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ABSTRACT

Underground mining produces resources vital for the functioning of the modern economy. Many of the

activities in these mines are executed with diesel vehicles, which emit heat and engine exhaust into

enclosed working areas. Underground mines employ a ventilation system to remove or dilute the emissions

to safe levels by introducing fresh air. Chapter 2 demonstrates how the heat and exhaust emissions

produced by diesel vehicles change with the ambient conditions, which may, in turn, affect worker

exposure. Temperature data from an operational mine shows an 8 °C increase in an airway over a 2-hour

period due to operations of loaders and haul trucks. We estimate that this temperature increase results in

up to a 16% decrease in NOx, 5% increase in soot, and 2% increase in heat emitted from vehicles.

Electrification of the haulage fleet is one option to reduce or eliminate such emissions altogether.

Improvements in battery technology have enabled equipment manufacturers to develop battery-powered

vehicles suitable for heavy-duty applications such as underground mining, but the lower energy density of

batteries compared to diesel fuel requires more frequent stops for recharging. Chapter 3 compares the

productivity, heat load, energy usage, and greenhouse gas emissions of diesel- and battery-powered haulage

fleets to quantify potential operational impacts resulting from frequent recharging stops. The amount of

material hauled by the all-battery fleet is between 10% less than and 5% more than the all-diesel fleet, with

CO2 emissions and heat load decreasing by more than 40%. Lithium-ion batteries used in battery-electric

vehicles have a finite lifetime that can be shortened by their operating conditions, and Chapter 4 examines

how ambient temperature, depth of discharge, and charging scheme (i.e., fast charging or battery swap)

impact the rate of degradation for two battery chemistries. In this application, the age of the battery

better predicts the amount of degradation than the number of charge-discharge cycles. Results from these

studies may be used to provide mine operators useful insights as they pursue vehicle electrification, and

may be helpful in other industries pursuing the same goal.
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CHAPTER 1

INTRODUCTION

Underground mining produces materials that are vital to the functioning of modern society. At the

time of this writing, mining companies are making commitments to reduce the carbon footprints associated

with their operations; one means to do so is by electrifying combustion-powered equipment currently in

use. Diesel-powered loaders and haul trucks are used in many operations to transport ore and waste to

their respective destinations, and are responsible for a significant portion of the energy consumed, heat

released, and engine exhaust emitted in enclosed underground spaces. Switching to battery-powered

equipment benefits workers in the mine by reducing heat loads and reducing or eliminating tailpipe

emissions. This dissertation adds to the growing body of literature by analyzing the transition from

combustion-powered equipment to battery-powered equipment generally, and in underground mining

specifically, from the standpoint of heat, emissions, and energy consumption. It seeks to answer the

following questions: (i) how much does the amount of heat and pollutants produced by a diesel engine

change throughout a mine, (ii) how does the productivity of a fleet of battery-powered loaders and haul

trucks compare to an equivalent diesel fleet, given that the battery vehicles must frequently stop to

recharge, (iii) how much heat is created by battery vehicle charging equipment, (iv) how does the

temperature of an underground mine impact the degradation of batteries, and (v) how does the longevity

of batteries impact the frequency of replacement and economic value.

Chapter 2 examines how the heat and emissions of diesel engines change with ambient conditions.

Studies in literature demonstrate that changes in ambient temperature and relative humidity affect engine

performance and its emissions, which may, in turn, affect worker exposure. This study builds and simulates

models of six EPA Tier 2 turbocharged diesel engines, including aftertreatment systems, with displacement

between 12.8 and 18.9 liters, to determine what, if any, feedback mechanism exists between local changes in

temperature, pressure, and relative humidity, and the output of heat, nitrogen oxides, and soot from the

engines. This study also analyzes the simulation results within the context of temperature data recorded

within a mine, both before and after diesel-powered equipment have been operating in an area, to estimate

changes in emissions as ambient temperatures vary. Results are used in a production scheduling

optimization model separate from this work to improve thermal management of the mine and to minimize

heat-related disruptions in operations.

Battery-powered vehicles significantly reduce the rate of heat and exhaust released into the

environment but require frequent interruptions for recharging, decreasing the amount of material hauled in
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a day. Chapter 3 simulates diesel- and battery-powered loaders and haul trucks in an underground mine to

quantify changes in productivity, heat output, and energy consumption. Existing literature considers these

differences between individual vehicles or one class of vehicle; our analysis expands this to a fleet of loaders

and haul trucks. We also include auxiliary heat loads created by charging equipment omitted in previous

studies. Results from the simulations enable the estimation of such heat loads, charger utilization, and

variability in power demand in addition to the aforementioned issues. The impacts to productivity and

energy cost, additional heat loads from charging equipment, and higher variability in electricity demand

are important considerations for mine operators to manage when transitioning to a battery-powered vehicle

fleet.

Chapter 4 considers how current lithium-ion battery technology may be used in heavy-vehicle

applications in hot environments, and how the longevity of said batteries impacts operational cost.

Underground mining takes place in a wide range of conditions, and the temperature at which a battery is

charged or operated impacts the rate of degradation. For vehicles expected to operate over many years,

power or capacity fade in the battery resulting from accelerated aging diminishes its performance later in

its life, and batteries that degrade quickly require more frequent replacement. This study employs a

lithium-ion battery aging model to assess degradation as a function of temperature, battery chemistry,

depth of discharge, and charging rate. The power demand on the battery is taken from the haul trucks

simulated in Chapter 3. Over the lifetime of one battery, the lower electricity cost of battery vehicles

compared to conventional diesel vehicles can accrue to an amount equal to the battery’s purchase cost.

With sufficient longevity and a favorable differential between diesel and electricity costs, battery

replacements can occur without incurring significant additional cost. Results from this study may be

generalized to other heavy machinery operating in high-temperature environments.

The contributions of this dissertation consist of: (i) simulating diesel engines in underground mines

under various conditions to determine the effect on heat and emissions output, (ii) determining the effect

of fleet-wide electrification on productivity, energy usage and heat load, (iii) assessing auxiliary heat loads

produced by electric vehicle charging, (iv) determining the effect of ambient and operational conditions on

battery longevity, and finally (v) estimating the effect of battery lifetime on the economics of battery

replacement.
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CHAPTER 2

THE IMPACT OF ENVIRONMENTAL CONDITIONS ON THE HEAT AND EMISSIONS PRODUCED

BY LARGE DIESEL ENGINES IN UNDERGROUND MINES

This paper has been published in the Journal of Cleaner Production.

Aaron Swift1, Eric Smoorenburg1, Alexandra Newman1,2, Gregory Bogin Jr.1

Diesel-powered equipment generates significant heat and emissions in an underground mine. Studies in

literature demonstrate that changes in ambient temperature and relative humidity affect engine

performance and its emissions, which may in turn affect worker exposure. This study builds and simulates

models of six Tier 2 turbocharged diesel engines, including aftertreatment systems, with displacement

between 12.8 and 18.9 liters, to determine what, if any, feedback mechanism exists between local changes in

temperature, pressure, and relative humidity, and the output of heat, nitrogen oxides, and soot from the

engines. This study analyzes the simulation results under conditions representative of an actual mine,

where measurements of 29°C, 80% relative humidity, and 103kPa ambient pressure represent baseline

conditions. After engines had operated for two hours, these same measurements were 37°C, 60% relative

humidity, and 103kPa ambient pressure. In the period between baseline and peak-temperature conditions,

heat output increases up to 1.9% across all models, soot increases up to 5.2%, and nitrogen oxides decrease

up to 16%. Results from this study can be used in a production scheduling optimization model to improve

thermal management of the mine and to minimize heat-related disruptions in operations.

2.1 Introduction

Underground mining operations extract ore to support industries throughout the world. Mines are

comprised of complex networks that can reach hundreds of meters beneath the surface (Widiatmojo et al.,

2015). With several sources of heat in underground mines, the ventilation and refrigeration systems that

maintain a safe working environment can be complex and costly, and as mines grow in size and depth,

myriad factors that affect heat management must be considered (Sasmito et al., 2015).

Autocompression, strata, and electrical and diesel equipment are sources of heat in a mine; diesel

equipment is also an emissions source (de la Vergne, 2014) and can account for more than 50% of the heat

(Bascompta et al., 2016). These sources have a significant impact on ventilation requirements, refrigeration

demand, and productivity. Health issues due to heat illnesses have been shown to cause loss of work days

1Department of Mechanical Engineering, Colorado School of Mines, Golden, CO, 80401, USA
2Corresponding Author
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and a decrease in mine productivity (Donoghue, 2004). A study following a small group of underground

metal mine workers over seven days showed that workers’ core temperatures could briefly exceed

recommended limits while working in areas with a wet bulb temperature of up to 28.9°C (Yeoman et al.,

2019). In a study examining heat strain on mine workers, performance was most significantly impacted for

tasks requiring sustained attentiveness when workers were subjected to heat stress (Yeoman et al., 2022).

Because of the hazardous conditions that can arise, the Mine Safety and Health Administration (MSHA)

regulates mine ventilation plans in the United States (U.S. Mine Safety and Health Administration, 2021)

to maintain a safe working environment. A study on diesel exhaust exposure in underground mines found

that truck, load-haul-dump, and jumbo operators were among those with the highest exposure (Maximilien

et al., 2017); however, the study did not consider how the ambient conditions affect emission characteristics

of the equipment. The heat output from heavy diesel equipment within the confined spaces of an

underground mine increases temperature near the equipment, which may, in turn, impact characteristics of

the exhaust emissions. Greenhouse gas emissions can be attributed to mining operations (Norgate &

Haque, 2010). More relevant to the nuisances this paper addresses, Paluchamy et al. (2021) provides a

review of literature examining the effects of and mitigation strategies for airborne respirable dust in

underground mines.

This study examines how the heat and emissions outputs of turbocharged diesel engines are affected by

their size and power rating under various environmental conditions; this is done in the context of local

changes to temperature, pressure, and relative humidity to determine if there are runaway effects, i.e., a

feedback mechanism between the heat and emissions characteristics and the increased local temperature

caused by the equipment. The results can be used to generate input data for a production scheduling

optimization model that includes constraints on the maximum heat load in working areas. The

contribution of this paper is to simulate turbocharged engines with aftertreatment systems under

environmental conditions, i.e., temperature, pressure, and relative humidity, expected in an underground

hard rock mine by developing 1-D engine models in the GT-SUITE v2017 (Gamma Technologies, 2017)

software package for six diesel engines used in mining applications. The size of the equipment, the fact that

it is turbocharged and possesses aftertreatment systems, and that heat output (in addition to emissions) of

the equipment is measured adds to existing literature. Results from the simulation are then analyzed

alongside operational temperature data recorded in a mine to determine what changes can be expected

over the course of a shift.
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Figure 2.1 A block diagram depicting the process used to conduct this study.

2.2 Background

Experimental studies have examined how engine performance and emissions are affected by pressure

(Liu et al., 2014) and temperature (Pan et al., 2015). A recent study using a different engine simulation

package examined the effect of both over a wider range of input parameters in addition to humidity

(Ceballos et al., 2021), but the engine modeled was smaller (5.96L) and did not include turbocharging or

aftertreatment, both of which are included here. An increase in the ambient temperature lowers the air

density and the mass of air inducted into the cylinders, which alters both the power output and fuel

consumption. It also results in an increase in the enthalpy carried in the exhaust gas (Abassi et al., 2010)

and shortened ignition delay (Juva et al., 1989). A decrease in atmospheric pressure affects fuel

consumption and soot production by reducing the amount of oxygen available for combustion; studies (Liu

et al., 2014) and (Ceballos et al., 2021) examining naturally aspirated engines observe that an increase in

ambient pressure is accompanied by a reduction in soot and fuel consumption. Increased humidity reduces

the peak combustion temperature because water vapor has a higher specific heat capacity than air and can

absorb more energy before increasing in temperature, which alters the emissions characteristics (Lin &

Jeng, 1996). Results regarding the production of NOx vary among the studies, with Pan et al. (2015) and

Ceballos et al. (2021) finding that it increases with temperature and Lin & Jeng (1996) finding that it

decreases; the effect of humidity is similarly mixed with Lin & Jeng (1996) observing NOx to decrease with

humidity and Ceballos et al. (2021) finding little effect. However, investigations into the effects on exhaust

emissions and heat output of diesel engines in confined spaces, such as underground mines, are limited.

This paper differs from aforementioned works by considering engines with aftertreatment systems: all

models include a diesel oxidation catalyst, which lowers the emissions of CO, NO, and unburned

hydrocarbons, and one model adds to that a diesel particulate filter that reduces soot. Additionally, the
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sizes of engines examined in this study—12.8 to 18.9L—are larger than those in the previously mentioned

studies, which range between 1.77 and 9.73L. The selection of engines also facilitates comparisons between

(i) similarly sized engines with different power ratings, and (ii) engines with similar power ratings and

different sizes.

Understanding the effects of environmental conditions on diesel equipment requires an understanding of

the underlying concepts of heat transfer in an engine. Typical diesel engines have a brake thermal

efficiency between 30 and 48%, primarily as a function of engine displacement (Breeze, 2018). Brake

thermal efficiency reflects how much of the heat provided by the combusted fuel is converted to shaft

power. The remaining fuel energy can be divided into heat losses, parasitic loads, and exhaust losses

(Pulkrabek, 2004). In a typical diesel engine, 34% to 38% of fuel energy is converted to brake power, 22%

to 35% is released to the environment as heat in the exhaust stream, 16% to 35% is transferred directly to

the engine coolant before it is eventually dissipated to the environment through the radiator, 2% to 6% is

rejected to the oil or the ambient environment via convection and radiation, and 1% to 2% is lost in

incomplete combustion (Heywood, 1988).

