL, y KOTOpbIX ObIIM TOTYYEHBI COOTBETCTBYIONINE TaHHbIE
B XOJIe VCCIeoBaHMit 9HePro3dGeKTMBHOCTM U COTTOCTABUTEILHOTO aHaIM3a.

Ansa uuTupoBaHus
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Annual energy consumption, kWh
Energy-saving potential, %

Annual composite production, t /y
Annual coal production, t/y
Overburden handled, t/y

Bulk density of overburden, t/cu.m.
Volume of overburden, cu.m./y

Subscripts and superscripts
Aggregate, equipment, progressive
month, year, equipment, mine

Abbreviations
Transformer
South Eastern Coalfields Ltd
Bharat Coking Coal Limited
Western Coalfields Limited
Central Institute of Mining & Fuel Research
Council of Scientific and Industrial Research

Coal production is an energy-intensive operation
in an opencast mine. Coal production in India ac-
counts for 78 per cent of total mineral sector produc-
tion. India produced 730.87 MT (million tons) of coal
during 2019-2020! mined from both underground
as well as surface mining methods. In India, about
94 % of the total coal production comes from open-
cast mining?. According to our review of data, it was
found that the Specific Energy Consumption (SEC) of
best practices opencast positive gradient mine in In-
dia is 123 MJ/t [1]. The Specific energy consumption of
three large opencast mines of China when compared
varies from 90-225 MJ/t [2]. Similarly, SEC for total
operation for seven Canadian opencast mines varies
from 97-256 MJ/t3. In India, the energy consumption
in mining and quarrying consumes about 2.39 % of

1 Ministry of Coal, Government of India. URL: https://coal.
gov.in/index.php/major-statistics/production-and-supplies

2 Ibid.

5 Canadian Industry Program for Energy Conservation
(CIPEC). Benchmarking the energy consumption of Canadian
open-pit mine. Report No. 2005. URL: https://www.nrcan.gc.ca/
sites/www.nrcan.gc.ca/files/oee/pdf/publications/industrial/
mining/open-pit/Open-Pit-Mines-1939B-Eng.pdf
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industrial energy usage* and the US mining industry
consumes about 12 % of total industrial energy con-
sumption®.

As the energy consumption in opencast mines
is high involving energy-intensive operations such
as drilling, loading, hauling, pumping, coal handling
etc., its energy monitoring and performance eva-
luation is of paramount importance. Energy bench-
marking is a powerful tool to assess the energy per-
formance targeted towards a process, plant, com-
mercial buildings etc. Benchmarking can be done
by comparing the energy performance of similar
plants including best practices in the specific sectors
against one another also termed ‘cross-sectional
benchmarking’. Benchmarking is also feasible inter-
nally by time series analysis. The statistical approach
has been applied by Boyd et al. for benchmarking
energy in industrial sectors [3]. Cooke and Randal
used a statistical method to establish an energy
use benchmark by calculating energy consumption
and production [4]. These approaches are defined
as ‘statistical energy benchmarking’. Model-based
energy benchmarking for glass industries has been
discussed by Sardeshpande et al. [5]. Beerkens et al.
compared the specific energy consumption of glass
furnaces for benchmarking the energy efficiency of
glass furnaces [6]. Tan et al. developed an energy
efficiency benchmarking methodology for the man-
ufacturing industry [7]. Internal benchmarking
of the industry has been done using linear Regres-
sion analysis of monthly energy consumption and
production. Similarly benchmarking based on the
best practices in terms of energy efficiency has been
done for shopping centres in Gulf Coast region by
Juaidi et al., [8]. From the above-mentioned review,
it is learnt that there is a need for internal bench-
marking as well as cross-sectional benchmarking to
be applied for energy savings and enhancing energy
efficiency. This fact has been supported by Wang et
al. who revealed that there is no literature available
on energy efficiency and benchmarking of mines [9].
Our attempt has been focused on Indian Coal mines.
Techniques such as time series analysis, internal and
cross-sectional benchmarking have been tried con-
sidering 4-5 years of field data.

