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Abstract: Transport of ore and overburden in open-pit mines is often performed with large haul
trucks. Battery-electric operation of haul trucks can significantly reduce the CO, emissions and the
fossil fuel dependence of open-pit mining. This simulation study investigates the feasibility and
economy of operating large haul trucks battery-electrically, charging from an electric road system in
the form of overhead trolley lines. The used simulation model is verified against measurements on
diesel-electric haul trucks in normal operation. The simulation model is then tested with five drive
cycles representing typical operations in the Aitik copper mine in northern Sweden. This simulation
study shows that battery-electric operation with an electric road is feasible. It is shown that battery-
electric operation is much cheaper than diesel-electric operation under reasonable assumptions. It is
also much cheaper than diesel-electric operation assisted by an electric road.

Keywords: mining truck; haul truck; electric road; drive cycle; battery-electric vehicle; trolley; cost;
mining; electric vehicle; heavy-duty vehicle

1. Introduction

The importance of reducing CO, emissions and dependency on fossil fuels is well
known [1]. A commonly proposed way of reducing CO, emissions from vehicles is electri-
fication. In the mining industry, haul trucks are used to transport ore and overburden in
open-pit mines. These trucks are essential for the mining operation to run smoothly, but
they are also the class of vehicles in the mining industry that consumes the most fuel in
total by a wide margin. There are 51 large haul trucks in Sweden, 35 of which operate in
the Aitik mine. Large haul trucks are here defined as trucks having more than 200-tonne
payload capacity. For the whole world, the total number of active surface mining trucks
with payload capacity above 90 tonnes was 52,200 trucks in 2022 [2]. At the end of 2012,
there were about 3000 mining trucks in the world with a payload capacity above 290
tonnes [3].

The Aitik mine consumption of 35,000 m® diesel per year is dominated by the haul
trucks. That corresponds to about 0.4% of the energy of all petroleum-based fuels used in
Sweden [4]. The total of 35,000 m® diesel per year would also be enough to power about
1500 city buses, which is 30% of the city buses in Sweden [5]. City buses is here defined as
buses of class I which is assumed to have a fuel consumption of 40 L/100 km.

Most large haul trucks are diesel-electric with no onboard traction battery or external
power source. In a few places” worldwide, diesel-electric haul trucks have been used in
conjunction with external power from overhead trolley lines [6-8]. This is similar to the way
electric trains operate. In the mining industry, this is often referred to as trolley power. In
this article, the more generic term electric road system (ERS) is used. Electric road systems
(ERS) have recently received more attention for possible use on public roads [9-11]. Such
electric road systems are installed on steep uphill ramps to reduce diesel consumption and
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increase speed when climbing the ramps. On other parts of the drive cycle, these trucks are
only powered by the diesel engine, in the same way as other diesel-electrically haul trucks.
Various hybridization concepts without ERS have also been investigated, e.g., in [12-15].
Boliden AB has tested using an electric road for mining trucks in its Aitik open pit
mine and is now planning large-scale implementation of the system [16]. One of the trucks
with an ERS pickup can be seen in Figure 1. This is the first use of electric roads for haul
trucks in arctic conditions.

Figure 1. Haul truck connected to an overhead electric road system in the Aitik mine. (Picture:
Mats Hillblom).

The rapid development of lithium-ion battery technology has made battery-electric
operation of haul trucks an interesting alternative to the conventional diesel-electric oper-
ation. There have already been tests with a smaller (110 tonne loaded) battery-operated
haul truck in Switzerland since 2018 [17]. In the article “All Electric Operation of Ultra
class Mining Haul Trucks” [18], it is proposed to combine a high ERS coverage with small
energy storage in the form of ultracapacitors or batteries while keeping the diesel engine. In
that paper, a background of existing technology is presented together with basic feasibility
calculations for the concept.

The use of onboard ultracapacitors or batteries on ERS-connected diesel-electric haul
trucks to reduce peak ERS power is described in a patent from 2013 [19].

This paper contains the result of a feasibility study on operating heavy (570 tonne)
haul trucks with only power from electric roads and battery, without a diesel engine
onboard. The study is based on data for a CAT 795F AC haul truck. The battery is
charged from the electric road and through regenerative braking. The results from these
simulations are compared to results from simulations of diesel-electric operation with and
without ERS. Charging/discharging profiles for typical drive cycles in a large open-pit
mine are investigated. They are important for the correct sizing of the battery and other
key components. The results are promising, with a substantial reduction in estimated
operating cost in the investigated case. Some uncertainties arise from battery life and
economic assumptions.