The heat released by the exhaust of an engine comes in two forms: latent and sensible. Sensible heat is

measured using the dry-bulb temperature, and indicates changes in the air temperature. Latent heat is

measured using the wet-bulb temperature and indicates changes in relative humidity. Wet-bulb

temperature is the most common heat stress index in mining (Roghanchi & Kocsis, 2018) because it

considers the effects of both temperature and humidity. The body’s thermal regulation depends on the

evaporation of sweat and how quickly it can be dissipated into the atmosphere (Hartman et al., 1997); as

humidity increases, the cooling effect decreases due to the reduced rate of evaporation. Engines release

latent heat in the form of water vapor, which has a direct impact on the local humidity: a liter of diesel

fuel consumed in an engine produces approximately 1.1 liters of liquid water vapor in the exhaust gas

(Maurya et al., 2015).

Diesel exhaust from the tailpipe carries both particulate and gaseous emissions, specifically soot,

unburned hydrocarbons, and NOx. Soot consists of solid carbon particles that are produced in fuel-rich

regions within the combustion chamber. It is a component of diesel particulate matter (DPM, see Fig.

2.2), the characteristic black smoke visible in exhaust, which is formed when solid soot particles combine

with liquid hydrocarbons and other solid materials that remain after the combustion process; the resulting

particles pose a health risk because they are small enough to become trapped in the lungs when inhaled

(Mohankumar & Senthilkumar, 2017). Unburned hydrocarbons in the exhaust are the remains of unburned

fuel, partially oxidized reaction products, and the fuel molecules that have decomposed due to high

temperatures (Turns, 2012). Some of these species are further oxidized in the diesel oxidation catalyst
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(DOC), decreasing their concentration in the exhaust gas, but any unreacted hydrocarbons exit the

tailpipe. NOx is comprised of nitrogen oxides, typically NO, formed through the high-temperature

Zeldovich mechanism, the most prevalent among four NOx formation mechanisms. The oxidation of

nitrogen increases under high-temperature conditions, causing the nitrogen in the air to dissociate and

react with oxygen, producing NOx (Lakshminarayanan & Aghav, 2010). Some of the NO formed at high

temperature may decompose into NO2 in relatively low-temperature regions by reacting with HO2 radicals

(Turns, 2012). Exposure to NO2 can result in adverse respiratory effects such as pulmonary inflammation

or exacerbation of asthma EPA (2016).

Figure 2.2 A representation of diesel particulate matter, consisting of solid soot particles (black circles) and
liquid hydrocarbons (gray circles) that have either adsorbed or condensed on the surface of the solids.

2.3 Methods and Validation

This study develops one-dimensional models in GT-SUITE for the engines used in the following mining

vehicles: Atlas Copco MT6020 (Cummins QSK19-760 engine), Sandvik TH663 (Volvo TAD1643VE-B),

Sandvik TH540 (Volvo TAD1640VE), Cat R2900G (Cat C15 ACERT), Sandvik LH621 (Volvo

TAD1344VE), and the Sandvik LH514 (Volvo TAD1340VE). The procedure employed is as follows: (i)

gather specifications regarding each vehicle, engine, and aftertreatment system, (ii) build a model in

GT-Suite, (iii) validate each engine model against manufacturer performance data at 25°C, 100kPa, and

50% relative humidity, (iv) upon successful validation, conduct a parametric study of various temperature,

pressure, and relative humidity inputs, and (v) collect and analyze the results. Each model is built and

validated using published information from the engine manufacturer. Key engine parameters are given in

Table 2.1. After each model is validated against the published power, torque, and fuel consumption across

a range of operating speeds, it is then used in a parametric study in which the ambient temperature,

pressure, and relative humidity are varied to observe the effect on the heat and emissions output in the
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exhaust. Figure 2.1 illustrates the process.

Table 2.1 Parameters for the engines in this study. All models are turbocharged and include a diesel
oxidation catalyst (DOC) for aftertreatment; the C15 adds to this a diesel particulate filter (DPF).

Trucks Loaders

MT6020 TH663 TH540 R2900G LH621 LH514

Engine Model Cummins
QSK19-
C760

Volvo TAD
1643VE-B

Volvo TAD
1640VE

Cat C15
ACERT

Volvo TAD
1344VE

Volvo TAD
1340VE

Bore (mm) 159 144 144 137.2 131 131
Stroke (mm) 159 165 165 171.5 158 158
Displacement (L) 18.9 16.1 16.1 15.2 12.8 12.8
Power output (kW) 567 565 405 321 352 256
Torque output (N·m) 3084 3261 2761 2055 2215 1770
Number of cylinders 6 6 6 6 6 6
Compression ratio 15:1 17.5:1 17.5:1 18.0:1 18.1:1 18.1:1
Emissions category Tier 2 Tier 2 Tier 2 Tier 3 Tier 2 Tier 2
Emissions equipment DOC DOC DOC DOC, DPF DOC DOC

Reference 1 2 3 4 5 6

1: (Nogva, n.d.) 2: (Volvo Penta, 2013d) 3: (Volvo Penta, 2013c)
4: (Caterpillar, 2019) 5: (Volvo Penta, 2013b) 6: (Volvo Penta, 2013a)

Figure 2.3 shows a model representing the Volvo TAD1344VE, comprised of the engine and controls,

including the turbocharger, intercooler, intake and exhaust manifolds, fuel injectors, and

proportional-integral-derivative (PID) feedback fuel controller, which adjusts the mass of fuel injected per

cycle to produce a target power output at the crankshaft. Parameters such as the bore, stroke and

compression ratio were taken from manufacturer specifications and are listed in Table 2.1. Information not

available in the manufacturer data such as the intake and exhaust valve size and lift were estimated based

on literature (Heywood, 1988; Jääskeläinen & Khair, 2018), or automotive parts catalogs (Heavy Duty

Pros, n.d.a,n) to ensure model accuracy.
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Figure 2.3 GT-SUITE engine map of the Volvo TAD1344VE, a turbocharged 6-cylinder 12.8L diesel engine
producing 352kW peak power.

Start-of-injection timing for the fuel is fixed, with the PID fuel controller injecting the mass of fuel

required to maintain target power. The fuel controller varies the discharge coefficient of the fuel injector,

with the start of injection, end of injection, and injection pressure remaining constant. Air pressure in the

intake manifold is regulated by a wastegate controller on the turbocharger. To ensure that the model

arrives at a steady-state solution, each engine is simulated for 100 cycles, at fixed ambient conditions of
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25°C, 100kPa, and 50% relative humidity with engine speeds between 800 RPM (an approximate idle

speed) and the maximum engine speed (typically between 1900 and 2100 RPM) in 200-RPM increments.

Those outputs are then compared against charts in the manufacturer specifications for power, torque, and

brake-specific fuel consumption; Figure 2.4 depicts the results. At 1800 RPM, the engine speed used in the

parametric study, power and torque are within 1% for all models; brake-specific fuel consumption is within

14%, on average, and 22% in the worst case. Across all models and engine speeds, power, torque, and

brake-specific fuel consumption are, respectively, within 5%, 5%, and 13%, on average, and 32%, 32% and

31%, at worst. Results for the remaining two engines are listed in Table 2.2 and Table 2.3 due to data

being available at only a single engine speed.

Figure 2.4 Simulation output of each model at 25°C, 100kPa, and 50% relative humidity compared to the
published manufacturer data to validate model performance.
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Table 2.2 Output of the QSK19-C760 model compared to engine manufacturer data. Fuel consumption was
not available from the manufacturer, so values from two similarly sized generators from the same
manufacturer are noted, along with the corresponding engine output: the QSK19-G4 (Cummins, 2019) and
the KTA19-G4 (Cummins, 2020). Cummins (2019, 2020)

1500 RPM 1800 RPM

Simulated Actual Simulated Actual

Power (kW) 477 477 566 565
Torque (N·m) 3037 3037 3003 2997
Fuel Consumption (L/hr) 121 147† 153 143‡

121* 136**

†QSK19-G4 (431 kW), ‡QSK19-G4 (559 kW), *KTA19-G4 (504 kW),
**KTA19-G4 (563 kW)

Table 2.3 Output of the C15 model compared to the engine manufacturer data. Values noted are from
Wagner Equipment Co. (Personal communication).

1800 RPM

Simulated Actual

Power (kW) 321 321
Torque (N·m) 1702 1702
Fuel Consumption (g/kW·h) 232 198

GT-Suite solves the Navier-Stokes equations to obtain the flow through the model. This model employs

an explicit solver to integrate the continuity, momentum, and energy conservation equations over time in

the direction of flow. The software automatically determines the timestep based on the fluid velocity and

the discretization length in the flow elements. A complete “flow circuit” from the air intake to the exhaust

is solved for the flow velocity and temperature. Figure 2.3 shows the schematic for the Sandvik LH621

underground loader. The arrows in the figure trace the flow from the ambient air, IntAmbient, through the

compressor, intercooler, and intake manifold where it separates between the cylinders. Air then flows into

each cylinder through the intake valves, is combusted with the fuel, and then travels out of the cylinder

through the exhaust valves, into the exhaust manifold, through the turbine, the diesel oxidation catalyst,

and out to the environment. There are two copies of the diesel oxidation catalyst sub-assembly in the

model: the top one solves for the fluid velocity and the bottom one solves for the species concentrations

and temperatures. The PID fuel controller, inj controller, senses the engine speed, power, and airflow, then

adjusts the fuel delivered by each fuel injector to achieve a target power output. The lower right portion of

the figure depicts a duplicate of the aftertreatment system that uses a quasi-steady-state solver in a

separate flow circuit to generate the chemical kinetics in the diesel oxidation catalyst and diesel particulate
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filter. In the solver, the mass flow rate is imposed and the resulting pressure is calculated. The large

sub-assembly between the two imposes the mass flow rate, species concentrations, and temperature as

boundary conditions for the aftertreatment circuit; the resulting diesel oxidation catalyst outlet

temperature is then returned to the explicit circuit. Exhaust species concentrations are recorded from the

outlet of the aftertreatment circuit. The use of separate solvers allows the two flow circuits to operate at

different timesteps: the explicit circuit operates on the time scale of approximately one degree of

crankshaft rotation, whereas the aftertreatment circuit has relatively larger timesteps for the chemical

kinetics in the aftertreatment system.

The diesel oxidation catalyst employs the kinetic mechanism developed by Sampra (Sampara et al.,

2008b) for oxidation of CO into CO2, oxidation of NO into NO2, and oxidation of hydrocarbons into CO2

and H2O. Hydrocarbons in the exhaust are represented as a 50-50 split between propylene (C3H6) for

partially oxidized fuel, and diesel (C13.5H23.6) for unburned fuel. The subassembly upstream of the

aftertreatment circuit handles the conversion. The substrate of the diesel oxidation catalyst is a ceramic

matrix with 400 cells per square inch, and the assembly was sized so that the gas hourly space velocity was

approximately 60,000hr−1 based on the values in (Knafl et al., 2006) and (Sampara et al., 2008a). The

diesel particulate filter on the C15 uses a ceramic substrate with 200 cells per square inch and is sized to be

the same diameter as the diesel oxidation catalyst (Dou, 2012). Due to the inclusion of the particulate

filter in this model, it was also used to calibrate the NOx and soot submodels against experimental

emissions data taken for a 12-liter, 6-cylinder diesel engine with a diesel particulate filter and diesel

oxidation catalyst (Zhu et al., 2011).

2.4 Results and Discussion

Using the validated engine models, this study simulates the engines at 1800 RPM, which aligns with the

maximum power observed for each engine. The independent effects of pressure, temperature, and humidity

on heat, soot, and NOx emissions were determined by holding two parameters constant and varying the

third. Temperature is examined from 25°C to 37°C in 2°C increments, pressure from 98kPa to 107kPa in

3kPa increments, and relative humidity from 10% to 90% in 20% increments based on a mine operated by

an industry partner. Air temperatures span from the median surface temperature (25°C) to the

temperature at the lowest level (37°C) based on the contribution of autocompression and the virgin rock

temperature as the air is delivered from the surface. Pressure varies to cover the change in elevation of the

mine, and the range of humidity values is taken from observed values in meteorological data: 10% to 90%.

The lowest wet-bulb temperatures associated with this range of environmental conditions is 10°C,

corresponding to 25°C dry-bulb, 98kPa, and 10% relative humidity; the highest wet-bulb temperature is
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35°C, corresponding to 37°C dry-bulb, 107kPa, and 90% relative humidity.