Further, an analysis about mines indicates that
Sahoo et. al [10, 11] has evaluated the energy effi-
ciency of dump trucks in opencast mine. SEC have

4+ Government of India, Ministry of Statistics and
Programme Implementation, Energy statistics 2018: Central
statistics office. URL: http://mospi.nic.in/publication/energy-
statistics-2018

5 US Energy information and administration, US Industrial

sector energy consumption by type of Industry. URL: https://
www.eia.gov/energyexplained/use-of-energy/industry.php
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been used as an energy efficiency indicator for as-
sessing the energy performance of mine dewatering
systems [12], and for benchmarking energy efficiency
of energy intensive industries in Taiwan [13]. Topno
et al. used SPC as a performance indicator for bench-
marking electrical energy consumption in a coal
mine [14, 15]. In the present paper, benchmarking
electrical energy use of opencast coal mine has been
attempted by comparison method to know the per-
formance of mine in different periods (yearly). The
principal objective is to evaluate its best operational
practices and set targets for the coming year. Energy
performance during different operational conditions,
round the year, has also been studied to get the prac-
tical benchmark for the opencast mine. A modelling
framework has been developed for benchmarking
using a statistical approach that remains applicable
for mine. The model is extended further for electric
energy usage in similar opencast mines in India. The
model is tested in a large opencast coal mine of India
using time series data by a statistical approach. Ag-
gregate annualized data, as well as equipment wise
data, have been analyzed to predict the benchmark
SPC. The benchmark so obtained gave us the mini-
mum power required for the mining process, which is
the best practice followed within the mine during the
past years. Energy-saving potential (plant) has been
assessed that leads to continuous improvement and
increased efficiency. The present paper is an exten-
ded work of energy efficiency benchmarking of power
consumption in opencast mine by Topno et al. [14].
Apart from benchmarking in a mine, cross sectional
benchmarking has been included.

1. Mining processes and energy usage

The mining process in an opencast mine in-
cludes drilling, blasting, excavation, transportation,
crushing and sizing of the coal (Fig. 1). The coal ex-
traction process from the mine could be either con-
ventional, manual or mechanized. The major opera-
ting equipment in large opencast mine include high
capacity electric rope shovels for loading operations,
high capacity dump trucks for transportation of ore,
diesel excavators, dozers and electric pumps for de-
watering. The coal handling plant in opencast mine
use crushers and vibrating screens to get sized coal
as per the requirement of user. It is evident that to
perform all major unit operations, input energy is
needed. For bulky and heavy-duty mining operations
in opencast coal mines, electrical power and diesel
power (used as fuel in machines) are the major en-
ergy sources. The electricity consumption in shovel-
dumper operated opencast mine accounts for 52 % of
total energy supplied to the mine.
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Fig. 1. Mining process of an opencast mine [14]
1.1. Electrical energy usage in opencast mine Others
As said above, energy input to the mine is 5%
diesel and electricity. Because of mobility, most or Pump
all HEMM’s has Diesel as energy input mainly for 18%

operation whereas the electrical equipment, to which
we targeted our study, are cables shovels, drills,
crushers and coal handling plant (CHP) pumps and
mine lighting. The energy consumption profile of an
opencast coal mine (shovel-dumper combination)
having a Coal Handling Plant (CHP) in terms of
percentage has been depicted in Fig. 2. The share of
electric operated shovels and CHPs is highest (more
than 50 % of the total electrical energy input of the
mine). Pumps contribute to 18 % of energy share,
thus affecting the specific power consumption of the

Silo
12 %

mine. This energy consumption is further linked with CHP
the rainfall that occurred in the mine area and pump 25%
usage i.e. running hours of the pump (s). Fig. 2. Energy profile

235



MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU W TEXHOJOIMA

Topno S. A. et al. Internal and cross sectional benchmarking of electrical energy use in opencast coal mine

2023;8(3):232-244

1.2. Electrical energy distribution

Like the energy usages, the distribution of
electrical energy has equal importance. ‘High
voltage’ and ‘Medium voltage transmission systems,
are the two most important electrical distribution
systems in nearly all the surface mines (an open-
pit mine). High-voltage distribution line feeds most
quarries since the electrical loads are generally
located far from distribution mains. In the present
case electrical power is supplied from 132/33 kV
grid substation through step-down transformers
(2 Nos. @ 36 MVA each). Primary voltage of 33 kV
is common for mining equipment like electric
shovels and drills. Coal handling plant, pumps and
lightings are fed through medium/low lines of
6.6 kV/3.3 kV/440V. The single line diagram of the
electrical distribution is shown in Fig. 3.