Mining trucks are an extreme type of electric vehicle regarding size, which makes elec-
trification challenging, but the high number of operating hours per year, the many vehicles
that share infrastructure and the rather short drive cycles make battery-electric operation
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very cost-effective, especially in combination with an electric road system. Additionally,
having the same owner of the vehicle and infrastructure makes it easier to switch to a
new propulsion system. Analyzing the electrification of mining trucks can therefore help
understand the limits of electric vehicle applications and check the validity of common
assumptions on what role battery-electric vehicles can have in the future.

2. Drive Cycles

The haul truck operation at Aitik is approximated as a mix of four artificial drive
cycles, which are summarized in Table 1. The relative fraction of all the operating cycles
that are represented by each drive cycle is given in the last column of Table 1. A large
fraction of the cycles is relatively short. One reason for this is that a large part of the ore is
only transported to ore crushers down in the mine. The drive cycle “Short 2” will be used
as the main example for illustrating the results.

The elevation profile and electric road placement of each drive cycle are shown in
Figure 2. The electric roads are placed away from the start of the drive cycle to avoid
damage from blasting operations. The electric roads are shown with thick green lines. The
short interruptions in the electric roads (100-200 m, shown in orange circles) are intended
to represent hairpin curves where an electric road cannot be installed, and at these places,
the speed is limited to a max of 15 km/h, as shown in Figure 3. The trucks are assumed to
be fully loaded in the first half of each cycle and empty the second half of the cycle. Since
the truck returns on the same road, the elevation profiles are symmetric around the middle.
The cycles include a 72 s pause for loading and a 36 s pause for unloading. In reality, the
pauses will sometimes be longer due to, e.g., queues with other trucks. Most slopes in the
elevation profiles are 8%, and the only exception is the “long” drive cycle that has some
less steep slopes.
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Figure 2. Elevation profiles for the different drive cycles. The lines have been shifted in elevation to
minimize overlap. The thick green lines indicate the placement of the electric road. The cycle “Long”
represents the special case of transporting waste rock to extend the tailings dam.
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Figure 3. Speed limits for drive cycle “short 2”.

Table 1. Summary of the simulated drive cycles and the length of electric road (ERS) used.

Length Elevation Assumed
Drive Cycle 8 . ERS Length (m) Fraction of
(m) Difference (m) .
Operating Cycles

Short 1 5600 100 601 30%
Short 2 9000 200 1202 50%

High 16,000 500 3204 15%

Long 23,000 184 1502 5%

Weighted 9730 214 1337

average

3. Simulation Model

To simulate battery-electric operation of a mining truck, a model of the vehicle and its
drivetrain is needed, including parameter values. Most large mining trucks are currently
diesel-electric, and therefore, a large part of the drivetrain can be exactly the same in a
battery-electric version. The main difference would be that a truck with battery-electric
operation would have a battery pack replacing the diesel engine and generator used in a
conventional haul truck, as seen in Figure 4. The braking resistor, which is used to absorb
power from regenerative braking, can also be removed since the battery can absorb any
regenerated power, except for rare cases of downhill transportation with a positive energy
balance. For emergency situations, the mechanical brakes will be used, so the braking
resistors should not be required for that.

The parameter values of the vehicle model have been inferred from different sources,
including the specifications of current diesel-electric mining trucks, the recorded typical
fuel consumption in operation and reasonable assumptions.

To verify the model, data recorded by the onboard monitoring system from diesel-
electric operation of one truck for one day was used. From this recorded data, 13 driving
cycles with similar elevation differences and driving distances, and without glitches in
recorded data, were identified. The elevation and speed profile of these cycles can be seen
in Figures 5 and 6, respectively.
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Figure 4. The main drive train components and power flows between them. To the left, the presently
tested diesel-electric trucks using the ERS. The conventional diesel-electric trucks are similar but lack
the ERS pickup and the trolley line. To the right is the battery-electric truck simulated in this work.