The air enters the compressor side of the turbocharger at ambient temperature and pressure; the air

that enters the engine is at a higher pressure and temperature relative to the ambient conditions. Fuel also

enters the engine at ambient conditions, so the only energy input is from the chemical energy in the reacted

portion of the fuel. That portion is a function of the engine’s combustion efficiency, which is observed to be

above 99% in the simulation, with the unreacted portion leaving in the exhaust gas. The heat released

from the exhaust gas includes the energy due to its elevated temperature, referred to as sensible heat, and

the energy in the water vapor due to it being in a gaseous state as it leaves the engine, referred to as latent

heat. Power from the engine is a function of the energy provided by the chemical reaction of the fuel Ėfuel

minus any unburned fuel Ėunburned, heat lost from the cylinder to the cooling fluid and oil Q̇cyl,

mechanical energy lost to friction Ẇfric, and the residual heat in the exhaust products Q̇exh as shown in

Equation (2.1). Equation (2.2) provides the power lost in the unburned fuel Ėunburned: the product of the

mass flow rate and the enthalpy of the unburned hydrocarbons, ṁHC · ∆hR,HC , which is added to the

product of the mass flow and enthalpy of the carbon monoxide, ṁCO · ∆hR,CO. These two species

represent lost power because they can participate in a reaction to recover energy. To determine the heat

released to the environment, Equation (2.1) is re-arranged for the exhaust term as shown in Equation (2.3).

Table 2.4 Parameters used to calculate heat output

Parameter Description Units

Q̇exh Rate of heat released in engine exhaust kW

Ėfuel Fuel power delivered to cylinder kW

Ėunburned Power from unburned fuel kW

Q̇cyl Rate of heat loss to cylinder walls kW

Ẇfric Power lost to friction kW

Ẇbrake Brake power output kW
ṁHC Mass flowrate of unburned fuel kg/s
ṁCO Mass flowrate of cabon monoxide kg/s
∆hR,HC Enthalpy of unburned fuel kJ/kg
∆hR,CO Enthalpy of unburned carbon monoxide kJ/kg

Ẇbrake = Ėfuel − Ėunburned − Q̇cyl − Ẇfric − Q̇exh (2.1)

Ėunburned = ṁHC · ∆hR,HC + ṁCO · ∆hR,CO (2.2)

Re-arranging Equation (2.1) to determine rate of heat output in the exhaust produces Equation (2.3).

Q̇exh = Ėfuel − Ėunburned − Q̇cyl − Ẇfric − Ẇbrake (2.3)
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Input values are given in Table 2.4 and corresponding simulation results for heat are shown in Figure

2.5. Increasing either the air temperature or the relative humidity with the other parameters fixed results

in an increase in heat output. By contrast, increasing only the pressure results in lower heat output. As

the temperature rises from 25 to 37°C, a 4.1% increase on an absolute temperature scale, the air density

decreases by 4.3% and the mass of inducted air also decreases by 2.8% (all numbers noted are from the

TAD1643VE-B model). To maintain the specified power, 0.9% more fuel is injected into the cylinder,

which lowers the air-to-fuel ratio by 3.5% and moves it closer to stoichiometric. The higher intake

temperature also results in 1.6% higher peak combustion temperatures and higher exhaust temperatures.

Increasing the pressure only results in a lower heat output due to reduced fuel required. For example, the

9% increase in pressure results in a higher air density, an 8.8% decrease in the pressure ratio across the

compressor, and a 1.4% decrease in the temperature after the intercooler; the pressure in the intake

manifold is relatively the same because of the wastegate controller; the net result is a 1.1% increase in the

mass of air in the cylinder. The amount of injected fuel is relatively unchanged, decreasing by 0.3%, which

increases the air-to-fuel ratio by 1.4% (owing to more lean combustion) and reduces peak cylinder

temperatures by 0.7%. Increasing only the relative humidity results in a higher heat output due to

increased fuel delivery to counteract the displaced oxygen and increased specific heat capacity of the intake

air. The peak temperature decreases by 0.7%, but the mass of fuel injected increases by 0.5% to maintain

the specified power, resulting in a 1.6% increase in exhaust enthalpy.

Figure 2.6 illustrates the impact of ambient conditions on soot emissions. Soot production increases as

either the humidity or temperature increases. The higher soot output in high-humidity cases is due to the

added water vapor, which increases the specific heat capacity of the intake air. This causes a reduction in

peak combustion temperature for the same amount of fuel delivered. In this case, the increased humidity

causes 0.5% more fuel to be injected, resulting in a 0.7% decrease in peak combustion temperature and a

5.8% increase in soot production. Increasing the temperature leads to higher soot production due to the

additional fuel required to counteract the effect of the lower air density. The temperature increase results

in a 0.9% increase in the fuel injected and a 2.8% decrease in the mass of air in the cylinder, resulting in a

3.5% decrease in the air-to-fuel ratio and 4.9% more soot. Increased pressure causes soot output to

decrease by 1.6% because the increased ambient pressure leads to 1.1% more air in the cylinder. The

amount of fuel required to maintain power decreases 0.3%; combined with the increased amount of air, this

leads to leaner combustion and less soot production.
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Figure 2.5 Simulation results for each of the six engines depicted on each graph as one of three surfaces.
Shown are heat outputs at 10% relative humidity (bottom surface), 50% relative humidity (middle
surface), and 90% relative humidity (top surface). Note that the scale on the vertical axis varies between
graphs to better differentiate relative humidity values.

Figure 2.6 Simulation results for each of the six engines depicted on each graph as one of three surfaces.
Shown are soot outputs at 10% relative humidity (bottom surface), 50% relative humidity (middle surface),
and 90% relative humidity (top surface). Note that the scale on the vertical axis for the C15 is lower due to
the much lower soot output owing to the added particulate filter.
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Figure 2.7 illustrates the impact of ambient conditions on NOx emissions, which decrease with increases

in atmospheric temperature and humidity, and increase with increased pressure. Increasing the ambient

temperature results in less air inducted into the cylinder, which must be balanced with increased fuel to

maintain power. With the increase in temperature from 25 to 37°C, the mass of air in the cylinder

decreases 2.8% and the fuel injected increases 0.9%, for a net decrease in the air-fuel ratio of 3.5% and a

1.6% increase in peak combustion temperature. While this results in increased soot, the reduction of excess

oxygen from the richer combustion results in a decrease in NOx. Increasing the relative humidity increases

the specific heat capacity of the charge air, which leads to increased fuel delivery in order to maintain

power. Specifically, a 0.5% increase in fuel injected is observed alongside a 1.2% decrease in the air-fuel

ratio and a 25% decrease in NOx as relative humidity increases from 10% to 90%. An increase in ambient

pressure has a negligible impact on NOx emissions because the wastegate on the turbocharger modulates

to maintain a target boost pressure in the intake manifold. At both the lower and higher intake pressures,

the intake manifold pressure is constant, but the pressure ratio across the compressor decreases 8.6% and

the temperature in the intake manifold decreases 1.3% after the intercooler; the peak combustion

temperature exhibits a 0.65% decrease and the pressure a 0.42% increase.

Figure 2.7 Simulation results for each of the six engines depicted on each graph as one of three surfaces.
Shown are NOx outputs at 90% relative humidity (bottom surface), 50% relative humidity (middle
surface), and 10% relative humidity (top surface). Note that the ordering of the surfaces is reversed
relative to 2.5 and 2.6.
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Figure 2.8 demonstrates the effect of engine size and power output on the heat and emissions

characteristics at three different environmental conditions. Increasing only the temperature results in an

increase in heat output and soot, and a decrease in NOx. Increasing ambient pressure has the opposite

effect, reducing heat output and soot, and increasing NOx. For comparably sized engines, a higher power

output results in higher heat output. More fuel is required to achieve the higher power output, leading to

increase in heat output. For engines with similar power ratings, the larger engine results in a higher heat

output–in this case, with similar power and air-fuel ratio, the larger engine has a higher specific fuel

consumption resulting from the greater charge volume. The smaller of the two engines achieves its power

output with a higher boost pressure from the turbocharger. As a result, the smaller engine produces higher

peak combustion temperature, leading to more NOx production and less soot output.

Figure 2.8 A comparison of the engine size and power on heat, soot, and NOx for various ambient
conditions.

The same trends are observed in these results as in the studies mentioned in the literature review.

However, the NOx emissions rates are above EPA Tier 2 limits because of the choice to fix the start of

injection at the same point across all models. In reality, the injection timing can be retarded to decrease

NOx at the expense of increased soot. Ambient conditions and engine operation modes that increase NOx

also reduce soot: fuel-rich combustion, heterogeneous fuel-air mixtures, and/or lower combustion

temperatures favor the production of soot; by contrast, fuel-lean combustion, homogeneous fuel-air

mixtures, and higher combustion temperatures are favorable to the production of NOx because of the

excess air or the dissociation of diatomic nitrogen. Fuel consumption in all models is 2% to 23% higher

than corresponding values in manufacturer specifications at the engine speed used in the simulation. The

efficiency of the diesel oxidation catalyst in removing unburned hydrocarbons from the exhaust gas

compares favorably to the results of experimental studies, as noted in Table 2.5. Diesel particulate matter
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is a combination of soot and unburned hydrocarbons, and, in these models, is reduced by removing

unburned hydrocarbons. The one exception is the C15, which also includes a particulate filter to reduce

soot output. Carbon monoxide is not considered in this study because the diesel oxidation catalyst removes

it completely.

Table 2.5 Conversion efficiency for diesel oxidation catalyst across all models and cases in this study
compared to previous experimental studies.

CO Hydrocarbons

This study 100% 93% - 97%
Wang et al. (2008) 100% 80%
Knafl et al. (2006) 100% 90% - 95%
Sampara et al. (2008a) 100% 90%

An industry partner provided a limited set of temperature and humidity measurements from an

underground mine in an area with heavy-duty diesel machinery. One of the largest temperature changes

was observed during a two-hour mucking activity with one loader and up to five trucks cycling through

area. In the absence of working equipment, the conditions are 29°C dry-bulb, 80% relative humidity, and

103kPa (baseline conditions). After two hours of engine operation, the temperature increases to a peak of

37°C dry-bulb with 60% relative humidity (peak-temperature conditions). This change in temperature

corresponds to an average heat load of approximately 500 kW within the airway based on estimated

ventilation parameters. The results of the engine simulations at the initial conditions are shown in Table

2.6. Baseline conditions are 28°C, 80% relative humidity, and 103kPa, and the conditions at peak

temperature are 37°C, 60% relative humidity, and 103kPa. One loader is in the airway during the window,

as well as one of five trucks. The top section of the table lists the engine specifications for each piece of

equipment, the next section lists the total heat (sensible and latent), soot, NOx, and unburned

hydrocarbon output; the one below lists the absolute change between the two conditions, and the last

section lists the relative change. The changes observed are a result of increased fuel consumption, which

produces more sensible and latent heat, and more soot and less NOx due to the lower air-fuel ratio. Heat

increases by 1.9% or less and soot increases by 5.2% or less for all the engines modeled, but the NOx levels

decrease between 5.4% and 16.4%. The impacts noted are due to changes in temperature and humidity

because the ambient pressure remains the same; changes in temperature and relative humidity have the

greatest impact on emissions within the range of parameters examined.
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Table 2.6 Comparison of simulation results for ambient conditions corresponding to the starting (baseline)
and peak temperature observed during a 2-hour period in an underground hard rock mine.

Trucks Loaders

QSK19 1643VE-
B

1640VE C15 1344VE 1340VE

Displacement (L) 18.9 16.1 16.1 15.2 12.8 12.8
Power output (kW) 567 565 405 305 352 256

Heat output rate at 100% load (kW) 719 624 464 402 450 363
Brake-specific soot (g/kW·h) 0.38 0.33 0.35 0.38 0.44 0.38
Brake-specific NOx (g/kW·h) 11.1 13.4 8.55 2.56 3.32 0.62

Chg. in heat output rate relative to baseline (kW) 9 6 4 6 9 5
Chg. in soot relative to baseline (g/kW·h) 0.02 0.01 0.007 0.01 0.02 0.007
Chg. in NOx relative to baseline (g/kW·h) -0.75 -0.72 -0.50 -0.31 -0.37 -0.10

Chg. in heat output rate relative to baseline (%) 1.3 1.0 0.9 1.4 1.9 1.3
Chg. in soot relative to baseline (%) 5.2 4.2 2.0 2.5 4.0 1.9
Chg. in NOx relative to baseline (%) -6.8 -5.4 -5.8 -12.1 -11.1 -16.4

2.5 Conclusions

Simulations performed using the GT-SUITE software package on six engines demonstrate that ambient

pressure, temperature, and humidity affect the soot, NOx, and heat release rate. As mining operations

continue to progress deeper underground, they can expect the heat and emissions produced by diesel

engines to vary with the ambient conditions. Assuming that they remain constant may lead to under- or

over-estimation of the ventilation required.

The largest change observed during a working period is in NOx, with up to a 16% decrease over the

conditions examined. Changes in heat and soot output were lower at up to 1.9% and 5.2% increases,

respectively. Results from this study show that the environmental conditions in underground mines can

affect the performance of diesel equipment, with the changes in local temperature and relative humidity

near heavy diesel equipment causing an increase in soot and a significant decrease in NOx. As the

emissions change due to local changes in the environment, temperature has a greater impact than humidity

in the case observed. Pressure has no effect because it remains constant, but its effects may become

pronounced as operations proceed deeper underground.

