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Abstract. Transportation costs in open pit mining may take 50 to 70% of overall open pit mining cost. Diesel fuel consumption takes more than 25% of owning
and operating costs of large mining haul trucks and represents about 50% of carbon emissions at open pit sites. Modern software uses built-in characteristics of
machine as rimpull and breaking performance, fuel, and electricity consumption rates. Computer simulation of CAT 794AC with trolley assist on conditions of
Kachar mine 3068-meter haul road with 1100-meter trolley line section demonstrated 22% fuel consumption reduction and 10,9% higher production compare with
conventional CAT 794AC. Study shown possible future efficiencies and practical recommendations for trolley assist application. During the study the real haul
road condition’s data taken from mine site and used for simulation of future operational performance indicators.

Key words: mining hauling truck; mine haul road; trolley assist; carbon emission, fuel efficiency, computer simulation, hydraulic front shovel, cost analyses,
operator efficiency, lithium battery.

Kavap keHi 5K0JbIHIA TPOJUIEH TachbIMaJIIAY KYHYCiHIH KOJIAaHy MoJeabaeyi

Anpatna. Tay-KeH alblK 9iCIIeH OHAIPYTre apHAJIFaH TachIMasay HIbIFBIHAAPbI, 9[CTTE, AlIbIK O/IiCIICH OH/IPY/ IiH JKalIbl HIBIFRIHAAPBIHBIH 50-1eH 70%-Fa
nieiiin 6omanpl. JIu3enb/i OThIHABI TYTHIHY 1pi Tay-KeH )KYK KOJIKTEPiH HeIeHy JKoHe MaijanaHy IIbIFbIHAAPBIHBIH 25%-/1aH acTaMbIH KYPai bl )KoHE Kapbepiep-
JICH IIBIFATBIH KOMIPTEri IIbIFapbIHbUIAPBIHBIH MamMaMeH 50%-bIH Kypaiiasl. Kasipri 3aMaHri KOMObTEPIIiK MICMIIMAEP MAIIMHAHBIH KipiKTipiIreH cumarrama-
JIApbIH Majananajibl, MbICAJIbI, TAPTY KOHE TekKEy OHIMJIIIIT, OTBIH MEH JIEKTP PHEPrusichiH TyThiHy. Kommbrepiik cumymnsanus 1100 m Tposuieiibyc xeici 6ap
3068 MeTpitik Kok xoJablHbIH Kauap keHiHbIH opTacbiHaa Tposuieii xyiteci 6ap CAT 794AC yaricinin cumyisinusicel koaiMri CAT 794AC-nieH canbICThIpFaHia
OTBIH HIBIFBIHBIHBIH 22%-Fa TOMEHCYiH KoHE oHIMAITIKTIH 10,9%-Fa apTKaHbIH KOpCeTTi. 3epTTey OoamaKkTa MyMKiH O0TaThIH TUIMIUTIKTI KOHE TPOJIEH TapTy
XKyieciH naiianany GOMbIHIIA NPAKTUKAJIBIK YCHIHBICTAP/IbI KOPCETTI. 3epiTTey e KapbepAep TaChIMalliayFa apHaJIFaH HaKThI )KOJI XKaF JailJiapbl TaiiaJaHblUIIbl.

Tyuinoi cozdep: may-xen asmocamocseansl, MexXHoIOUALLIK JHCO, MPOJILell MAPMKbIUL ACYUECE; KOMIpme2i Wbl2apbIHObLIAPbL, OMbLH YHEMOEY, KOMNbIOMEPiK
MoOenvoey, cUOPABIUKANBIK IKCKABAMOP, UbIELIHOAPObL MALOAy, ONepamopobly muimoiniel, iumui bamapescoi.