The energy consumption at the DC-bus of the real vehicle is compared with calcula-
tions based on the simulation model. One of the main uncertainties is the average rolling
resistance of the tires. When the rolling resistance was set to 1.4%, the average calculated
DC-bus energy consumption was 358 kWh/cycle while the measured DC-bus energy con-
sumption was 361 kWh; this is a difference of only 1%, which is considered good enough.
The measured and calculated DC-bus energy consumption during the recorded cycles can
be seen in Figure 7. A rolling resistance of 1.4% seems reasonable since 2% is a rough value
often used in the industry, and it seems reasonable that it would include some margin.
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Figure 5. The measured relative elevation during the 13 drive-cycles used in the model calibration.
One drive cycle has been highlighted for clarity.
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Figure 6. The measured speed during the 13 drive-cycles used in the model calibration. One drive
cycle has been highlighted for clarity.
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Figure 7. A comparison of measured and modeled energy consumption, at the DC-bus, during the
13 drive-cycles used in the model calibration. One drive cycle has been highlighted for clarity.

The main model parameters are given in Table 2. The diesel engine with its associated
systems has a mass of about 25 tonnes. In the simulation, the battery with its associated
systems is assumed to have the same mass.

The motivation for this assumption is that a typical electric vehicle battery pack has
a specific energy density of about 150 kWh/kg, which corresponds to 13 tonnes for a
2000 kWh battery. The remaining 12 tonnes should be more than enough for the 6000 kW
non-isolated DC-DC converter, cooling systems and extra protection of the battery in this
demanding application. It is likely that the battery weight may become significantly lower
in the future as batteries and system designs develop.

The mass of the pantograph needed to connect to the ERS is about 4 tonnes but has
not been accounted for separately. For these reasons, the vehicle’s empty mass has been set
to 250 tonnes regardless of the drivetrain option simulated.

The maximum power from the electric road was set to 8000 kW per vehicle since it
was judged to be reasonable to upgrade the current system to that level based on existing
pickup contact strip technology [20] and other components. The current system delivers
4500 kW per vehicle.
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Table 2. The main vehicle parameters.

Parameter Value Unit
Generic
Max electric motor output power 2 4000 kw
Max practical electric motor braking power ? 3300 kW
Empty mass 250 tonne
Max Load 320 tonne
Tyre rolling resistance. 14 Yo
Aerodynamic drag coefficient Cj. © 1.0
Aerodynamic cross-sectional area 4 70 m?
Loss from DC-bus to wheel, 11.5 %
same in reverse at regeneration
Diesel

Diesel engine power 2500 kW
Generator DC-power 2260 kW
Load independent diesel consumption © 50 1/h
Marginal diesel consumption, 0.253 1/kWh
ca 40% efficiency, fuel to DC-power

Diesel and ERS
Same diesel engine parameters
as in pure diesel operation
ERS power f 4500 %

Battery and ERS
ERS power 8000 kw
Battery size 2000 kWh
Resistive loss in battery and DC/DC converter at 1C 3 %
charge/discharge rate
Max Battery charging power 6000 kW
Auxiliary power 50 kW

2 The available motor output power depends on speed but is close to the maximum value in almost all parts of the
drive cycle. ® The max braking power from the truck specification is higher, but it was clear in the recorded data
that the drivers did not tend to use the full braking power available. ¢ Typical value for blunt bodies. ¢ Vehicle
height 7.04 m, width 9.45 m + load and pantographs. ¢ Includes auxiliary loads such as cooling systems and
power steering. f Limited by max electric motor power.

4. Simulation Algorithm

The first step in the simulation is to generate the speed profile during the drive cycle.
This starts with defining the speed limitations; thereafter, the speed for each simulation
step is reduced to meet the limitations in driving and braking power when necessary. Once
this feasible speed profile has been calculated, the power flows and energy balance in the
drive train are simulated. The simulation is conducted with respect to the driven distance
and not time. The step size is kept constant at 1 m.

In the case of battery-electric trucks with ERS, the speed on ERS and the ERS-power
needs to be adjusted such that the battery state of charge (SOC) is the same at the end of the
drive cycle as when the drive cycle starts. If the SOC increases during the simulated drive
cycle, the needed ERS-power is calculated iteratively, and the power flows are updated
accordingly to obtain the SoC balance over the whole driving cycle.

If the SOC decreases during the simulated drive cycle, the allowed driving speed,
when connected to ERS, is reduced to increase the charging time. The new speed limit is
found with a numeric root-finding algorithm, which aims for SoC balance over the whole
driving cycle. The drive cycle is then re-simulated with the updated speed limit on the ERS.
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This simulation algorithm is repeated for each combination of drivetrain and drive cycle.