2. Methodology
Benchmarking for power consumption of open-
cast coal mines has been done using a ‘statistical
approach’. Following two methods have been used:
1. Internal benchmarking (within the mine).
2. Cross-sectional benchmarking.

2.1. Internal Benchmarking
A statistical model is developed for specific power
consumption (SPC) benchmarking from past data

elSSN 2500-0632
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Fig. 5. This is significant to note here that the energy
has been used for handling both overburden and coal
(a mineral). A composite production is considered
for energy performance assessment and internal
benchmarking i.e. within the mine.

The formula used for the specific power con-
sumption (SPC) and monthly/yearly progressive
consumption of process, equipment or a mine is
described in the following paragraphs using equa-
tions 1 to 8 for detailed understanding further.

Progressive SPC of each process/equipment
The specific power consumption (SPC) for each
progressive year (j = 1, 2...4) of all equipment/pro-
cesses (drills, electric shovels, coal handling (CHP),
pumps) is calculated using Eq. (1)

zEc,j,k
SPC}"k ==L O

<t j

(7=1,2,3..), (D

where each equipment (k) is noted for shovels (k= 1),
drills (k=2), CHP (k=73), Silo pumps and other
miscellaneous equipment and E, is the total yearly
energy consumption for each equipment/process
k=1, 2; ..., n; Q, is total composite production (the
sum of coal production (Q,,,) and overburden handled
Q) forj=1,2...4and (Q,):

. N . Qt = Qa)al + Qab? (2)
of power consumption and composite production. h
A flow diagram of the methodology (Fig. 4) shows the where
steps involved and the stages of model is described in Qo = Poy Vor ()
132/33 kV
main
substation
36 MVA | i 36 MVA
VY N Y M
33/3,3kV 33/6,6 kV 33/6,6 kV 33/3,3kV 33/3,3kV 33/3,3kV
2,5 MVA 16 MVA 10 MVA 3 MVA 5 MVA 5 MVA
\ANAN \ANANY \AAN \AAN \AAN \ANANY \AAN
VY Y N aaas) VY N Y M\ Y Y M\
Idle CHP Shovels, Pumps Idle CHP/Silo CHP
Pumps & CHP
& drills

Fig. 3. Electrical distribution of an opencast coal mine
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benchmarking of electrical energy use in opencast coal mine
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Coal

Collect yearly energy
consumption of the mine

l

|

Identify and collect energy
consumption data of the major
energy consumption
process / equipment

Calculate yearly
progressive SPC

ZEC,ij
SPC; =}
>0

=<t,ij
i=1

A 4

!

Collect production data
(composite) of mine

A

Calculate process / equipment

progressive SPC
zEc,i,k
SPC; ;= :T

<t j

Progressive benchmark

SPCq v =SPCrin,; (j=1,2,3,4,...

!

Equipmentwise benchmark
SPCe,pm=2. SPCrinji (j=1,2,3,4)

A\ 4

Mine benchmark
SPCine, s = Avg (SPCy, v, SPCe, 5uvr)

A

Fig. 4. Benchmarking methodology
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Mine topography
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Stage 1: Internal <:|
benchmarking
|:> of mines

Eq.(1to 8) <j
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U

Energy benchmark & Mine specific performance

model; Eq. (10), (11)
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<

Mine B
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U
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U

Identify and implement for energy efficiency
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Fig. 5. Steps and the stages of the statistical model
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Monthly and Yearly Progressive SPC of mine

SPC in kWh/t is defined as the ratio of total elec-
trical consumption (E,) to the composite production
(Q,) of a specific month/year. It has been evaluated
using aggregated data of monthly/yearly energy con-
sumption and composite production. Both, monthly
as well as annual progressive SPC i.e. SPC; & SPC,; has

been studied to analyze the variations.
The monthly SPC is given as:

Ec,i
0 (=1,2,3,..,12), 4)

Zt,i

SPC, =

where E,_ ; - the energy consumption for ith month of
the year and Q, ; - the composite production for the
corresponding month.