MopeaupoBaHne NpPUMeHEHUS] TEXHOJOIMU TPOJLJIEeHHOW TATNM B YCJHOBHAX TEXHOJOTHYeCKHX AOpPOr

Kauapckoro pyanuka

AnHoOTanus. TpaHCIIOPTHBIE PACXOABI MIPU J00BIYE OTKPBITHIM CIIOCOOOM MOryT cocTaBisiTh OT 50% 10 70% oT obmmx 3arpat Ha 100kdy. [ToTpebnenue
JIN3EJIBHOTO TOIUIMBA COCTaBIIsIeT Oouiee 25% pacxosoB Ha BiIaJeHNUE M SKCILUTyaTallMI0 KaphepPHbIX CAMOCBAJIOB M COCTaBIIsIET 0KosIo 50% BBIOPOCOB yriepoja Ha
kapbepax. CoBpeMEHHBIE IIPOrPAMMHBIE PEIISHHS UCIIOIb3YIOT BCTPOSHHBIE XapaKTEPUCTHKY MAIIMHbI, TAKHE KAaK TSATOBOE YCHIIHE U TOPMO3HbIE XapaKTEPHCTHUKH,
pacxoj| TOIIMBA M dJeKTpodHeprun. Ilporpammuoe Moaenuposanue skcmryaraiun camocBana CAT 794AC ¢ cuctemoit Tponseiinoi Taru B ycnosusx Kauap-
ckoro pyanuka 3068-MeTpoBOil TeXHOJIOrHYecKoit Joporu ¢ 1100-MeTpOBBIM y4acTKOM TPOJUICHHON JIMHUEH NPOIEMOHCTPUPOBAJIO CHIDKEHHE PAaCX0/1a TOIUINBA
Ha 22% ¥ noBkIlIeHKHe pou3BoauTeabHocTd Ha 10,9% no cpaBuenuio ¢ CAT 794AC B 00bIMHOM HCTIONIHEHHUH. VIcclieioBaHNe 1T0KA3aI0 BO3MOXKHYIO 2 eKTnB-
HOCTb B OyyILlIeM M NIPAKTHYECKUE PEKOMEHIAIMH 110 IPUMEHEHHUIO CUCTEMbI TPOJICHHON TATH.

Knrouesvie cnosa: Kupbeprlﬁ camocsail;, MmexnHojaiocuiecKkas dopoza; cucmema mpwueﬁuali msau, 8bl6p()c nylc‘pO()a, MONJIUBHAA IKOHOMUYHOCHIb, KOMNbIO-

mepHoe CuMyIuposanue, 2uopasIULecKull IKCKAeamop, anaius sampam, d¢gexmusnocms onepamopa, 1umuessle bamapeu.

Introduction

According to International Energy Agency mining
companies should reduce their carbon emissions by
58% by 2050 compared with 2010. Meeting this target
is going to be the big challenge considering that demand
for minerals is growing as population is growing and
mining is getting harder. Globe is running out high grade
deposits and mining low grade ore means task to move
more tonnage to longer distances'.

Diesel-clectric drive mining hauling trucks are widely
used in mining industry and demonstrate efficient cost
per ton parameters within a range 140-tonn payload up to
400-tonn. Already run electric motor drive components
are opening opportunity to upgrade those trucks to hybrid
or fully electric drive considering recent development of
lithium battery technology become cost effective and safe
energy storage. However, there is a treat regarding the
shortage of lithium for battery production. The treat of
lithium shortage shifted focus on recycling of batteries to
ensure a continues supply of material and eliminating risk
of lithium battery elements pollute the environment [1].

Nowadays there are solutions for significant
reduction of diesel fuel consumption on large mining

haul trucks from global original equipment manufactu-
rers (OEM) are available.

Trolley assist solution

Caterpillar as a leading mining equipment manufacturer
have available retrofit kit for CAT 794AC, 795AC, 796AC,
798 AC trucks. With payload range from 291 to 372 metric
tons. Trolley assist offers miners opportunity between 20 to
60% to reduce CO, emissions from diesel engine for more
environmentally friendly sustainable mining operation.
While trolley assist applied more than 90% fuel consumption
and average wear of engine is reduced up to 25%. Trolley
assist system’ required wiring and pantograph equipment
of trucks and significant mine site infrastructure investment
such as AC substation, DC substations, support poles,
catenary lines, and the load height check points (Figure 1, 2).

Boliden started trolley assist application project as trial
to test potential of technology in weather conditions of the
region where temperature can go down to minus 40 degree
on Celsius. Trial 700 meters long trolley line was extended
by 3000 meters to cover more mine haul road. As project was
successful Boliden is planning to implement it Boliden’s
Kevitsa nickel mine in Finland. Target is overall diesel fuel
saving by 5,5 million liters per year when implemented?.

'Muralidharan R., Kirk T., Koch Blank T. Pulling the weight of heavy truck decarbonization. Exploring Pathways to Decarbonize Bulk Material Hauling

in Mining. — Basalt (USA): Rocky Mountain Institute®, 2019. — 19 p.