The simulation of all combinations of the four drive cycles and three vehicle configu-
rations runs in less than 2 s on a laptop with MATLAB R2020b and an Intel(R) Core (TM)
i7-8650U CPU at 1.90 GHz.

5. Results

The simulation results for diesel operation are summarized in Table 3, Diesel with ERS
in Table 4 and Battery with ERS in Table 5.

Table 3. Cycle time and fuel consumption for the drive cycles under pure diesel operation.

Diesel
. Time Diesel

Drive Cycle (min) Consumption (Liter)
Short 1 16.2 86

Short 2 26.5 153

High 49.7 329

Long 51.8 262

Weighted average 28.2 165

Table 4. Cycle time, fuel consumption and electricity consumption for the drive cycles under diesel
operation with ERS.

Diesel + ERS

Drive Cvcle Time Diesel Electricity
y (min) Consumption (Liter) Consumption (kWh)
Short 1 14.8 58 105
Short 2 24.0 99 206
High 429 187 543
Long 48.6 195 257
Weighted average 25.3 105 229

Table 5. Cycle time, electricity consumption and battery usage for the drive cycles under battery

operation with ERS.
Battery + ERS
) Time Electr1c1ty. Electricity from Battery- Max Charging

Drive Cycle (min) Consumption Battery (kWh) Cycle Depth  Power

(kWh) i (KWh) (kW)
Short 1 14.2 267 198 154 4958
Short 2 226 471 336 248 4540
High 37.9 992 625 496 3516
Long 48.6 837 652 499 5568
Weighted 237 506 353 270 4563
average

In diesel operation, the average drive cycle time is 28.2 min, and the fuel consumption
per cycle is 165 L. By adding ERS without a battery, the cycle time is reduced by 2.9 min,
and 60 L of fuel consumption per cycle is replaced by 229 kWh electricity from the ERS. If
the diesel engine is replaced by a 2000 kWh battery pack, the average cycle time is further
reduced by 1.6 min, and the electricity taken from the ERS increases to 506 kWh, and no
diesel fuel is used at all. On average, 353 kWh of energy flows through the battery per
cycle, contributing to battery degradation. The battery cycling depth is at most 499 kWh,
and the average battery cycling depth over all drive cycles is 270 kWh, which is 25% and
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14% of the 2000 kWh battery capacity, respectively. This shows that the battery is mainly
exposed to shallow discharging cycles, which should lead to a relatively high battery
energy throughput during its service life, as shallow cycles contribute rather little to battery
degradation compared to deep cycles.

As seen in Tables 1 and 5, the drive cycle “Short 2” is close to the average cycle.
That cycle has, therefore, been selected as an example for Figures 8-10, which shows the
simulation results for drive cycle “Short 2” in more detail.

—Elevation||
« ERS

Elevation (m)
o

< 25 i
IS
<
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(0]
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Sk —Diesel + ERS ||
== Diesel
1 1

1 L 1 L 1 |
1000 2000 3000 4000 5000 6000 7000 8000 9000
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Figure 8. Speed of the vehicle with different drivetrain options for the Short 2 drive cycle. Elevation
and ERS placement shown for reference.
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Figure 9. Power from the ERS (dash-doted red) and power to the motors (blue) for the Short 2 drive
cycle with the “Battery + ERS” drivetrain. Elevation and ERS placement shown for reference.
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Figure 10. Battery state of charge for the Short 2 drive cycle with the “Battery + ERS” drivetrain.
Three low-pass filtered versions of the state of charge are also shown. Elevation and ERS placement
shown for reference.

Figure 8 shows the driving speed with the different drive trains. Unlike the other
simulation results, Figure 8 has position along the x-axis instead of time so that the results
for the different drivetrains line up. The only significant difference in speed between the
drivetrains is during the uphill part of the drive cycle.

In the diesel case, the speed is limited to 13.6 km/h, for the full climb, by the maximum
diesel engine generator output power of 2260 kW. When ERS is added to the diesel system,
the speed increases to 26.8 km/h in the part of the climb that is equipped with the ERS
since the ERS can supply 4500 kW, while the speed is unchanged during the rest of the
drive cycle. In the case of the battery-electric operation with ERS (green line), the speed is
purposely lower (20.4 km/h) in the part with ERS to have more time to charge energy into
the battery. The speed is, however, higher on other parts of the climb since the battery can
deliver much more power than the diesel engine, which more than compensates for the
longer time spent on the ERS. The many speed reductions down to 15 km/h during the
drive cycle are due to the speed limit in the hairpin curves, according to Figure 3.