The yearly progressive SPC (SPC) of j™ year is
given as:

;Ec,ij
SPC; =" (j=1,2..4). ©)

Z; Qt,ij
ic

Mine Benchmark

The benchmark SPC of the mine (SPC,;, gz, for
the upcoming year is calculated from the average
of the benchmark obtained from the Progressive SPC
of each process/equipment and that obtained from
the yearly progressive SPC of the mine.

The progressive SPC benchmark of equip-
ment/process (SPC, g, is estimated as

SPCe,pm = 2. SPCrin,jx (j=1,2...4). (6)

Yearly benchmark SPC for the mine is obtained
by comparing progressive SPC of past 4 years and is
obtained as:

SPC, ;,,= SPC

a, min, j

(7=1,2,3,4). (7

Hence, the overall benchmark of the mine is
given as Eq. (9).

SP Cmine, s = AVg (SP Ce, s> SP Ca, M)~ )

2.2. Cross-sectional benchmarking

The cross-sectional benchmarking, for SPC,
can be calculated or modelled using Eq. (9). This
remains applicable for similar coal mines having
shovel-dumper combination only and gets affected
with the methodology of extraction (mining), equip-
ment used, coal/ore/material handled and opera-
tional practices of the electric equipment:

SPC,,=SPC.. .(r=1,2,3,...,m). )

min, r

elSSN 2500-0632
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3. Case study

The statistical approach of benchmarking has
been applied for evaluating a large opencast coal
mine named, Dipka Opencast Coal Mine, located at
Korba in the Chhattisgarh state of India. The mine is
owned by M/s South Eastern Coalfields Ltd (SECL) -
A Government Public Sector Company and is con-
sidered as an important and productive colliery of
India. The input data of energy consumption, pro-
duction (material handled by the mining equipment
and utilities) was collected as primary data from the
field visit of the Dipka mine during different periods
of this study. The connected electric load of the mine
is 38.49 MW that includes, 6.6 kV electric shovels of
42 m3 & 10 m? bucket capacity; 3.3 kV/440 V pumps;
Coal handling plant; Silos, and other electrical
loads. The annual power consumption of the mine is
49 GWh (2014-2015). The installed production ca-
pacity of the mine is 25 MTPA and has an average
stripping ratio of 1 : 1 which means one cubic meter
volume of coal extraction will require 1 cubic meter
overburden removal.

3.1. Energy performance

Dipka mine deploy different equipment in coal
production. The equipment-wise SPC has been cal-
culated from the electrical energy consumption of
individual equipment operating in the mine using
Eq. 1. given in the previous section. Fig. 6 shows the
yearly variation of average SPC for each equipment.
The average SPC has been considered for benchmar-
king due to the seasonal variation of electrical load.
The minimum, maximum and average SPC of shovel,
drill, pumps and CHP for the mine is analysed and the
SPC band for mine equipment is shown in Fig. 7. The
equipment operating and its energy characteristics is
given as Table 1.

0.25
0.204
§ x
= 0.15 -
)
& 0.10- —
0.05 -
0 T T T
Year 1 Year 2 Year 3 Year 4
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Fig. 6. Equipment-wise analysis of progressive SPC

238



MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU W TEXHOJOIMA

2023;8(3):232-244

elSSN 2500-0632

https://mst.misis.ru/

Topno S. A. et al. Internal and cross sectional benchmarking of electrical energy use in opencast coal mine