2Cat® Trolley Asisst. Caterpillar global mining. / An overview. — 2021 [electronic resource]. https.//cat.com/mining

SMining with principles at Boliden’s Aitik mine in Sweden. — 2021 [electronic resource]. https://www.icmm.com/en-gb/case-studies/202 1 /icsv/boliden-electric-trolley
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are critical part of dust control in order to prevent dust build
up on pantograph and trolley line. Mine haul road grade
should be as per gradeability performance chart of mine
haul truck manufacturers (Figure 3). Ambient temperature
30°C; E — Empty operating weight 217419 kg; L — Target
GMW 521631 kg.

To determine gradeability performance: read from
gross weight down to the percent of total resistance. Total
resistance equals actual percent grade plus 1% for each
10 kg/t of rolling resistance’.

Recommendations of off-the-road (OTR) tire
manufacturers also must be taken into consideration
while designing mine haul road grade and profile. Most
of OTR manufacturers recommend 8% grade as optimal
to reach target life of OTR tires.

Methodology

ot 6 2O i & Preliminary modeling and simulation of various equipment
Figure 1. Trolley Assist truck run in Aitik and technology is important part of decision making in
iron ore mine of Boliden in Sweden. mining industry. Fleet Production and Cost Analysis
Cyper 1. boauaen pupmaceinbin lIBenusaare AWTiIK  (FPC) software designed by Caterpillar Inc. for estimation
TeMip KeHiminaeri TpoLieii xKyiieci 6ap camocsai. of productivity and costs for different combinations of earth

Puc. 1. CamocBaJ ¢ TPOLI€iiHOM cHCTEMO Ha moving equipment models and site conditions.
JKeJIe30PYTHOM PyIHHKe AlTHK KoMnanun boianien FPC takes as inputs such as: speed limits, grades, rolling
B IlIBenun. resistance, distance, waiting time, loading time, dumping

time, machine availability, bucket fill factor, material
density, operator efficiency and costs data. FPC use rimpull
and retarding capabilities of mining dump trucks and cycle
time of loading tool and provides accurate prediction
of current and future productivity. Miners can identify
bottle necks as truck spotting, operator efficiency or road
conditions as well as safety aspects of operations.
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Figure 2. Mine site infrastructure in Aitik iron ore = "B
mine of Boliden in Sweden. “ Qs
[
Cyper 2. boauaennin lIBenusinarel AATIK TemMip = § -
KeHiurinaeri TposuIei sKemicinin HHPPaAKYpPHLILIMBI. =" Z25
Puc. 1. MudpacTpyKTypa TPOJIJIEHHOM JIMHUN HA e @ Té
JKeJIe30PY/THOM pyAHMKe AWTHK KoMnanuu boaunen " &<
B lllBenumn. "
45
Recommendations for haul roads 15
Trolley assist truck request significant improvement o
in mine road building and maintenance culture. Well- oo ZPEEI;S om0 e
kept constant grade is mandatory for trolley assist section
of the road. Reducing dust on trolley-assisted haul roads Figure 3. Gradeability performance chart of CAT
involves processes like evaluating haul road design, traffic 794AC at sea level.
flow management, inspection for structural failures such us Cyper 3. CAT 794AC camocBaJILIHBIH TeHI3
rutting, analyses the upper layer and material selection and JleHreiineri TapTy cunarraMmaJapbIHbIH rpadguri.
per site constrains®. Selection of appropriate water tank and Puc. 3. 'paduk TAroBbIX XapaKTEePUCTHK CAMOCBAJIA
water spaying equipment and dust suppression management CAT 794AC na ypoBHe MOpsl.

‘Adams T. Trolley-assisted haul roads construction and maintenance. / Industry articles. — 2022 [electronic resource]. https://globalroadtechnology.
com/trolley-assisted-haul-roads-construction-and-maintenance/

SCAT 794AC Mining Truck Specifications. Caterpillar. AEHQ7160-03 (05-2016). — 2016 [electronic resource]. https://caterpillar.scene7.com/is/
content/Caterpillar/CM20200930-dba70-c067f
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¢ — Trolley line