Results from this study are used in a medium-term, underground production scheduling model

(Ogunmodede et al., 2022) that determines the best time to activate refrigeration in a mining operation, if

necessary. Each activity is assigned a heat output value based on the equipment used to complete the

activity and its corresponding heat output. The inclusion of ventilation and refrigeration in a set of heat

constraints ensures that the temperature in working areas remains within acceptable limits during each
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shift over the length of the schedule. In addition to the resource usage limits, this model includes a daily

limit on the heat load determined by the maximum allowable temperature and the cooling capacity of the

ventilation and refrigeration systems. As the initial temperature on each level is influenced by

autocompression and the virgin rock temperature, the heat load assigned to an activity may vary based on

the depth in the mine. For an activity to be scheduled on a particular day, its predecessor activities must

be complete, and there must be sufficient resources available, e.g., drills, trucks, and cooling capacity. The

resulting schedule maximizes net present value while ensuring that all activities can be completed with the

available resources and without exceeding temperature thresholds. In addition to heat, results from this

paper make it possible to include limits on other nuisances, such as soot or NOx, in production scheduling

models. Additional future work entails using these values in a short-term production scheduling model,

solved at a finer time fidelity than the medium-term model, to track ambient conditions nearly real-time,

thereby maintaining a safe work environment.
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CHAPTER 3

HEAT LOAD AND OPERATIONAL CONSIDERATIONS FROM CHARGING AND OPERATING

HEAVY-DUTY VEHICLES IN UNDERGROUND MINES

This paper is targeted for submission to the Journal of Cleaner Production.

Aaron Swift3, Alexandra M. Newman3, Jason M. Porter4

Battery-electric vehicles have the potential to improve ambient conditions in underground mines by

reducing the amount of heat and diesel exhaust emitted. Existing literature considers the differences in

cost, heat load, and productivity between individual diesel and battery vehicles; this paper uses simulation

techniques to determine the effect of electrifying an entire haulage fleet on the overall heat load, emissions,

and energy usage of an underground mine as activities take place deeper in the earth. We find that a fleet

of battery-powered haul trucks and loaders reduces heat load by 82% to 76%, CO2 emissions by 39% to

48%, and energy cost by 50% to 57%, while the amount of material extracted is 90% to 105% that of an

equivalent diesel-powered fleet. Reduced charging downtime associated with battery-swap minimizes

downtime at the cost of additional battery purchases, whereas fast charging produces a nominal

productivity impact but requires the purchase of fewer batteries. This information is important as mine

operators assess vehicle electrification as a means to achieve greenhouse gas emissions reduction targets.

3.1 Introduction

Underground mines produce materials vital to the functioning of the economy. Where mining activities

are conducted underground, the work of extracting minerals is performed in enclosed settings using

heavy-duty diesel vehicles, exposing mine workers to potentially hazardous heat and particulate matter

produced by diesel engines. Battery-powered electric vehicles are an alternative and create no exhaust

emissions at the point of use. However, the lower energy density of lithium-ion batteries compared to diesel

fuel results in a substantial increase in downtime for charging versus the time required to refill a fuel tank.

Since mining operations employ a fleet of vehicles (e.g., haul trucks, loaders, jumbos, and personnel

carriers) to execute extraction activities, it is important to understand how the energy usage, charging

logistics, and productivity of an entirely battery-powered fleet differs from a diesel-powered one, or a

combination of the two. The haulage fleet, i.e., trucks and loaders, accounts for a significant portion of the

energy usage and emissions The performance of lithium-ion batteries has increased in the past 15 years

3Department of Mechanical Engineering, Colorado School of Mines, Golden, CO, 80401, USA
4Department of Mechanical Engineering, Brigham Young University, Provo, UT, 84602, USA
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while their price has decreased (see Figure 3.1). These trends of increasing performance and decreasing

cost will continue to drive adoption of battery vehicles in heavy industries to address concerns with

greenhouse gas and other emissions. The alternative to diesel equipment has been tethered electric

equipment, but the need for a trailing cable limits the vehicle’s range and the number of vehicles that can

work in a given area. However, advances in battery technology allow electrification of heavy-duty vehicles,

including in underground mining, combining the mobility of diesel-powered vehicles and emissions-free

operation of electric vehicles. High torque produced by electric motors can reduce transit times for loaded

haul trucks transporting ore up the ramp due to higher top speeds.

Figure 3.1 Lithium-ion battery cost and capacity, 2008 to 2020. Adapted from Muralidharan et al.
(2022).Muralidharan et al. (2022).

Mining operations extract minerals and aggregates from deposits in the ground. A section of rock is

drilled, the openings are filled with explosive materials and detonated, and the rock fractures into small

pieces. The fractured rock is then transported to a mill where it is processed to recover a commodity

mineral. Mines can be classified into surface mines, which create an opening in the ground as material is

removed from the surface of the earth, or underground mines, which operate entirely below the surface of

the earth in a network of ramps, airways, and shafts. Underground mines require more capital investment

to develop the access ramps and airways that facilitate extraction activities but are more selective in the

mined material. That is, underground mines can choose to extract regions of the rock having a high

concentration of the commodity material and leave everything else in place. Surface mines, by contrast,

must extract the overburden above the region of valuable material to gain access, and have a larger surface
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at the opening as the mine becomes deeper to ensure stable banks and prevent collapse. A surface mine

may become deep enough that it undergoes a transition to an underground mine, where further extraction

activities are conducted in the host rock below the pit.

Underground mines have unique operational challenges not found in surface mines. A ventilation

system must be used to pump fresh air must into the mine through vertical shafts to replenish oxygen,

dilute contaminant gases, and ensure thermal comfort of workers, and is typically one of the largest

operational expenses. Exposed rock faces of the surrounding host rock emit or absorb depending on the

temperature difference between the rock and air, and the ambient temperature increases lower regions in

the mine due to higher rock temperatures and compression of the air at greater depth (a phenomenon

known as autocompression). Powered equipment, especially diesel vehicles, contribute significantly to the

heat load. At sufficiently high temperatures, supplemental cooling from a refrigeration plants is required,

which can be located on the surface with the ventilation plant or in the mine itself. Both ventilation and

refrigeration systems are designed for the mine in which they are located. Ventilation fans must overcome

the pressure losses of the air traveling through the network of airways to provide the desired quantity of

air, and the amount of cooling needed is proportional to the rate of heat release into the mine.

Discrete-event simulation is commonly employed to evaluate the performance of a system comprised of

stochastic elements. Each element has several states with a probability distribution of transitioning from

one state to another defined for possible transitions. In this context, the state represents the current task

of each vehicle, e.g., loading, dumping, queueing, driving, refueling. A state may also be defined as “on

break” or “mechanically unavailable.” Interaction between elements is also included, with vehicles required

to maintain a set spacing between themselves. When the model is run, a random number generator is used

to determine transitions between successive states. In this sense, each trial of the model is a realization of

the various states and transition probabilities. Many such trials, or replications, are run and statistics on

the output are used to determine a probability of the system behavior. The reader is directed to Law &

Kelton (2000) for more information on this topic.

Systems such as underground mines can be analyzed using simulation methods to assess how changes in

the system input or operating conditions affect the output. Discrete-event simulation is a technique used to

analyze systems in which some (or all) components behave according to probabilistic distributions. An

examples of such a system is a retail store, in which customers arrive at randomly distributed times,

interact with cashiers for varying amount of time to process payment for their goods, and depart at

randomly distributed times. A discrete-event simulation created to model such a system would include

entities (customers) whose arrival times are selected from a specified probability distribution and servers

(cashiers) whose service time for each customer is drawn from a probability distribution. Queues may
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develop where one or more customers await an otherwise engaged cashier. Closed-form solutions exist to

express average or long-term behavior for sufficiently small systems, but the interactions between many

stochastic elements of even moderately sized systems require that each interaction is carried out in the

simulation to determine the system’s behavior. It is not a requirement that all entities and processes in a

discrete-event simulation be stochastic, but the technique is appropriate where one or more component is.

This study employs discrete-event simulation techniques to compare how the fleet performs when

constituted by diesel- or battery-powered equipment, or a combination of the two. The metrics of interest

are productivity, energy usage, and heat load.

3.2 Literature Review

Electrification of equipment used in underground mining is an active area of research. Recent studies

focus on the operational and ventilation impact of fleet electrification. Rafi et al. (2020) finds that

battery-swap and onboard fast-charging schemes yield the same productivity if the charge rate is high

enough, but a fast-charging scheme has a lower cost because it requires fewer batteries be purchased. An

investigation by Salama et al. (2014) into the composition of a haulage fleet shows that using smaller haul

trucks can overcome their reduced capacity by driving faster and causing less traffic congestion. Studies by

Kuslap (2022), Halim et al. (2022), and Jäderblom (2017) show lower temperature in working areas when

using electric vehicles and provide data used in this study. Keyser et al. (2017) finds that charge current

and physical layout of the battery affect the amount of heat dissipated, and high temperatures reduce cell

lifetime. However, while higher temperatures can lead to a reduction in cell life, they can also improve

charging performance by reducing the potential for lithium plating within the cell (Yang et al., 2017). The

haulage fleet (trucks and loaders) contributes significantly to greenhouse gas emissions of the mining

operation (Varaschin, 2016). Electric vehicles may also yield higher productivity due to lower rates of

unscheduled maintenance (Nieto et al., 2020). Jacobs et al. (2015) examines tethered electric

load-haul-dump vehicles and finds that their increased purchase cost is offset over ten years by savings

from reduced power demand by the ventilation system. Finally, Norgate & Haque (2010) examine an

underground mining operation to assess the primary contributors to greenhouse gas emissions and finds

that the haulage fleet is a significant source owing to the amount of diesel consumed during operation.

Bharathan et al. (2017) examines the emissions footprint associated with vehicle electrification and finds an

increase in life-cycle emissions when the power is supplied by carbon-intensive sources such as coal or

natural-gas power plants. However, while these studies examine the heat produced during the operation of

the vehicle or the charging of an individual battery, none of them examines the heat produced by the

charging equipment, nor do they account for the heat produced by, or charging time required for, an entire
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fleet of battery electric vehicles. The focus of this study is the heat load created during charging for both

fast- and slow-charging across the entire fleet underground, and the corresponding impact on ventilation.

3.3 Methodology

Figure 3.2 Layout of case study mine. Each green horizontal line in the orebody represents a working level,
and haul trucks travel between the surface and each working level on the decline ramp.

This study is conducted with discrete-event simulation, and models the trucks and loaders used in the

mine. The haulage simulation includes the road layout of the mine and battery- or diesel-powered trucks

and loaders. Given the road network, the vehicles, a defined set of haulage tasks, and scheduled and

stochastic events, the simulation outputs the amount of ore hauled and the activity of each vehicle over a

given period, i.e., one week in length for our study. The deterministic vehicle performance sub-model uses

the combined weight of the vehicle, the grade of the current road segment, and a rimpull curve to evaluate

the instantaneous velocity and power output of the vehicle. (A rimpull curve depicts the force that the

motor can exert at any speed and grade, and is based on data in the vehicle specifications.) Assuming an

overall vehicle energy efficiency (the ratio of input power to mechanical power output), we determine the

corresponding energy consumption rate.

The simulation used in this study has deterministic components: vehicle performance, charge or

refueling time, and the quantity of material carried on each vehicle. Sources of variation are in the duration

of break times, whose duration follow a normal distribution, and in the initial state of charge of the battery

or level of diesel in the fuel tank. Mechanical breakdowns can be included to induce variability in vehicle

availability, but are not included due to lack of adequate reliability data for battery vehicles.
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The haulage simulation considers fleets of vehicles comprised of equivalent diesel- and battery-powered

vehicles, the Epiroc Minetruck MT42 and its battery counterpart, the MT42 SG, with the Scooptram ST14

and its counterpart the ST14 SG. These pieces of equipment were selected due to the similarity in

ore-carrying capacity, external dimensions, and power rating, making them ready substitutes for one

another. Their attributes are shown in Table 3.1. Several fleets of trucks and loaders are used to in the

simulations, shown in Table 3.2, with varying proportions of diesel- and battery-powered vehicles. Epiroc

(2022)

Table 3.1 Attributes of the vehicles used in this study, from Epiroc, (2022).

Payload Capacity Top Speed (km/h)

Equipment Volume (m3) Weight (kg) Power (kW) Dimensions (m) 0% Grade 14% Grade

MT42 19 42,000 399 11×3×3.2 41.3 8.6
MT42SG 19 42,000 400 11×3×3.2 20.0 10.0

ST14 6.4 14,000 250 11×3×2.6 29.6 7.9
ST14SG 6.4 14,000 200 11×3×2.6 31.1 7.2

Table 3.2 Fleet composition for haulage cases

Diesel Hybrid Battery

Trucks 6 diesel 3 diesel, 3 battery 6 battery
Loaders 2 diesel 1 diesel, 1 battery 2 battery

The equipment is simulated in a hard rock underground mine located in a heat-constrained, tropical

climate. There are two haulage scenarios considered: haulage from the top levels and the lower levels of the

mine, each with an identical fleet of vehicles. Trucks and haulers recharge with 2C fast charging (750 kW

and 600 kW, respectively) and 15-minute battery swapping considered for the battery vehicles. C-rate is a

normalized charge rate, and 2C will recharge a fully depleted battery in 30 minutes. For the battery swap,

a 6C rate (2250 kW and 1800 kW for the truck and loader, respectively) is used to limit recharging to 10

minutes, but the power usage and heat load assume the battery charges at 0.5C over a period of up to two

hours. Re-fueling of the diesel vehicles is also considered in the simulations, but it generally does not

impact the schedule because it can be performed within 15 minutes. The output of the haulage simulation

is the total amount of ore transported, charging and refueling times, and associated heat loads.