Figure 9 shows the power and energy flows during the drive cycle for the battery+ERS
version of the powertrain. The height on the y-axis represents power, and since the x-axis
represents time, the areas in the plot correspond to energy. It is interesting to note that a
significant part of the energy (green area) goes directly to the motors without passing the
battery. This reduces the demands on the battery and reduces charging time compared
to other electric vehicle applications, where the vehicle is charged at stationary chargers
rather than from ERS. For such systems, all the energy passes through the battery. In this
case, the battery charging power (red area) is only 4540 kW, even when the ERS supplies
8000 kW.

The charging power of 4540 kW is equivalent to a C-rate (i.e., charge power in kW
divided by battery capacity in kWh) of 2.3 for a 2000 kWh battery; this is well within the
short term power-capabilities of modern Li-ion batteries. Charging the battery with all the
8000 kW from the ERS would have resulted in a C-rate of 4, which puts significant strain on
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the battery. The areas below the x-axis represent regenerative charging. The main reason it
is not more than 109 kWh is that the vehicle drives downhill unloaded.

The state of charge (SOC) variations are very important for battery degradation. The
SOC resulting from the charging/discharging pattern in Figure 9 can be seen in Figure 11
together with the SOC for the other drive cycles. Lithium-ion batteries are generally much
better at handling high power with frequent power reversals, such as in this mining truck,
than they are in handling high sustained charging power for a long time. The reason for this
is that it takes time to build up degrading ion-concentration gradients and overpotentials
inside the battery cells. This means that the real SOC variations are not the best predictor of
some of the main aging mechanisms. Instead, the aging processes in the battery can better
be predicted by a low-pass-filtered version of the charging power and state of charge, and
those will show lower (dis-)charging power and SOC variations. To illustrate this, Figure 10
also shows the SOC filtered through first-order low-pass filters with time constants of 15,
30 and 60 s, respectively. The relevant time constant depends on the specific battery type
and degradation process of interest. None of these curves is an exact predictor of aging, but
they provide an insight into why many short charging cycles degrade the battery slower
than fewer long cycles, even if the same power is used and the same energy is cycled.

65 T T T T 300
Short1
Short2| { 200
High
Long

100

State Of Charge (%)

\\/\_ -1 -100

- -200

o
Battery energy deviation (kWh)

35 1 1 Il 1 1 7300
0 500 1000 1500 2000 2500 3000

Time (s)

Figure 11. Battery state of charge for the different drive cycles for the “Battery + ERS” drivetrain.

This means that it is better, from a battery point of view, to divide the ERS into
sections spread out along the uphill climb than to have the same amount of ERS as one
consecutive stretch. However, from an economic and practical point of view, it is in many
cases easier and less costly to build long stretches of ERS with only interruptions for curves
as simulated here, so the system will have to be designed having this tradeoff in mind. The
SOC during all the drive cycles is shown in Figure 11. Since the battery wear is determined
by cycle numbers and cycle depths, it is important to know more about exactly how the
battery is used. Therefore, the battery cycles in Figure 11 are analyzed with the rain flow
counting algorithm to find the number of SOC cycles of different depths [21]. The results
are combined with the relative frequencies in Table 1, resulting in the yearly battery cycling
pattern shown in Figure 12.
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Figure 12. Energy per year cycled in the “Battery + ERS” drivetrain, at different depths of the
charge/discharge cycles, for 6500 h/year operation and a mix of drive cycles according to Table 1.

Battery degradation is highly dependent on cycle depth. All these cycles are shallow
for a 2000 kWh battery. It is likely that the deepest cycles at >450 kWh will contribute more
than half of the battery cycling degradation even though they only stand for 26% of the
cycled energy in the battery. This study does not include any deeper analysis of battery
aging and service life, but it should be possible to reach a battery service life of at least
3 years, equivalent to a battery energy throughput of 9300 equivalent full cycles (EFC)
given 6500 h of operation per year. As an example, LMO/NMC, pouch cells have been able
to retain 80% capacity for 13,000 EFC at a cycle window of 10-20% SOC, 45 °C and a C-rate
of 4 [22]. This application has lower C-rates but some deeper cycles than that test, which
should allow for similar cycle life for the batteries in the mining truck.