0.25
<
<
0.20 7 0.20
Z 0.19
o)
<
£ 0.16
g i .
= 0.15
)
<]
a:_" 0.12 0.11
& 0.10- ®o.10
S
= 0.08
A 0.06
i 0.05 :
é 0.05
0.04 0.03
0.01
0 T T T T
Shovel Drill CHP Silo Pump Others
Mine equipment
@ Average ©® Max Min
Fig. 7. SPC Band for mining equipment
Table 1
Equipment and energy characteristics of opencast mine (Case study)
q q 3 Energy usage,
Name of equipment Process Capacity Make Energy input MUs/Kl/year*
Electric rope shovels 42 cu.m .
Excavation P &H and Electricity 16
. Bucyrus (6.6 kV)
Electric shovel 5-10 cu.m
Hydraulic shovels 4,3 cu.m
Excavation BEML BE 1000 Diesel 1005
Payloader 0.96-10 cu.m
. . o Electricity
Electric Rock drills Drilling - - 6.6 kV) 3
. . s 6.3 inch dia, .
Hydraulic Rock drills Drilling 8 m depth IDM 30 Diesel 380
Large mining dump BEML /
Transportation 240t,120t,100t Caterpillar / Diesel 6715
trucks T
erex
BH-35-11
Large Dozers Transportation 320hp/410hp/ CAT834B Diesel 2899
850hp K
omatsu
Coal handling plant Crushing and _ B ..
(CHP) and Silos sizing of coal Electricity 20
Pumps Pumping of mine 2775 LPS - Electricity 10
water
Total energy consumption - - - 49 MU

* MU = kWh in case of electricity consumption); Kl/year — in case of diesel consumption).
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Table 2
Analysis of annual progressive SPC of coal mine
Year Total Ul?vl\;; .C(l)(r)lésumed, Coal, Mt OB, Mt Compositelvftroduction, SPC ?{whlz:)site,
2011-2012 34.87 25.00 31.10 56.10 0.62
2012-2013 37.49 29.13 33.59 62.72 0.60
2013-2014 40.24 29.18 49.10 78.28 0.51
2014-2015 49.30 31.00 63.73 94.73 0.52
Average 40.48 28.58 44.38 72.96 0.56
Table 3
Analysis of annual progressive SPC of coal mine
Mines studied® Am;(%??g: 8y, pro duccgia(:n, M OB production, Mt prgglr:::lt)i(:)slilfeMt SPC (li((‘),\lnnlr;:)site,
A 49 31 63.73 94.73 0.517
B 118 41 61.085 102.09 1.156
C 50 18.75 61.46 80.21 0.623
D 16.5 2.51 11.81 14.32 1.15
E 18 2.59 4.0145 6.60 2.727
F 8 1.34 2.077 3.42 2.339

* Means: Operating mines, Similar to the mine studied with different production capacity.

From Fig.7 it is clear that the minimum SPC of
an electric shovel is 0.16 kWh/t and that of CHP is
0.12 kWh/t; for the pump is 0.10 kWh/t . The bench-
mark SPC of the mine based on the mining equip-
ment and other utilities is 0.49 kWh/t. The SPC band
for CHP is very wide due to variations in flow of coal
input to the crushers and conveyors. For shovels, the
SPC band is also high due to variations in operatio-
nal practices and materials handled in the mine. The
benchmark SPC by equipment-wise analysis is calcu-
lated as 0.49 kWh/t by comparing specific energy con-
sumption data of all equipment.

3.2. Benchmark SPC within the mine

Progressive SPC of the mine is calculated from the
annualized electrical energy consumption in the mine
and the corresponding composite production. Analy-
sis of annual progressive SPC of coal mining is given
in Table 2. The average progressive SPC is 0.56 kWh/t
of composite production whereas the minimum SPC
is 0.51 kWh/t. Using Eq. (9) the benchmark SPC of the
mine is estimated as 0.50 kWh/t.

3.3. Benchmark SPC for similar mines
The cross-sectional benchmarking of six
operating mines (Mine — A, B, C, D, E, F) has been
done by comparing the specific power consumption

(Table 3)°. All these opencast mines of different
capacities are the coal mines having similar features
comparable with the mine, studied here.