The output of the simulation is the vehicle movement, and the amount of ore transported. We estimate

heat load in each portion of the mine by assigning a heat load to the portion of the mine the equipment is

operating in by using the drivetrain efficiency and mechanical power output to determine a heat load.
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Charging equipment is assumed to be 90% efficient (GMG, 2022), and the heat load from charging is

assesses whenever vehicles are connected. A heat load is noted for the charging station whenever a vehicle

is connected. All heat loads are determined using the mechanical or electrical power demand, an output

from the simulation, and equipment efficiency.

Figure 3.3 Rimpull curves for diesel- and battery-powered Epiroc Minetruck MT42 haul trucks. Each line
traces the maximum speed the vehicle is capable of traveling at for a given force, a function of the vehicle
weight, payload, and incline of the road surface.

The simulation model has a vehicle performance component that determines vehicles performance and

energy usage. Performance of vehicles in underground mining is characterized with a rimpull curve, shown

in Figure 3.3, which relates the speed a vehicle can travel to the force required from the engine, a function

of vehicle weight, payload weight, and road incline. At constant speed on level ground, force exerted by the

engine balances with rolling resistance and aerodynamic drag. On an incline, the engine must also provide

a force equal to the component of vehicle weight parallel to the the road surface. Since the vehicle could be

used on a variety of inclines with a wide range of payloads, the rimpull chart can be used to estimate the

travel speed of a vehicle under a certain set of conditions. Once the vehicle speed is known, mechanical

power is computed as the product of force and velocity, and the power output of the motor maps to an

energy consumption rate with data provided by the user. Energy recovered from regenerative braking is

determined in a similar fashion.

We omit other powered mechanical equipment used in underground mines and only consider trucks and

loaders. In mines employing truck haulage, the loaders scoop the ore blasted from working faces into a
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truck, which in turn transports the ore to the surface or to a shaft or hoist in the mine. Alternate means of

ore transport include rail, conveyors, or hoists. The simulations do not include battery degradation or

aging, or any detailed modeling of the battery behavior. Vehicles charge at a specified power until the

battery is fully charged. Actual batteries, by contrast, draw less power as they approach a full state of

charge. As a result, the amount of time spent recharging may thus be underestimated.

We first complete a set of simulations with a loader and a single diesel- or battery-powered truck at

various depths in the mine to determine how a single performance metric, tonnes hauled per day, varies

with level. We then select two levels to simulate with a full fleet of vehicles to compare the complete set of

performance metrics: tonnes hauled, energy usage, heat load, and carbon emissions.

3.4 Results and Discussion

Vehicles produce a heat load in the underground environment from the losses in the drivetrain,

inefficiency in combustion for diesel-powered vehicles, and inefficiency in electronics in battery-powered

vehicles. Mechanical power in conventional vehicles is produced by the combustion of diesel fuel in the

engine, which is transferred to the wheels by gears, driveshafts, and axles. Battery vehicles replace the

combustion engine with an electric motor and the fuel tank with a battery, and maintain between the gears

connecting the motor to the wheels. Energy efficiency is the quotient of output power and input power; the

arithmetic difference between the two is lost as heat. Electric motors are more energy efficient than diesel

engines, meaning less input power is required to achieve the same output power. The Global Mining

Guidelines Group estimates the energy efficiency of battery vehicles to be 73% and of diesel vehicles to be

35%, with the associated charging infrastructure to be 90% to 95% (GMG, 2022). Output from the

discrete-event simulation includes power output from the motor over time, which is used with the energy

efficiency to estimate heat loads. Charging power is also an output from the simulation, and the same

methods are used to estimate heat loads for charging.

Changes in productivity do not vary uniformly by level. Figure 3.4 shows ore hauled per day by level

for a single diesel-powered or battery-powered truck paired with a single loader. There is no constraint on

loader energy usage in order to isolate the effects of truck haulage. Vertical bars represent the tonnes

hauled by diesel and battery vehicles, and error bars on each line show a 95% confidence interval. The

tonnes hauled decrease in approximately the same proportion as mining progresses to deeper levels as the

travel distance also increases. With diesel-powered vehicles, the reduction in tonnes hauled is

approximately the same between levels. With battery-powered vehicles there is a small step change at 660

meters in depth, the point at which two haul trips per charge reduces to one trip per charge. Two levels,

535 meters deep and 835 meters deep, were selected to use for further investigation as they are on opposite
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sides of the haul-trips-per-charge dichotomy.

We simulate 30 replications of a five-day period, to represent mine operations. Total ore haulage and

energy consumption are tallied and divided by the horizon to provide daily rates. Each shift has a

60-minute stoppage for shift change and a 60-minute stoppage for lunch, each occurring at fixed intervals,

and one additional stoppage with duration according to a normal distribution with 60-minute mean and

10-minute variance to bring availability rates in line with typical underground operations. Vehicles start

with between 20 percent and 100 percent of onboard energy capacity, i.e., battery state of charge or level of

fuel in tank, from one of four locations throughout the mine.

Energy cost refers to the combined cost of diesel fuel and electricity consumed per day, with unit costs

of electricity and diesel fuel assumed as $0.13/kWh and $1/L, respectively, to represent prices in North

America (GPP, 2024, 2025). Table 3.3 presents results for a set of vehicles mining at two depths. For a

fixed fleet of two loaders and six trucks, the vehicle type and depth of mining were varied to examine the

difference in average and peak heat loads in the mine attributable to the haulage fleet, the amount of

material hauled, and frequency and duration of charging. Battery vehicles here have a significant

advantage in this regard, as they are more energy efficient than diesel vehicles and the per-unit cost of

energy is also much lower; their energy cost is 40% to 50% of that of a diesel-powered fleet.

Figure 3.4 Amount of material hauled by depth of working area. Black lines at the top of each bar
represent 95% confidence intervals.

Switching to battery-powered vehicles decreases productivity and increases vehicle downtime due to

charging. This is reflected in the utilization rates, which drop from 74% for the diesel-powered trucks to
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72% for the battery-swap and 64% for fast-charge trucks. A fully-charged battery contains approximately

one-fifteenth the amount of energy in a full tank of diesel fuel, and a 30-minute recharging time is much

longer than the roughly ten minutes required for diesel refueling. Greater uphill speed for the battery

vehicles reduce the discrepancy slightly by decreasing the round-trip travel time from 70 minutes for diesel

trucks for 65 minutes for battery-powered trucks, not including charging time. The difference in

battery-swap and fast-charging production is related to the availability of both the truck and loader. These

results do not examine the impact of the charging regime on the trucks or loaders independently, but

existing literature suggests the 750 kW fast-charging rate for haul trucks is sufficient to achieve the same

production rate between battery-swap and fast-charge (Rafi et al., 2020). Ore is handled by haulers before

being transported by the haul trucks, so the reduction in loader utilization due to charging is likely to have

a greater impact than utilization of haul trucks. Further investigation will be required to determine and

correctly attribute the separate impact of trucks and loader availability on production rates. In these

results, loader utilization is 41% for diesel, 41% for battery swap, and 36% for fast charging, suggesting

that the increased productivity of battery-swap is due to the higher speed of haul trucks.

Table 3.3 Numerical results from simulation cases as value and 95% confidence interval. Each fleet consists
of two loaders and six haul trucks operating on adjacent levels. Battery vehicles, when used, employ
battery swapping (BS) or fast charging (FC); auxiliary heat loads from charging is included.

Depth Metric Diesel Hybrid-BS Hybrid-FC Battery-BS Battery-FC

535 m Material hauled (t/d) 3420 ± 50 3570 ± 20 3330 ± 30 3480 ± 20 3090 ± 20
Energy cost per day ($/d) 5300 ± 60 3980 ± 20 3830 ± 30 2540 ± 10 2280 ± 10
CO2 per day (Mg/d) 14.3 ± 0.2 11.5 ± 0.1 11.0 ± 0.1 8.41 ± 0.05 7.54 ± 0.04
CO2 per tonne (kg/t) 20 ± 0.1 16 ± 0.1 17 ± 0.1 12 ± 0.1 12 ± 0.1
Avg. heat (kW) 1420 ± 20 855 ± 5 890 ± 7 260 ± 1 337 ± 2
Peak heat (kW) 3040 ± 10 1920 ± 30 1970 ± 10 775 ± 3 874 ± 13
Avg. electr. power (kW) 0 235 ± 1 298 ± 3 464 ± 2 599 ± 4
Peak electr. power (kW) 0 394 ± 17 2180 ± 50 596 ± 35 3250 ± 120
Diesel consumed (L) 5300 ± 60 2700 ± 20 2690 ± 30 0 0
Electr. consumed (MWh) 0 9.86 ± 0.6 8.71 ± 0.6 19.6 ± 0.1 17.5 ± 0.1

835 m Material hauled (t/d) 2510 ± 10 2580 ± 10 2360 ± 10 2650 ± 20 2310 ± 10
Energy cost per day ($/d) 5800 ± 30 4340 ± 20 4070 ± 20 2920 ± 10 2570 ± 10
CO2 per day (Mg/d) 15.6 ± 0.1 12.6 ± 0.1 11.7 ± 0.1 9.66 ± 0.05 8.50 ± 0.05
CO2 per tonne (kg/t) 31 ± 0.1 24 ± 0.1 24 ± 0.1 18 ± 0.1 18 ± 0.1
Avg. heat (kW) 1560 ± 10 919 ± 5 942 ± 4 279 ± 1 386 ± 2
Peak heat (kW) 4100 ± 100 2580 ± 20 2600 ± 10 957 ± 3 994 ± 14
Avg. electr. power (kW) 0 264 ± 1 368 ± 3 524 ± 2 727 ± 4
Peak electr. power (kW) 0 474 ± 35 2320 ± 100 595 ± 31 3060 ± 90
Diesel consumed (L) 5800 ± 30 2900 ± 20 2790 ± 10 0 0
Electr. consumed (MWh) 0 11.1 ± 0.1 9.86 ± 0.06 22.5 ± 0.1 19.8 ± 0.1
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Frequency of recharging is also a function of the depth at which the vehicles operate. At the 535 m

operating depth, haul trucks complete two haul cycles for each battery charge; deeper in the mine at 835

m, the number of haul cycles per charge reduces to one haul cycle per charge because the thermodynamic

energy requirement, W , to haul a payload of mass m a vertical distance h is linear with distance:

W = mgh. Regenerative braking, assumed to be 60% energy efficient, recovers energy at a rate

proportional to the product of the braking torque applied by the motors and the rotational velocity of the

wheels. A fully-loaded truck requires 129 kWh to drive up the 7.3 km ramp to unload at the dump site.

On the return trip, regenerative braking recovers 25 kWh, resulting in a net use of 104 kWh, or 27% of a

battery charge. From the lower level, 240 kWh is required to drive up the 11.3 km ramp, with regenerative

braking recovering 40 kWh on the return trip for a net usage of 206 kWh, or 54% of the battery capacity.

Travel across all road surfaces yields frictional losses due to rolling resistance of the tires, which is assumed

to be 3%. Charging stations are located at the surface and on the two working levels of the mine, allowing

vehicles to recharge or refuel once a lower threshold is reached.

One advantage of operating battery vehicles in enclosed underground spaces is the lower heat load. The

heat load is about 80% lower than that of diesel vehicles without including heat load from charging, or 70%

lower with it included. Charging stations are located on the surface and on the two working levels of the

mine near the main decline to facilitate easy access, and each location includes one charger, except at the

surface where there are three chargers. We assume each charging location inside the mine includes one

charger due to the expense of removing rock. Recharging produces a local, time-averaged heat load of up

80 kW for the 2C fast chargers and 58 kW for the 0.5C standard chargers, respectively. Airflow or cooling

is needed to ensure that the battery packs and charging equipment remain at acceptable temperatures, and

may require some ventilation air to be diverted from elsewhere in the mine. Figure 3.5 shows the transient

heat load through the entire mine when auxiliary heat loads are excluded or included. Charging contributes

an additional 20% to the average heat load in the mine with either battery swap or fast charging is used.

From an financial perspective, a portion of the reduced productivity can be offset by reduced

operational expenses. Direct savings are in the fuel cost, which is reduced up to 57% from the all-diesel to

the fast-charging all-battery case. Indirect savings may be realized through reduced ventilation demand

from lower emission rates of heat and particulate matter, or reduced refrigeration demand from lower heat

loads.
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Figure 3.5 Transient heat load from operation of battery vehicles, including or excluding heat load
associated with recharging, representing 48 hours of operation at a depth of 835 m. When auxiliary heat
load from fast charging events are included, average heat load increases 20% from 305 kW to 385 kW.

Optimization of charger location is not considered, so chargers are evenly spaced through the mine for

easy access. The number of daily charging stops for haul trucks by level is shown in Figure 3.6. Power

requirements for both the trucks and loaders averages 727 kW with peak requirement at 3,060 kW. Fast

charging results in highly variable power loads for charging as vehicles draw significant power over short

periods of time. Battery swapping, by contrast, has average and peak power requirements of 524 kW and

595 kW, respectively, because batteries charge more slowly and spread out the power demand. Integrating

charging stops into vehicle dispatch will require further investigation. The chargers are all located along

the haulage route so they have an opportunity to charge without deviating significantly from typical travel

paths. Due to the energy demands of ore processing, a mining operation co-located with processing or

grinding facilities likely has sufficient power capacity to accommodate battery vehicle recharging because

ore processing requires much more power than vehicle recharging. Sites without a connection to the grid

can use can use on-site generators to provide the electricity required. Fast-charging yields larger and more

frequent swings in energy demand compared to battery swapping, which may increase the average power;

appropriate management of charging logistics should mitigate a significant increase in peak power demand.
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Figure 3.6 Haul truck charger utilization per day by depth of operation. At 640 meters and above, haul
trucks complete two trips per charge; at 660 meters and below, trucks complete one trip per charge.