Three years of battery service life may sound low, but the energy throughput of 9300
equivalent full cycles (EFC) should be compared to the approximately 2000 EFC achieved
in typical electric trucks and buses during their full service life due to deeper cycling and
fewer operating hours per year.

Figure 13 shows the average energy flows in the battery-electric version of the power-
train in the mix of drive cycles according to Table 1. Figure 13 also shows a rough estimate
of the losses in the power distribution system in the mine according to Table 6 and Section 6
below. We see that 45% of the energy from the electric road goes directly to the motors
without passing through the battery. This is good since it leads to a low cost for the batteries,
and it is possible only due to the use of ERS, which allows the trucks to be supplied with
energy while they are driving.

Table 6. Assumptions for power distribution losses in the mine.

Transformer  Feeder Rectifier ERS DC

130/22 kV Cables Station Feed Total
Length (m) 5000 500 5500
Power (kW) 8192 8153 8088 8000 8216
Voltage (V) 22,000 2600
Current (A) 214 3077
“Phases” 3 2
Al area (mm?) 480 1816
Cu area (mm?) 0 740
Resistance (m(2) 281 47
Loss (kW) 25 39 65 88 216

Loss (%) 0.3 0.47 0.8 1.10 2.63
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Figure 13. Average energy flows in the “Battery + ERS” drivetrain in a mix of drive cycles according
to Table 1.

About one-third (118 kWh) of the charging energy to the battery comes from regen-
erative braking, and that is high compared to road vehicles. This is due to much driving
in steep downhill slopes, and it is another reason why this type of mining truck is very
suitable for battery-electric drive trains.

Each drive cycle takes 519 kWh from the power grid and increases the potential energy
of the payload by 187 kWh for an overall efficiency of 36%. Rolling resistance is the largest
source of losses, 152 kWh/cycle in total, most of which result from the weight of the
vehicle itself since the vehicle moves twice the distance of the payload. Onboard losses are
117 kWh/cycle in total and are dominated by the losses in the electric motors, including its
power electronics and gears. The losses in the battery and associated power electronics are
38 kWh/cycle but are highly uncertain since it is a new system that is yet to be developed.

6. Power Distribution

This section aims to analyze roughly what additional power distribution is needed in
the mine to supply a section of the ERS system and the power distribution losses related to
the ERS system. The power distribution losses in the mine will depend on a lot of factors
such as:

*  Number of trucks that use the system simultaneously.

*  Nominal capacity of components such as rectifier stations.

*  No-load losses when the system is not in use.

®  Other loads connected to the internal medium voltage grid.

*  Distance between the 130/22 kV transformer and rectifier station.
¢ Distance at each moment between the truck and rectifier station.
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Since these factors are not known, a very rough and simplified analysis will be pre-
sented assuming only one truck uses the system at a time, and no other loads are on the
same cables. The mine is supplied by 130 kV from the power system, and it is assumed that
the ERS system uses the same 130/22 kV transformers as the rest of the mine but has its
own 22 kV cables from the transformer to the rectifier station. The assumptions are listed
in Table 6.

The losses in the 130/22 kV transformer are estimated to be 0.3%; this is a reasonable
assumption for an 80 MVA transformer loaded to about 80% of nominal power. The 22 kV
feeder to the rectifier station is assumed to consist of two parallel 240 mm? three-phase
aluminum cables that are 5 km long. The losses in the rectifier station are estimated to
be 0.8% of which 0.5% is estimated to be lost in the rectifier transformers, and the rest of
the losses are in the diode rectifier. The ERS DC feed, parallel to the ERS, is assumed to
have twice the cross section as it has on the present test system in the Aitik mine since the
power per truck will increase from 4.5 to 8 MW /truck to accommodate battery charging.
The actual trolley lines and suspension lines are made of copper and copper/silver alloy,
while the current handling capacity has been increased with parallel aluminum wires. The
average distance from the rectifier station to the truck is assumed to be 500 m; this includes
the distance from the rectifier station to ERS and the distance along the ERS. This is about
double the mean distance to the rectifier station in the currently installed system. In total,
this example gives a power distribution loss of 2.63% or 13 kWh per drive cycle, as shown
in Figure 13.