4. Results and discussions
The estimated benchmark SPC for the case study
is 0.50 kWh/t. However, the monthly SPC has wide
variation throughout the year due to monsoon and
the average minimum SPC for the off-rainy season is
0.43 kWh/t and for the rainy season, it is 0.52 kWh/t.
The average progressive SPC is 0.56 kWh/t.
Comparing the benchmark SPC and average SPC,
the electrical energy saving potential is calculated
as 10.7 %. The energy-saving areas can be identified
by a detailed investigation based on a field trial of
equipment operating in the mine using sophisticated
energy audit instruments. A performance trial was
conducted on P&H electric shovel operating in Dipka
opencast mine and the SPC was calculated from the
actual material handled and energy consumption for
validation of the result. The SPC of an electric shovel
alone is calculated as 0.18 kWh/t and accounts for

36 % of the total electricity consumption.

¢ CIMFR studies and technical communications on energy
efficiency and benchmarking in Opencast mines. 2015.
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4.1. Mine-specific energy performance model

The linear regression method has been used
to obtain the correlation between specific power
consumption (SPC) and composite production (Q)
and the analysis results are summarized (Fig. 8). The
variations of SPC with the composite production have
been plotted. The scatter plot shows the relationship
between the yearly aggregated progressive specific
power consumption (SPC,) and composite production
(Q) and is given as Eq. (10) (the R? value of linear
regression is 0.791):

SPC, =-0.002Q, + 0.771. (10)

The linear trend has a negative slope and indi-
cates that SPC decreases with an increase in com-
posite production. The above linear model can be
used for the prediction of SPC with an increase or
decrease in production rate. From Fig. 9 it is clear
that energy consumption increases with the increase
in composite production whereas SPC decreases due

0.7

0.6 ‘\4\’
o 0.5 *
S~
< 04 y=-0.0029x + 0.7719
Z R2=0.7915
G 0.3-
[a
£ 0.2-

0.1-

0 T T T T
50 60 70 80 90 100

Composite Production, min t

Fig. 8. Variation of SPC with production
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to optimum utilization of the mining equipment de-
ployed at the mine. The model can be used to pre-
dict the SPC of the mine for varying material han-
dling rates. A modelling framework was developed by
Topno et al. [15] for assessing energy performance of
electric shovel operating in the same opencast mine
and the results obtained for SPC is 0.12 kWh/cu.m.

For another mine specific model given as
Eq (11); a linear regression model from the actual
aggregated past data of specific power consumption
and composite production for a mine of different
topography, equipment and energy characteristics as
given in Table 4.

SPC, = —6x10Q, + 1.8995. (11)

Fig. 10 shows the linear model with different
x-coefficient and constant. The constant and x-co-
efficient changes from mine to mine depending on
both mine topography, equipment and their energy
characteristics.

. 60000
§ 50000-
T 40000 /
£ y = 354658 + 1E+0.7
g 30000 R® = 0.9469
S 20000
52
g 10000-
[Sa]

0 . . . .

50 60 70 80 90 100

Composite Production, min t

Fig. 9. Variation of electrical energy consumption

Table 4
Mine equipment and energy characteristics of Mine D
. . q Energy usage
Name of equipment Process Capacity Energy input (MUs)/Kl/year
-
Electric shovel Excavation 2.4Cum/5Cum/
10 Cu.m
. . s Electricity
Electric Rock drills Drilling 160 mm (3.3 KV & 6.6 kV) N -
Coal handling plant (CHP) and Silos | Crushing and sizing - '
of coal
Pumping of mine Electricity
Pumps water 752 Ips. 33kV/415V |
Hydraulic shovels Payloader) Excavation 3.5 Cu.m Diesel 1557.6
Hydraulic Rock drills Drilling 160 mm Diesel 871.6
gdedlum mining dump trucks Scania Transportation 60t,50t,35¢1) Diesel 3106.6
umpers
Dozers Transportation 2%8 gg//%DDégg Diesel 978.1

* MU = Million units (Million kWh in case of electricity consumption); Kl/year = kilo litres/year (in case of diesel consumption).
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The specific power consumption in the present
models given in Eq (10) and Eq (11) shows its varia-
tion at different composite production for two open-
cast mines of different capacity, equipment charac-
teristics as well as their energy consumption profiles.
The equipment and energy characteristics affect the
energy performance of the mine.