3.5 Conclusion

Compared to a similar diesel-powered haulage fleet, battery-powered electric trucks and loaders

operating in an underground mine have significantly lower energy cost, rates of heat emission, and carbon

dioxide emissions. The daily haulage rate for a fleet of battery-powered vehicles is between 90% and 105%

that of a diesel-powered fleet and depends on whether vehicles employ fast charging or battery swapping.

The productivity is impacted by the downtime required for battery recharging, but is mitigated by the

higher top speed for uphill travel on ramps.

Future work could replicate this analysis for cases in which the size and number of battery vehicles is

different than the diesel-powered vehicles they replace, e.g., replacing one piece of diesel equipment with

two smaller pieces of battery equipment. This study considers heat-constrained mines, and the

temperature at which a battery operates is known to affect its lifespan. Another study could examine how

the ambient temperature during battery operation impacts its lifespan and the rate of battery replacement.
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CHAPTER 4

ECONOMIC IMPLICATIONS OF BATTERY LONGEVITY IN HEAVY-DUTY VEHICLES

This paper has been submitted to Joule.

Aaron Swift5, Alexandra M. Newman5, Jason M. Porter6

Lithium-ion batteries are becoming more widely used in heavy-duty applications, and have no tailpipe

emissions and lower operating cost compared to traditional diesel powertrains. For vehicles expected to

operate over many years, capacity fade in the battery may necessitate one or more battery replacements

over the vehicle lifespan. This study uses underground mining operations, where elevated temperatures are

common, as an example to assess aging rate as a function of temperature, battery chemistry, depth of

discharge, and charging scheme to determine favorable combinations of these characteristics to maximize

usable life. With a sufficiently long lifespan, savings from the lower cost of electricity used to charge the

battery compared to the cost of diesel fuel used in a conventional vehicle can justify the initial cost of the

battery. We then examine how a cost differential between diesel and electricity determines a number of

battery charging cycles required to achieve this payback. We find that using a pair of batteries for

alternate operational cycles (battery swap) does not yield an increase in lifetime over a single battery (fast

charge) because degradation is mainly a function of battery age. Furthermore, the accelerated degradation

at elevated temperatures may cause the battery to reach its end-of-life threshold before the initial cost is

recovered. Results from this study may be generalized to other heavy-duty battery vehicles in industrial

applications.

4.1 Introduction

Battery-powered vehicles are increasingly of interest in off-road applications as a means to reduce

greenhouse gas emissions, and can be used in applications such as port operations (Densberger & Bachkar,

2022), agriculture (Redpath et al., 2011), and mining (Halim et al., 2022). On-road vehicles are those used

primarily on highways and national road networks, and regulations exist in many countries concerning the

size, safety, and emissions of such vehicles. Off-road vehicles, those excluded from operating on highways

due to their size or weight, such as excavators, cranes, and tractors, by contrast, encompass a variety of

machinery used in many applications, and, as a result, have unconventional size and power requirements

(Lajunen et al., 2018). Specifically, they might be larger than their on-road counterparts to maximize

5Department of Mechanical Engineering, Colorado School of Mines, Golden, CO, 80401, USA
6Department of Mechanical Engineering, Brigham Young University, Provo, UT, 84602, USA
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payload, or smaller for greater maneuverability. Operation in remote areas away from established

infrastructure is common, and, in some cases, additional fuel is supplied to enable extended operation. A

reinforced body or chassis fortifies the vehicle against falling debris or impact with other objects, and

enables the vehicle to operate on rough terrain. Given the varying conditions under which they operate,

off-road vehicles may place a greater emphasis on durability and reliability than energy efficiency.

Historically, diesel engines have been the power source for heavy equipment, as the high energy density of

diesel fuel makes it easy to accommodate energy requirements, and refueling can be frequently

accomplished in 15 minutes or fewer. The way in which diesel engines are constructed allows operation

within a wide range of temperatures, from freezing to 40 °C or more.

Battery-powered electric motors are an enticing alternative to diesel engines, especially in enclosed or

underground environments, due to the aforementioned lack of tailpipe emissions and lower heat output

compared to their diesel counterparts. The use of battery-powered equipment also advances ongoing

decarbonization efforts in the transportation sector, and while adoption in the consumer market continues

to increase each year, adoption in off-road and heavy industrial applications lags. Range anxiety may be a

factor; Brucker et al. (2024) assert that energy density greater than 1,000 Wh/kg is necessary to facilitate

widespread adoption, much higher than the 100 to 265 Wh/kg in current batteries (Deng et al., 2020).

Batteries with high energy density store more energy in a given volume, extending charging intervals and

enabling the vehicle to travel farther on one charge. Vehicles that operate over a large geographic area,

such as long-haul trucks or delivery vehicles, require energy-dense batteries to store enough energy to

operate far from charging infrastructure. Applications in which vehicles operate close to a central depot

can make use of nearby fast charging equipment to compensate for the lower energy density of batteries

compared to diesel fuel. However, the longevity of electric vehicle batteries in industrial applications is not

well established owing to limited deployment and lack of data about actual lifetime. The conditions under

which the vehicle operates influence the aging of the battery, which are a function of: depth of discharge,

operating temperature, charging speed, and frequency of charging. Even though these factors have a

greater impact on heavy-duty vehicles than their light-duty equivalents, current battery technology may be

suitable to electrify vehicles in some industrial applications at the time of this writing.

The energy density of a particular battery determines the physical size of a battery pack required to

satisfy an energy demand, and directly impacts the frequency of charging. At the time of this writing, the

three leading chemistries encountered in heavy industrial applications are: Nickel Manganese Cobalt

(NMC), Lithium Iron Phosphate (LFP), and Lithium Titanate Oxide (LTO), listed decreasing by energy

density. Each also has different aging characteristics and withstands a different number of charge-discharge

cycles or days before reaching an end-of-life threshold. LTO withstands the highest number of cycles,
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followed by NMC and LFP (Jenu et al., 2022), and the lifespan of LFP and NMC batteries decrease as the

charge current and voltage increase (Mathieu et al., 2021). Tanim et al. (2018) show that the aging

behavior of one cell does not necessarily characterize the aging behavior of the entire pack owing to

variation in thermal management among the cells in the pack.

Improvements in battery technology enable their use in industrial applications within size or weight

constraints of off-road vehicles. However, batteries provide less energy when their temperature decreases

and store less energy over time due to their age (calendar aging) or number of charge-discharge cycles (cycle

aging). The temperature at which the battery operates is a determinant of the aging mechanism, with

usage in temperatures below 25 °C dominated by lithium plating and temperatures above 25 °C dominated

by solid-electrolyte interphase (SEI) layer growth (Waldmann et al., 2014) when charged and discharged at

1C7. In lithium-ion batteries, SEI is a passivating layer that primarily forms on the anode and grows as the

electrolyte reacts with the graphite anode, which increases internal resistance and consumes lithium used

for charge transport. Greater depth of discharge can accelerate the rate of aging (Omar et al., 2014), as can

storage at elevated temperatures (Lam et al., 2025), and high discharge current (Liu et al., 2020). At high

charge and discharge rates (5C or above), lithium plating can occur at any temperature (Konz et al., 2023).

This study examines off-road battery electric vehicles in underground mining, and how operational

conditions impact the lifespan of the battery. Representative models of the battery are constructed and

subjected to a power demand consistent with this application. This paper selects underground mining as a

case study because the reduced heat output is important in managing the temperature in working areas. In

addition, underground mining is an energy-intensive industry and vehicles used to load and haul material

constitute a significant portion of the energy usage (Norgate & Haque, 2010). The contributions of this

paper are as follows: (i) simulation of a lithium-ion battery in a heavy-duty application to estimate

longevity, and (ii) techno-economic analysis to determine the longevity required to recover the initial

battery cost given a set of electricity, battery, and diesel costs. Although mining is used as a case study in

this paper, the findings are relevant in other off-road applications.

4.2 Results and Discussion

The power demand used in this study is from a discrete-event simulation for a haul truck in an

underground mine implemented in Haulsim 3.8 (RPMGlobal, 2023). The mine layout replicates an

industrial partner’s existing operation. The orebody being extracted has its longest dimensions in its

vertical depth and north-south span, with the shortest dimension being the east-west span. Figure 4.1

depicts an underground mine layout. The power demand, shown in Figure 4.2, is intended to represent one

7An amount of current that either recharges or depletes the battery in 1 hour. 2C would recharge or deplete the battery in half
an hour.
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haul cycle: the truck ascends the decline from the working level to the surface with a full payload, dumps

the payload, then descends into the mine, where it recharges and is loaded with ore before repeating the

cycle. Energy may be recovered via regenerative braking on the descent. One full haul cycle is

approximately 11 km in length with an average grade of 14% and requires approximately an hour to

complete. A 12 km/h speed limit is assumed for downhill travel. Constant-current, constant-voltage

charging is undertaken after each haul trip with either on-board fast charging, for which the peak charging

current is 2C, or battery swapping for which the peak charging current is C/3. The battery swapping

scheme consists of a pair of batteries that are exchanged after each trip. For all cases considered, vehicles

are charged after the completion of each haul trip, resulting in nine charge events per vehicle per day. This

haul-and-charge cycle is repeated for 2,000 trips or until the battery is unable to provide enough energy to

complete a trip.

Figure 4.1 Aspects of an underground mine layout with the ore to be extracted shaded in red. Haul trucks
may be used to transport material through the mine along a decline. Reproduced with permission from
Springer Nature from Abzalov (2016). Abzalov (2016)

The battery packs simulated in this study are built based on one used in an Epiroc mining vehicle

whose specifications are shown in Table 4.1. The corresponding battery packs used in the simulation are

listed in Table 4.2. When operating at the depth considered in the case study, approximately 800 meters,

one trip with a loaded haul truck requires approximately 220 kWh. Battery packs of two different sizes are
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constructed, 464 kWh (large) and 337 kWh (small), and the nine haul trips completed each day correspond

to 4.2 or 5.7 equivalent full cycles (the quotient of total discharge current and initial capacity), for the large

and small fast-charge batteries, respectively. The equivalent full cycles metric normalizes the total amount

of energy discharged, but state of charge range for typical operation (e.g., 0% to 100% or 20% to 80%) can

impact the rate of degradation. Batteries used in the swapping scheme complete half the number of

equivalent full cycles per day, or 2.1 and 2.8 equivalent full cycles, respectively, for the large and small

packs, respectively. The uphill portion of the trip has a sustained power requirement at a nominal voltage

of 800 V corresponding to approximately 0.8C for the larger pack, or 1C for the smaller.

Figure 4.2 Power demand applied to each battery pack to represent the operation of the haul truck. The
approximate C-rate is noted on the two right axes for an 800 V nominal pack voltage and large (580 Ah)
and small (423 Ah) capacities, respectively.

Battery simulations are performed in GT AutoLion 2023 (Gamma Technologies, 2023) using a

pseudo-2D electrochemical model with coupled thermal and degradation models. Each case varies the

battery chemistry, ambient temperature, battery capacity, and charging scheme to determine how

degradation impacts the battery lifetime before capacity loss renders it inadequate for service. NMC and

LFP were selected because of their availability in off-road vehicular applications. Ambient temperatures of

20 °C and 40 °C represent average and maximum temperatures in working areas of the mine, respectively.

Two battery capacities were selected owing to the different energy densities of LFP and NMC: 580 Ah is

the estimated capacity for the NMC battery in the Epiroc haul truck, assuming 80% usable capacity, and

421 Ah is the capacity for an LFP battery pack having the same total weight. Charging rates were selected

based on commercially available equipment for mining applications: 2C on-board fast charging that
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recharges the vehicle in 30 minutes based on the Caterpillar MEC500 and C/3 off-board charging that

recharges the battery in 180 minutes for Epiroc charging stations. C-rates for recharging are fixed so that

the charging time is roughly the same for each battery size. Idle time is added so that a haul trip starts

about every 2.7 hours for a fast-charge pack or 5.4 hours for a battery-swap pack.

Table 4.1 Properties for the case study vehicle, the Minetruck MT42, from Epiroc (2022).

Rated Power
Empty Weight
(including battery)

Payload Capacity Battery Weight Top Speed

400 kW 37,700 kg 42,000 kg 4,950 kg
20 km/h level ground,
10 km/h 14% grade

Table 4.2 Properties of the simulated battery packs, which are modeled with 18650-format cylindrical cells.
Total cell weight is estimated exclusive of battery packaging, and all packs are 800 volts nominal with
graphite anodes.