Figure 4. Kachar iron ore mine haul road for overburden removal.
Cyper 4. Kauap TeMip KeHilli KeHIilIIHIH YCTiHI Ka0ATBIH TaChIMAJAYFAa aPHAJIFAH TEXHOJOTUSJIBIK 2KO0JI.
Puc. 4. TexHosorn4eckasi 10pora o TpaHCHOPTHPOBKe BCKPHIIIHON MOPO/BI 2KeJie30pyAHoro pyanuka Kauap.
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Figure 5. Speed vs Distance graph of conventional CAT
794AC truck. Average speed up-hill is 13 km/h.
Cyper 5. Koaimri qu3zaiingarsl CAT 794AC KoJIBIHBIH
KalIBIKTBIFBIHA KbLIJIAMABIKTBIH 6€3repy rpadguri.
Oprama ;KpUIIaMABIKTBIH KOFapbLIaybl 13 kM/car.
Puc. 5. I'padpuk 3aBucumoctn ckopoctn CAT 794AC
O00OBIYHOT0 MCIIOJTHEHHS OT NPOTSAKEHHOCTH IOPOTH.
CpenHsisl CKOPOCTh Ha MoaAbeM — 13 km/4.
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Figure 6. Speed vs distance graph of CAT 794AC with
trolley assist. Average speed on route with 1100 meters
trolley line is 23 km/h.

Cyper 6. TpoJuaeii :kyiieci 6ap CAT 794AC Ko0JIbIHbIH
KAaIIBIKTBIFBIHA JKBIIIAMIBIKTBIH 03repy rpadguri.
1100 meTp TOpOJIel JUHHACHI Hap K01 opTala
JKBLIIAMBIKTBIH KOFApbLIaybl 23 KM/car.

Puc. 6. I'padpux 3aBucumoctn ckopoctu CAT 794AC
¢ TPOJICIiHO CHCTEMOI 0T IPOTAKEHHOCTH JOPOTrH.
Ha anajiorn4HoM y4acTkKe ¢ TPOJIeiiHOM JINHUel
B 1100 M cpeaHsisi CKOPOCTb Ha MOAbEM 23 KM/4.
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Table 1
Estimated cost inputs used for FPC study
Kecme 1
FPC 6azoapnamacvinoazel ecenmeynep yutin
naii0ananzan Kipic oepekmep

Taonuya 1
Beoonwvie oannvie, ucnonb3oeannsie 01 pacuemos
6 npozpamme FPC
Parameter Value
6060FSD | 794AC | 794AC Trolley
Ownership period, year 10 10 10
Operator cost, $/h 6 6 6
Fuel cost, $/h 217 173.13 141.12
Tires, $/h - 50 50
Cost of trolley line, $/h - - 13

Notes: Owning costs of 794AC Trolley is higher than 794AC
because of higher capital cost of machine equipped with
pantograph. Cost of trolley line includes costs per 20 trucks and 20
years depreciation. All costs information is given for study purpose
only as per life cycle cost calculation methodology of OEM based
on recommended preventive maintenance and repair periods.

Table 2
Operational, fuel and electricity cost information inputs
for FPC study
Kecme 2

Onepayuanslk, 0epeKkmep, OMblH HcIHE ITIeKmP
anepzusacel wivieinoapvl FPC 6azoapnamacovina
enzizineoi
Taonuua 2
IKcnayamayuonnvle oannvle, 3ampamel HA MONTUBO
u 1eKmpuyuecmaeo, eseoennvle 6 FPC

Parameter Value
Operator efficiency, % 90
Annual effective operational time, hours/year 5500
Diesel fuel price, $/liter 0.56
Electricity tariff, $/kWt-h 0.06

Note: Diesel fuel price and Electricity tariffs are taken as average
on open market in Republic of Kazakhstan valid in June 2022.
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Table 3
Key outcomes of FPC simulation study
Kecme 3
FPC oouibinua nezizei mooenvoey Homudicenepi
Tabnuuya 3
Knrouegwvie pezynomamut cumynayuu na FPC
Parameter Value
794AC 794AC Trolley
Quantity required to reach annual production target of 100 mlin. tonnes, Pcs 20 20
Total trip cycle time, min 21.11 19.77
Cycles per hour, c/h 2.84 3.08
Hourly productivity of fleet, t/h 14988 15791
Hourly fuel consumption, liter/h 343.52 215.49
Hourly electricity consumption, kWt-h - 198.34
Fuel consumption per total cycle, leters 120.88 70.99
Diesel fuel consumption for course, leters 41254632 24563278
Electricity consumption per course, kWt-h - 68630552
Total diesel fuel equivalent consumption per course, leters 41254632 31916552
Tonnes per liter, t/1 242 3.13

Simulation of Trolley assisted CAT 794AC
operation was done on FBC with bellow inputs. Figure
4 shows the real mine haul road of Kachar iron ore in
the North Kazakhstan was used.