4.2. Seasonal analysis of SPC

A time-series data of monthly SPC has been plot-
ted in Fig. 11. The analysis shows that the specif-
ic power consumption is higher during the month of
July-October than the period between November-June.
The composite production during these months is lo-
wer due to the effect of monsoon on mining operation
and poor capacity utilization of electric shovels, drills
etc. Further, the SPC is higher due to the increased
load of pumps used for dewatering. The monthly mini-
mum SPC of the off-rainy season and the rainy season
plot (Fig. 12) shows that the average SPC varies from
0.43 kWh/t to 0.52 kWh/t. The seasonal analysis of SPC
helps the mine management to prepare a monsoon
plan to reduce energy consumption by optimizing the
pump and machine operation schedule.

1.4
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1.2 o

1.0- ¢
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O
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min
Material handled, mln t

Fig. 10. The linear model with different x-coefficient
and constant
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4.3. Benchmarking of similar coal mines

The results obtained by comparison of different
opencast coal mines, studied by CSIR-CIMFR’ for
different energy efficiency projects are presented in
Table 3, Fig. 13.

The aggregated SPC of similar coal mines varies
between 0.52 kWh/t to 1.15 kWh/t, minimum being
0.52 kWh/t. As large mines (production capacity
more than 30 Mt) makes use of high capacity electric
shovel which are the major electrical consuming
equipment (36 %). In smaller mines, producing
1.3 Mt to 2.6 Mt of coal, the SPC varies between 1.15
to 2.72 kWh/t.

4.4. Energy-saving potential
Estimation of the electrical energy saving poten-
tial, by comparing the progressive benchmark SPC
(SPC, 5, and annualized average (SPC, ,,) is possi-
ble for a coal mine and this calculation is done using
Eq. 12 given below.

7 CIMFR studies and technical communications on energy
efficiency and benchmarking in Opencast mines. 2015.

0.7
g 0.60 ;
g 06l 056 /For rainy season
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Fig. 12. Monthly SPC for the off-rainy and rainy season
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Fig. 13. The results obtained by comparison of different
opencast coal mines
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_ (SPC, g~ SPCy, ) - 100
S SPC, ss

where (SPC, ,,,) is the average of annual progressive
SPC and is given by Eq. (13)

4
SPC;
Z ’ (13)
SPCy s = a1

As per Eqg. (12), the energy-saving potential of
the mine is 10.7 % for the studied mine, which vary
on each progressive year, based on the analysis of
four years of data and the actual operating condition
of the mine.

, (12)

Conclusions

Benchmarking energy consumption is an effective
tool to assess and compare the energy performance
of the mines. Opencast surface mines, producing coal
(or other minerals) are the industrial beneficiaries
of the benchmarking. Both, internal benchmarking
and cross-sectional benchmarking can be used by
the mine management to identify the key areas that
require performance improvement to reduce energy
consumption and set up targets for the mining sector,
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to reduce industrial energy consumption. In this
research paper, benchmarking work of the electrical
energy usage for a large opencast mine of India has
been done and the progressive benchmark SPC is
estimated as 0.50kWh/t.

A new method of comparison and modelling
using past operating data for each process as well as
aggregated data of composite production and energy
consumption, have been applied for various surface
coal mines of both small size and large size. Linear
regression methods have been used for solving the
present mine specific data. Especially, coal mines of
the Indian mining industry are targeted to predict
the benchmark SPC. The benchmark obtained by
internal benchmarking is useful to assess the energy
efficiency of a specific mine and the SPC obtained by
cross-sectional benchmarking is useful to assess the
best performing mines with the best practices. The
energy-saving potential of the mine has also been
assessed.

In brief, it is concluded that the energy perfor-
mance evaluation of a specific mine or a group of mine
is feasible by benchmarking models suggested in this
paper for mining sector and benefits by assessing and
implementing the energy saving potential.
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