Type Energy (kWh) Capacity (Ah) Configuration Total Cell Weight (kg)

Large NMC 464 580 222S 268P 2,523
Small NMC 337 421 222S 195P 1,835
Large LFP 464 580 250S 336P 3,511
Small LFP 339 423 250S 246P 2,571

4.2.1 Effect of Temperature, Depth of Discharge, and Charging Rate on Degradation Rate

Operation at elevated temperatures significantly accelerates the rate of degradation (Figure 4.3). Panels

(a) and (c) show the state of health versus equivalent full cycles, the convention in battery aging literature,

and panels (b) and (d) show state of health versus time for LFP and NMC battery chemistries, respectively;

Table 4.3 provides the associated numerical values. Results are presented by number of equivalent charge

cycles and by day because each charging scheme and battery size results in a different number of equivalent

full cycles per day. Though LFP batteries are thought to have better cycle endurance than NMC, this is

not always the case (Gasper et al., 2023; Jenu et al., 2022). The range of battery temperatures observed is

between 25 °C and 52 °C with the maximum temperature increase for each cycle shown in Figure 4.5 (see

Section 4.4 for Supplemental Figures). Figure 4.6 shows the maximum heat generation rate. Increase in

both the heat generation rate and peak temperature are an effect of the increased SEI layer thickness,

shown in Figure 4.7, which is accompanied by an increase in internal resistance. LFP retains between 54%

and 86% of the initial capacity in all cases, but the increased temperature more than doubles the

degradation rate, measured either by number of cycles or by day. NMC retains between 73% and 92% of

initial capacity after more than 900 cycles, with a similar doubling of degradation rate at 40 °C. Aging
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trajectories are more closely grouped when examined over time, suggesting that calendar aging has a

greater effect than cycle aging, even with the high utilization of the vehicle.

Figure 4.3 State of health versus equivalent full cycles (EFCs) shown in panels (a) and (c). State of health
versus time shown in panels (b) and (d). All plots show different combinations of capacity, temperature,
and charging scheme. FC uses the same battery for each trip and SW alternates between a pair of two
batteries for each successive trip; as a result, the FC battery completes twice as many cycles in a given
period of time as the SW batteries. The large packs are 465 kWh, and the small packs are 337 kWh (LFP)
or 339 kWh (NMC).

Temperature is the largest factor in degradation rate, followed by charging scheme and battery

capacity. The two capacities result in different depth of discharge for each trip as the applied power

demand is the same in all cases. The weight difference in battery packs is assumed to have a negligible

effect on vehicle performance because the total cell weight is less than five percent of the empty vehicle

weight, not including packaging. While each case completes between 2 and 5.5 equivalent full cycles per
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day, all have about the same aging rate in time, indicating that calendar aging is the dominant aging

mechanism. The greater depth of discharge and higher discharge current associated with the smaller

battery packs does not appreciably impact the longevity in these results. Large and small batteries listed

in Table 4.3 operating under the same temperature and charging scheme have similar capacities at

termination for cases that completed all haul trips. Degradation rate by equivalent full cycles or by days of

the large and small batteries are similar in cases that did not complete all haul trips.

Table 4.3 Results ordered increasing by degradation rate per 100 cycles, shown by battery chemistry and
case. FC represents on-board fast charging at a maximum rate of 2C. SW represents swapping between two
identical packs on alternating haul trips with packs charging at a maximum rate of C/3. The batteries
used in a fast-charge scheme complete twice the number of trips as those used in a battery-swap scheme in
a given time.

Chemistry Case Trips Days EFCs
Capacity at
termination

Degradation
rate per 100

EFCs

Degradation
rate per 100

days

LFP small-20°-FC 2000 240 1314 86% 1% 6%
large-20°-FC 2000 242 951 85% 2% 7%
small-20°-SW 1115 412 1165 79% 2% 6%
large-20°-SW 2000 467 957 76% 3% 6%
small-40°-FC 1016 121 664 77% 4% 19%
large-40°-FC 2000 253 962 60% 5% 18%
small-40°-SW 480 117 334 76% 8% 21%
large-40°-SW 1328 308 644 54% 9% 18%

NMC small-20°-FC 2000 238 1321 92% 1% 3%
large-20°-FC 2000 236 921 92% 1% 3%
small-20°-SW 2000 487 1321 89% 1% 2%
large-20°-SW 2000 479 920 89% 1% 2%
small-40°-FC 2000 235 1312 81% 2% 9%
large-40°-FC 2000 232 916 81% 2% 9%
small-40°-SW 1587 384 1040 76% 3% 7%
large-40°-SW 2000 477 918 73% 3% 6%

The lowest rate of degradation per equivalent full cycle is associated with batteries that operate at

moderate temperatures and recharge via on-board fast charging. Since calendar aging dominates, the

fast-charge scheme yields the highest number of equivalent full cycles completed before capacity loss

renders the battery inadequate. The average discharge C-rates, inclusive of idle time, are 0.23 for small

fast-charge battery, 0.16 for the large fast-charge, 0.12 for the small battery-swap, and 0.08 for the large

battery-swap. Cases with higher C-rate had the lowest degradation rate. This finding make sense given the

work by Geslin et al. (2025), who suggest that average discharge C-rates between 0.3 and 0.5 best balance

the trade-off between calendar and cycle aging.
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Batteries used in the swapping scheme have a nominal increase in degradation, which is evident from

the lower capacity at termination. In the absence of cycling, i.e., calendar aging only, a higher state of

charge results in a greater rate of degradation (Lam et al., 2025). The packs used for battery swap have a

higher time-averaged state of charge due to prolonged idle time after completion of charging before the

vehicle returns. Batteries large enough to sustain more than an hour of operation necessarily have an

average current lower than 1C, which limits the amount of time the battery draws high current and makes

battery age the more important factor.

It should be noted that other aging mechanisms not included in this model, such as lithium plating and

active material loss, could impact the rate of degradation. The aging model in this study only includes SEI

layer growth because the moderate to high ambient temperatures and moderate C-rates. Because of the

low temperatures and high C-rates associated with lithium plating are not present in this study, it should

not impact the results of this study. Other groups have observed accelerated aging associated with lithium

plating after many charge-discharge cycles (Wang et al., 2022), but it is not a factor for cycling at C-rates

and temperatures in this study and is not included in this analysis.

4.2.2 Effect of Battery Longevity on Total Ownership Cost

Low electricity prices can offset the higher cost of batteries by reducing the operating cost of

battery-powered vehicles compared to diesel-powered equipment. The energy cost per trip is lower with

battery-powered vehicles when the price of diesel per unit of energy, fdiesel, is greater than the price of

electricity per unit of energy, felectricity, times the ratio of energy efficiency for the electric drivetrain,

ηdiesel, and diesel drivetrain ηelectric:

fdiesel ≥ felectricity · ηdiesel

ηelectric
(4.1)

Electric motors have a higher energy efficiency than diesel engines, requiring less input energy to perform

the same amount of work. For the cyclic operations considered in this study, operational cost savings over

many trips can accrue to an amount equaling the initial cost of the battery.

Figure 4.4 shows the number of equivalent full cycles required for the purchase cost and electricity cost

of the battery to equal the energy cost of diesel required to complete the same amount of work.

Present-value discounting is excluded and a range of battery, diesel, and electricity prices are considered.

Size-dependent battery aging is not considered here. At the time of writing, electricity prices worldwide

vary from $0.01 per kilowatt-hour to $0.52 per kilowatt-hour (GPP, 2024), diesel prices vary from $0.73 per

liter to $3.31 per liter (GPP, 2025), and average lithium-ion batteries is $115 per kilowatt-hour

(BloombergNEF, 2024) (all prices in US dollars). We consider electricity at $0.10 per kilowatt-hour and
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$0.25 per kilowatt-hour to approximate prices in the United States and Germany, respectively, representing

low- and high-cost scenarios. At current US prices of $1 per liter or $3.80 per gallon, diesel fuel has the

same cost per unit of energy as electricity at $0.10 per kilowatt-hour. In such a scenario, a battery at $115

per kilowatt-hour has energy cost savings equal to its initial cost after 750 charge cycles. In the high-cost

scenario of $1.75 per liter for diesel and $0.25 per kilowatt-hour for electricity, the battery has energy cost

savings equal to its initial cost after 625 charge cycles. As electricity prices increase, the minimum diesel

price required for the per-trip cost of electricity to be less than diesel also increases. The cross-hatched

region in Figure 4.4b is below this minimum, in violation of Equation 4.1. The figure also shows that use of

higher-cost batteries is justified if accompanied by a sufficient increase in longevity. The longest-lasting

battery in this study achieved 1,321 equivalent full cycles, which is sufficient for payback at both US and

Germany prices. By contrast, the battery with the shortest lifetime completes 314 cycles in the 40 °C

setting, which is not enough to recover its cost. The substantial reduction in cycles completed at the higher

temperature highlights the importance of the operational conditions on the battery longevity and its

impact on economics.

Figure 4.4 Number of equivalent full cycles required from a battery for its total cost (i.e., initial cost and
electricity cost) to be equal to the cost of diesel consumed for the same amount of mechanical work.
Annotations indicate approximate diesel and electricity prices for the United States (US) and Germany
(DE) at 2024 battery prices of $115/kWh. The hatched region in panel (b) violates Equation (4.1) and has
a higher cost per trip with electricity than with diesel.

Equation (4.2) adds to this analysis the cost to purchase the vehicle, dvehicle
diesel , which for battery vehicles

is composed of frame,dframe
battery, and battery, dbattery. The cost of the battery pack is separated from the cost
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of the vehicle frame as it has a different lifespan. Each depreciation term represents the difference between

purchase price and salvage value over some period of time, which is taken here as the battery lifespan.

Equation (4.1) is a necessary condition of Equation (4.2) because the cost per cycle with electricity must

be lower than with diesel.

dvehicle
diesel +

fdiesel

ηdiesel
Ntrips = dbattery + dframe

battery +
felectricity

ηelectric
Ntrips (4.2)

We also assume the battery has no salvage value, so the battery depreciation term represents the full

purchase cost.

When including vehicle procurement cost, the energy savings realized during the lifetime of one battery

is unlikely to offset the additional purchase cost of a battery-powered vehicle. We assume a $1 million cost

for the diesel powered haul truck (Costmine Intelligence, 2023) a 20 percent premium for the battery

vehicle frame (Gleeson, 2020) or a cost of $1.2 million, and a $100,000 cost for the battery pack

(approximately $215/kWh). The higher cost of the battery packs used for heavy-duty vehicles are unlikely

to be packaged into the vehicle frame like consumer electric vehicles, need robust enclosures to protect from

physical damage, and require integrated safety or fire suppression systems to mitigate fire hazard. The

battery would require 8,000 trips to reach cost parity over a 1-year period of time, assuming a 7-year

lifespan for each vehicle with the purchase cost allocated evenly in each year over its lifetime (dvehicle
diesel =

$142,000, dframe
battery = $171,000). That number of trips is greater than can be completed in a year, requiring

more than 21 trips per day, and is longer than the expected number of cycles the battery can complete. To

show how costs may become competitive, consider two changes: (i) the battery cost reduced to only the cell

cost, meaning the battery packaging can be re-used, and (ii) the battery vehicle having a lifespan exceeding

that of the diesel, reducing the amount of depreciation realized each year. Assuming 7-year and 10-year

lifespans for the diesel and battery equipment, respectively (Schatz et al., 2017) and the cost of the battery

pack is reduced to only the cell cost, which is projected to be as low as $80 per kWh by 2030 (Konz et al.,

2023), then only 1,125 trips are required to reach parity, which can be achieved with current technology.

4.2.3 Limitations of the Study

Limitations of the study are the data used to calibrate the aging model, the temperature dependence of

the aging model, and the constant-power demand. The data on which the battery models are built and

calibrated take readings from commercial LFP and NMC cells. Low cycle endurance in aging

characteristics appear in this study as over-prediction of the aging rate. We also use a demand profile with

constant-power demand in each segment, which can lead to an under-prediction of the actual

longevity(Geslin et al., 2025). The lumped-capacitance thermal model, which assumes a uniform
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temperature through the battery, does not represent thermal gradients known to develop during battery

operation. Effects of high battery temperature, such as faster SEI reaction kinetics, should occur only in

areas at high temperature and not uniformly through the battery.

This analysis is for electric vehicles powered by lithium-ion batteries, but alternate battery types could

also be used (e.g., NaMX, ZEBRA). Tethered electric vehicles exist but are not direct competitors to

battery vehicles because of the limited range and the logistics of managing the trailing cable. These other

technologies are not considered in this study. This analysis also relies on economic metrics, but there are

non-economic factors favoring adoption of battery-powered vehicles: lower heat output, increased

reliability, higher motor torque, and quieter operation.

The techno-economic study makes several simplifying assumptions: no time value of money, cycles are

completed before calendar aging makes it unsuitable for service, constant diesel and electricity prices, and

the same price for battery- and diesel-powered vehicles excluding the cost of the battery. Predicting aging

performance is difficult because it is closely connected to the conditions under which the battery operates.

In general, each tank of diesel provides roughly the same amount of energy over the lifetime of the vehicle,

whereas each charge cycle provides incrementally less energy due to degradation. Expected longevity is

also difficult to predict because the number of charge cycles per day can vary from infrequently-used

equipment to 16 hours of use each day.

4.2.4 Conclusions

Batteries used in heavy-duty vehicles may not last the lifetime of the vehicle, but if each battery

completes a number of charge-discharge cycles sufficient to offset its initial purchase cost, there is no

economic penalty for battery replacement. Representative battery packs were constructed with battery

simulation software, and the ambient temperature, battery chemistry, and battery capacity were varied to

assess the impact on aging rate and lifespan. When operated at moderate temperature (20 °C), both the

LFP and NMC batteries modeled withstand more than 1,000 charge-discharge cycles, which is sufficient to

recover the cost of the battery cells at a battery cost of $115 per kWh and energy prices typical in North

America ($1 per liter of diesel and $0.10 per kilowatt-hour of electricity). Increasing the ambient

temperature to 40 °C without supplemental cooling reduces battery life by half, precluding the battery

from achieving the number of cycles required to recover its capital cost and increasing the frequency of

replacement. Improvements in cycle endurance at high temperatures make applications such as

underground mining more tenable. Test data from Harlow et al. (2019) includes cells cycled at 40 °C that

retain more than 85% of their original capacity after two years and 3700 cycles, which would make all

battery packs in this study economical.
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Battery vehicles are well suited to the underground mining application considered in this study because

the limited geographic area enables ready access to chargers, and only a few are needed to satisfy the

charging requirements. In addition, vehicles are free to charge at any point in a shift. If all vehicles

required charging at the same time (e.g., a delivery fleet), the peak power requirements could be

prohibitive, and it would require many low-utilization chargers. Opportunity charging over the course of a

shift offsets the time when each individual vehicle needs to charge, increasing the utilization of charging

infrastructure, and smoothing out power demand.