GPS datais taken 10th of May 2022 with the permission
of mine management. Length of road 3068 meters. For
FPC simulation purposes trolley line for 1100 meters
are modeled for acceptable straight parts of the haul
road. Average grade of trolley line in is 11% which is
on acceptable recommended level. Rolling resistance is
2% for dry compacted gravel haul road. Speed limit of
40 km/h is applied as per Safety regulations for mining
operation in Republic of Kazakhstan.

Simulation was done for production target of 100
million metric tonnes for year. Material bank density
is 2320 kg per bank cubic meter (BCM) and material
loosen density 1750 kg per loosen cubic meter (LCM).

CAT 6060FSD — hydraulic front shovel with 34 cubic
meter bucket as per SAE 2:1 and CAT 794AC — mining
haul truck with nominal payload 291 metric tonnes with
trolley assist and without it. This combination is considered
as the most optimal with 4-5 bucket pass match.

a) b)

41254632
31916552 0.68

0.65
0.66
0.64

794ACTrolley +
6060FSD

50000000

794AC+

6060FSD 062

794ACTrolley +
6060FSD

Table 1 and 2 shows number of inputs entered to FPC
software to study performance of trolley assist.

Results

FPC taking to algorithm all inputs generated two
scenarios of reaching target production and costs
for each. Figure 4 and 5 shows how up-hill direction
speed over the haul road on conventional 794AC
and 794AC with Trolley assist higher for 13 km/h
on 1100-meter trolley line.

Advantage of higher speed on trolley line let 794AC
with Trolley assist make 3,08 trips per hour vs 2.84
trips for conventional 794AC truck.

Discussion

Fuel efficiency of CAT 794AC with trolley is 40%
lower, FPC considers 60 630 552 kWt-h electricity
consumption and convert it to equivalent fuel. Thus, total
fuel equivalent consumption over the 10 year course is
31 916 552 liters for fleet of 20 trucks.

Figure 7a shows equivalent fuel consumption per
course (fleet of CAT 794AC with trolley consumes 22%
less fuel that fleet of conventional CAT 794AC); 7b —
cost per tonnes of CAT 794AC with trolley 6,6% lower

0.696 c) 891

900

850

803

750

794AC + 6060FSD

794ACTrolley +
6060FSD

794AC + 6060FSD

Figure 7. Graphical comparison of a — fuel consumption; b — cost per tonnes and ¢ — production data.
Cypet 7. I'padukanblK cCaJbICTBIPY: @ — OTHIH IIBIFBIHBI; b — TOHHAFA KeTeTiH WIBIFbIH; ¢ — OHIMALTIK.
Puc. 7. 'padnyeckoe cpaBHeHHE: a — PAacXo/l TOIUIMBA; b — ce6eCTOUMOCTH 32 TOHHY; ¢ — IPOU3BOIUTEIHHOCTb.
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than conventional CAT 794AC; 7c shows that production
of each CAT 797AC with trolley can be higher 10.9%
than conventional CAT 794AC.

Difference in CO, emission between CAT 794AC
with Trolley assist and conventional CAT 794AC
can be calculated® by below formula:

CO (1) =% VK.

COL(1) = (41254632 — 31916552) % 2,65 =
= 24745912 liters,

Where:
K — Diesel fuel burn CO, emission coefficient CO, EF kg CO,/1 —-2.65;
V — difference in fuel consumption.

Conclusion
Regulations to reduce carbon footprint for mining
companies will grow year by year and designing of expansion

and existing and mine mines should be done considering
effective technologies on reducing CO, emissions by most
economical effective way. Individual mine conditions
should be considered during feasibility study of technology
applications. Analyses of trolley assist use at mine sites
are proven way to reduce diesel fuel consumption and
dust, improve air quality at minesite and extend diesel
engine overhaul intervals [2]. Road construction materials
of higher strength and less cohesion improves the general
properties of the road in terms of its carrying capacity and
durability and can reduce the need for maintenance [3].
A dump truck operators can have a significant effect on the
energy efficiency of material handling operations [4].

Using 1100 meter trolley line on CAT 794AC with
trolley assist on conditions of 3068 meters haul of Kachar
iron ore mine showed 22% fuel efficiency and 6,6% cost
per tonnes efficiency.

°Breisinger M. Greenhouse gas assessment emissions methodology. / Inter-American development bank. — 2012. — VPSS/ESG Technical note

NeIDB-TN-455. — 10 p. [electronic resource]. https://www.iadb.org/en
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