The ERS has a nominal voltage of 2600 V and are floating or high-impedance-grounded
with earth fault protection. The pantographs are automatically lowered when the truck
is not moving. This reduces the risk of electric shocks in the event of insulation fault by
preventing persons from touching the truck and ground simultaneously.

7. Economic Evaluation

In this section, the economic difference between drive trains is estimated based on the
presented case and simulations.

The economic assumptions are shown in Table 7. The maintenance cost is assumed
to be included in the machine cost per hour and is assumed to be the same for all the
drivetrains. Electrical drivetrains often require less maintenance than combustion engines;
on the other hand, the battery-electric trucks drive faster, which may increase the need for
some other maintenance.

Table 7. Economic assumptions, roughly based on the Aitik mine.

Parameter Value Unit

Cost of ERS 3 MEURO/km
Electricity cost @ 0.04 EURO/kWh
Diesel cost 1200 EURO/m3
Discount rate 10 %/year
Truck cost 300 EURO/h
Driver cost 80 EURO/h
Battery cost per cycled energy b 0.04 EURO/kWh
Total ERS length 15 km

Discount period ERS 10 years

Total transported mass 80 Mtonne/year
Time in operation per year 6500 hours

2 Cost at vehicle connection point including conductor losses. This price is typical for northern Sweden, where the
Aitik mine is. ® This is roughly equivalent to a battery cost of 400 Euro/kWh and a total energy throughput of
10,000 equivalent full cycles.

The amount of ERS needed to fully electrify the mine is estimated to be 15 km. Due to
shifting traffic patterns, some parts of the ERS will be unused at any one time. Since the
roads in the mine are constantly moved, the discount period of the ERS is set to 10 years
even if the technical life of the ERS should be longer. The same ERS cost and placement are
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assumed for the “Diesel + ERS” case as for the “Battery + ERS” case. Since the average ERS
power usage would be significantly higher in the battery case, the cost would, in reality,
probably be a little higher in that case. The difference is, however, too small to influence
any of the conclusions. The optimal placement and amount of ERS will, in reality, also
differ between the cases.

Based on these assumptions, the relative costs in Figure 14 are calculated. Going
from “Diesel” to “Diesel + ERS” reduces the total cost by 14% in this case, while the total
cost is reduced by 44% when going to “Battery + ERS” under these assumptions. Note
that as much as 7%-units of the cost reduction is due to the higher productivity of the
battery-electric truck, achieved through a higher speed when driving uphill.
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Figure 14. Breakdown of the costs per transported tonne for the different drivetrain variants, averaged
over the mix of drive cycles in Table 1.

8. Discussion

These results show that battery-operated haul trucks with ERS are a promising system
that can significantly lower the operating costs of haul trucks in open-pit mining, in addition
to providing environmental benefits from an electric operation.

It is important to consider the tradeoff between the power from the electric road
and the charging time. Higher power from the electric roads requires less installation of
electric roads but is more demanding on the batteries and other components. Lower power
from the electric road can be compensated for by longer electric roads or driving slower
when connected to the electric road, but that decreases productivity. The tradeoffs used
in this simulation seem to give good results, but it is likely that there exist even better
tradeoffs. The impact on the external power system from the additional load due to the
electric road system is not evaluated in this work. It is assumed that the impact on the
external power system should be low since the onsite ore treatment plant already consumes
significantly more electric power than will be needed for the electric road system. The
average power consumption of all the trucks can be roughly estimated to about 15 MW.
This estimate is based on 80 Mtonne/year transported mass, 320 tonne transported per
drive cycle and 519 kWh consumed per drive cycle. This corresponds to only about 6% of
the onsite transformer capacity of 240 MVA. The mine is also located in an area of Sweden
with large hydropower generation; thus, the energy only needs to be transferred a rather
short distance from the power plant to the mine.

8.1. Battery Discussion

The assumed battery pack cost of 400 Euro/kWh is significantly higher than the esti-
mated cost of typical automotive traction batteries of about 200 Euro/kWh, see Figure 9
in [23], but the initial cost of these specialized battery packs will probably be even higher.
There can also be a significant difference between the manufacturing cost of these battery
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packs and the price the vehicle manufacturer chooses to charge the end-user. The appli-
cation is very insensitive to the battery price, as seen in Figure 14. The “Battery + ERS”
scenario would be the cheapest even if the battery cost would increase nine times.

In the analysis, a 2000 kWh battery is selected. This size is not based on a thorough
optimization but rather selected to be a conservative battery size, which should have no
problem handling the power and energy cycles of the mining trucks. Optimizing the battery
size will be an important task, which can reduce the TCO even further. It is, however,
complex since the battery size influences several costs both directly and indirectly.

Figure 15 illustrates the connection between battery size and different costs. Since no
reliable battery degradation model has been identified for this application, this can only be
taken as a qualitative illustration and not as numerical results. In the diagram, it can be
seen that small batteries degrade disproportionally fast due to the high C-rates and deep
charging cycling. Small batteries also have higher internal resistance, and therefore, have
higher losses and cost of electricity. A larger battery, on the other hand, is more expensive,
so the costs of battery calendar aging and capital costs will be higher. A large battery is
also heavier, so the allowed payload is lower for a given total vehicle mass, which increases
the costs since more drive cycles are needed. Note that the elimination of the diesel engine
increases the payload, so even if a bigger battery will lead to a lower payload than a smaller
one, the payload compared to a diesel truck may still be higher.

[ Battery cycling degradation

B Battery calendar aging

[ Icapital cost battery

B Payload loss due to battery mass

B Electricity cost

Cost per year

500 1000 1500 2000 2500 3000
Battery size (kWh)

Figure 15. Illustrative example of costs depending on battery size.

The temperature of lithium-ion batteries is important for the performance and ser-
vice life of the battery. Generally, higher temperatures (35-50 °C) allow for faster charg-
ing/discharging with reasonable degradation, while lower temperatures (0-20 °C) give less
degradation when the battery is in storage. It is important to find the optimal temperature
to operate the batteries. Since these vehicles operate almost all the time, it should be
possible to keep the batteries close to their optimal operating temperature without extra
heating, even in arctic conditions. In warmer climates, refrigerative cooling may be needed,
resulting in some additional energy consumption.

8.2. Comparison to Other Vehicle Types

This study illustrates that battery-electric operation can be feasible and economic
even for very large vehicles. The most important factors determining the economy of a
battery-electric operation are the utilization of the battery and charging infrastructure.
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Compared to other vehicles, large haul trucks have a long operational life of about
25 years, with major diesel engine overhauls about every 2 years. This, combined with the
high energy usage, indicates that it will likely be economic to replace the battery a number
of times during the operational life of the truck if needed.

The large size of haul trucks and associated capital cost make it economic to operate
them both at night and on weekends, even considering the higher driver salaries required.
Such high utilization improves the economic case for electrification as compared to most
other types of vehicles.

In a mine, the vehicles and infrastructure are owned and operated by the same com-
pany. The usage of each road and the driving patterns are often planned in advance for the
expected life of the road. This is a vastly different investment situation than for vehicles and
infrastructure for public roads, and makes the risk of an investment in ERS in a mine much
lower than the risk when building ERS or stationary charging stations along normal roads.

9. Conclusions

The simulations show that, under the given assumptions, haul trucks in open-pit
mines can be operated by electric batteries with an increased productivity of 16% and a
reduction in cost per transported tonne of 44% compared to diesel-electric operation.

About 40% of the assumed diesel cost is due to taxation. Even if the tax on diesel were
to be removed, there is still a cost reduction gained from the battery-electric operation of
29%, of which 9% units is due to higher productivity.

One of the main reasons why battery-electric operation of haul trucks seems so promis-
ing is the frequent charging opportunities, typically about four times per hour. The frequent
charging opportunities give shallow charging cycles and high energy throughput of the
battery over its lifetime.

The maximum sustained charging power of the battery pack is 5568 kW, and the
deepest discharge cycle in the simulated drive cycles is 499 kWh. With a 2000 kWh battery
pack, as assumed in this study, and only 499 kWh cycle depth, there are large margins for
battery degradation, missed charging opportunities and flexible operation.

The required power- and energy-densities for this application are well within the
capabilities of current lithium-ion batteries. Further investigation into the tradeoff among
ERS-power, battery size, battery type, battery life, and operational flexibility is needed and
can perhaps reduce costs even further.

Pure battery-electric operation of haul trucks requires a significant redesign of the
onboard system, such as power steering, hydraulics, and cooling. Since haul trucks are
produced in small numbers, the development cost needs to be covered by a few units. The
development costs have not been estimated in this article.
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