The ideal battery is one sized to meet the energy requirements of a particular application, including

margin for aging and a small amount of operational variation. On-board fast-charging is more

capital-efficient than battery swapping as the diminished usage rate for each battery pack does not yield

enough of an increase in lifespan to cover the additional cost. As all batteries in the study degrade by

calendar aging, the purchase of two batteries does not double the lifespan of each individual pack and

results in added expense. Batteries large enough to use in heavy-duty applications experience

predominantly calendar aging, should be operated in such a fashion to maximize the number of charge

cycles in its lifetime.

Future work includes repeating this investigation for other types of off-road equipment to assess their

suitability for electrification. This study may also be duplicated with other battery chemistries, i.e., LTO

or sodium-ion, or the inclusion of other aging mechanisms. A more accurate model would include one or

more of the considerations for discounting, variable energy costs, and differences in vehicle prices. The

additional data required include the aging rate of the battery under the expected operational conditions,

number of charge cycles expected in each day, and minimum amount of energy required to sustain

operation between recharging events. The most important factor is the number of cycles expected in a day

as it connects the cycle-based and time-based aging metrics.

4.3 Methods

GT-AutoLion 2023 is used for battery modeling, and couples a pseudo-2D electrochemical model with a

thermal model and an SEI layer growth aging model. The LFP and NMC battery models are constructed

from parameters in Garćıa et al. (2023) and the aging model uses parameters listed in Table 4.5. Authors

of the Garćıa study performed battery characterization at several temperatures and discharge for

commercial cells, which were then used to calibrate their battery models. The aging model used in this

study is calibrated by adjusting the SEI reaction rate and diffusivity to match the capacity versus cycle

data in Garćıa. All battery cells have an identical convective boundary, and each cell has a lumped

capacitance thermal model (i.e., uniform temperature throughout the cell).
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Notation used in equations is listed in Table 4.4. Equations (4.3a) through (4.3j) comprise the SEI

aging model. Equation (4.3a) relates the SEI side reaction current density to the exchange current reaction

density and the potentials in the electrolyte, anode, and SEI layer. Equation (4.3b) computes the current

density from the specific reaction area and the volumetric current density. Equation (4.3c) relates the SEI

exchange current density to the ethylene carbonate concentration at the anode surface. Equation (4.3d) is

a modified Arrhenius equation to account for temperature-dependent properties. A property Ψ at some

temperature T is computed from a reference value Ψref at a known temperature Tref using the activation

energy and gas constant. Equation (4.3e) accounts for the tortuous path through the SEI given the

porosity and diffusivity in the bulk solution. Equation (4.3f) gives the concentration of ethylene carbonate

at the reaction surface due to diffusion through the SEI layer. Equation (4.3g) yields the growth rate of the

SEI layer due to the side reaction current density and the SEI material properties. Equation (4.3h) yields

the resistance of the SEI layer due to its thickness and ionic conductivity. Equation (4.3i) yields the

effective conductivity due to the tortuous path through the SEI layer. Equation (4.3j) yields the change in

anode porosity due to the growth of the SEI layer. For a more detailed description of the pseudo-2D model

and the SEI aging mechanism, the interested reader may consult Garćıa et al. (2023).

jSEI = −asi0,SEI exp

[
−αc,SEIF

RT

(
φs − φe − USEI −

jLi

as
RSEI

)]
(4.3a)

iSEI =
jSEI

as
(4.3b)

i0,SEI = Fk0,SEIc
s
EC (4.3c)

Ψ = Ψref exp

[
Ea,Ψ

R

(
1

Tref
− 1

T

)]
(4.3d)

Deff
EC = DEC(εSEI)

n (4.3e)

∂cEC

∂t
= Deff

EC

∂2cEC

∂r2
(4.3f)

dδSEI

dt
= − iSEI

2F

MSEI

ρSEI
(4.3g)

RSEI =
δSEI

κeff
SEI

(4.3h)

κeff
EC = κEC(εSEI)

n (4.3i)

dε

dt
= −as

d(δSEI)

dt
(4.3j)
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Table 4.4 Notation for terms used in Equations (4.3).

Term Definition Units

as Specific surface area for SEI reaction m2/m3

cEC Ethylene carbonate concentration mol/m3

csEC Ethylene carbonate concentration at electrode surface mol/m2

DEC Ethylene carbonate diffusivity through SEI layer m2/s
Ea,Ψ Activation energy of temperature-dependent property J/mol
F Faraday constant C/mol

i0,SEI SEI reaction exchange current density A/m2

iSEI SEI reaction current density A/m2

jSEI SEI reaction current density A/m3

jLi Total current density (lithium intercalation and SEI reactions) A/m3

k0,SEI SEI reaction rate constant 1/s
MSEI SEI molecular weight kg/mol
n Bruggeman exponent –
R Gas constant J/(mol·K)

RSEI SEI layer resistance Ω·m2

T Temperature K
USEI SEI equilibrium potential V
αc,SEI SEI charge transfer coefficient –
δSEI SEI layer thickness m
εSEI SEI layer porosity K
ε Electrode porosity –

κSEI SEI layer conductivity S/m
ρSEI SEI density kg/m3

Ψ Temperature-dependent property (k0,SEI, DEC, κSEI) –
Ψref Temperature-dependent property reference value –
φe Electrolyte potential V
φs Electrode potential V

Abbreviations and superscripts: SEI = Solid Electrolyte Interphase,
ref = Reference, eff = Effective.

4.3.1 Break-Even Period

The break-even plots in Figure 4.4 are created by determining the work required to perform one trip,

W , then using the energy efficiency of diesel and electric drivetrains, ηD and ηE , respectively, to determine

the energy cost per trip when diesel and electricity costs are fD or fE per unit of energy, respectively. The

energy content of the battery, E, is taken to be the same as the energy for a single trip and the cost of the

battery is PB per unit of energy. An energy density of 10 kWh/L is used to convert diesel cost from $/L to

$/kWh based on a heating value 42,000 kJ/kg and density of 0.850 kg/L for the fuel. The break-even

number of trips, N , is the point at which the total cost of diesel is equal to the total cost of electricity plus

the cost of the battery, shown on the figure as contours of the equation N = E·PB
W

(
fD
ηD

− fE
ηE

) . Losses from the

electrical system are not included.
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4.3.2 Degradation Rate Calculation

Degradation rates presented in Table 4.3 assume some portion of the capacity is lost with each cycle or

day. For convenience, this is scaled to loss per 100 cycles or days. After n groups of 100 equivalent full

cycles or days, the degradation rate r reduces the initial capacity Q0 to Q: Q = Q0 · (1 − r)n/100. Solving

for r, the rate is computed as r = 1 − (Q/Q0)100/n.

Table 4.5 Parameters used in SEI aging model. The reference temperature is 25 °C for all reactions.

Parameter Units Value for NMC Value for LFP

Initial thickness nm 5 5
Film conductivity at Tref S/m 1.5 × 10−5 1.5 × 10−5

Film conductivity activation energy J/mol 3.2 × 104 3.2 × 104

EC diffusivity at Tref m2/s 7 × 10−19 5.7 × 10−18

EC diffusivity activation energy J/mol 7 × 104 7 × 104

SEI reaction rate constant at Tref - 4.8 × 10−15 4.5 × 10−16

SEI reaction rate activation energy J/mol 6 × 104 6 × 104

SEI equilibrium potential V 0.4 0.4
SEI charge transfer coefficient - 0.5 0.5
SEI molecular weight g/mol 162 162
SEI density g/cm3 1.69 1.69
SEI porosity - 0.05 0.05
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4.4 Supplemental Figures

Figure 4.5 Maximum internal heat generation versus cycle, including joule, ohmic, and reversible heating.

Figure 4.6 Maximum change in battery temperature versus haul trip number. Battery temperature is
determined by the rate of internal heat generation minus the rate of convective cooling. As internal
resistance increases due to growth in the SEI layer, it results in greater heat generation and a higher
temperature.
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Figure 4.7 SEI layer thickness vs time. Growth of the SEI later is predominately a function of temperature
and time. SEI increases the internal resistance of the battery and consumes lithium available for charge
transfer.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Mining provides many commodities that the world needs. Large, heavy-duty vehicles are used in

numerous underground mines to transport material, and consume a significant portion of the energy used

in the mine. This work quantifies potential changes in heat and emissions of diesel vehicles resulting from

varying ambient conditions, compares the performance of existing diesel-powered fleets to battery-powered

ones, and estimates the longevity of batteries used in those vehicles and how it relates to their economic

value.

Chapter 2 examines how the emissions of diesel-powered vehicles change with the ambient conditions in

which they operate. In general, autocompression and the thermal gradient of the host rock increases the

temperature deeper in the mine unless supplemental cooling is provided. Elevation changes greater than

1,000 feet also change the pressure, and relative humidity can change due to groundwater flows.

Performance metrics to categorize vehicle performance are undertaken at standard conditions which

ensures valid comparisons between different vehicles, but fails to account for deviation between the actual

conditions in the mine and testing conditions. We simulate turbocharged diesel engines with displacement

between 12 L and 16 L in GT-Suite under varying temperature, pressure, and relative humidity to

determine the impact to heat, NOx, and soot output. Data recorded from an operational mine show a local

temperature increase of 8 °C due to diesel equipment operating over a 2-hour period. Results from the

simulations suggest the local temperature increase results in a 16% decrease in NOx emissions, a 5%

increase in soot, and a 2% increase in heat output. Workers in enclosed vehicle cabins do not experience

these changes, but any workers in the airway do. Heat from vehicles is a burden on the ventilation system

and may require additional cooling to prevent dangerously high temperatures. Mines typically have

sufficient airflow to dilute exhaust products to safe levels, but reducing the rate of heat or diesel exhaust

released into the mine presents an opportunity to decrease the demand on the ventilation system. If mine

operators seek to minimize or eliminate nuisances such as heat and emissions, one means to do so is with

battery-powered vehicles.

Battery-powered electric motors have a lower heat load, no tailpipe emissions, and higher torque

compared to diesel engines, but the reduced energy content of lithium-ion batteries requires more frequent

interruptions for recharging. Chapter 3 compares how a fleet of battery-powered loaders and haul trucks

differs from an equivalent diesel-powered fleet in terms of the amount of material transported in a day,

energy usage, and heat output by simulating them in discrete-event simulation software (Haulsim).
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Recharging activities, which can draw up to several hundred kilowatts of power, create local heat loads

within the mine due to losses in the charging equipment. The cost to power the fleet with electricity is

approximately half that of diesel, and the amount of ore hauled with battery vehicles is between 10% less

and 5% more than with diesel vehicles depending on how vehicles recharge. All material is handled first by

loaders, so the comparatively longer downtime of fast charging versus battery swapping results in a greater

decrease in haulage amounts, and with fewer loaders than haul trucks each interruption is more disruptive.

We also find that battery-powered equipment reduces heat loads by up to 70% compared to diesel

equipment when including heat loads from fast charging, and that recharging activities constitute up to

20% of the heat load associated with battery vehicles. Regardless of how the equipment is recharged,

lithium-ion batteries have a limited lifespan that can be further reduced by how they are operated.

In heat-constrained mines, elevated ambient temperatures accelerate the degradation rate of batteries if

supplemental cooling is not provided. Vehicles used in industrial applications are expected to last many

years, and may require one or more battery replacements during their lifetime. Chapter 4 considers how

elevated temperatures impact the lifetime of lithium-ion batteries used in these vehicles, and how their

longevity impacts the economics of their replacement. We simulate NMC and LFP battery packs at two

ambient temperatures and with two recharging schemes in GT-AutoLion with identical power demands to

determine the effect on degradation rate. Charging and operating with a 40 °C ambient temperature

reduces the battery lifespan by roughly half compared to operating at 20 °C. We also find that, in this

application, the age of the battery is more predictive than the number of charge-discharge cycles in

estimating capacity loss. The energy cost to operate a battery vehicle can be lower than that of a diesel

vehicle, and these savings can accrue to an amount equal to the purchase cost of a battery with a

sufficiently long lifetime if operated in moderate temperatures. However, using a pair of batteries

alternately in a swapping scheme does not extend the lifespan of each battery enough to cover the cost of

the additional battery. Any tax credits or financial incentives could alter the results of the techno-economic

analysis. Battery safety is not considered in this analysis and is an important factor. The internal state of

the battery is linked to the manner in which is is operated, and Chapter 4 provides insight into operation

that can aid in future research efforts.

Taken as a whole, this dissertation examines the output of diesel vehicles in underground mines,

compares their relative performance against battery-powered vehicles, and estimates longevity and

economics of battery replacement. Further research is needed to manage the power variability created by

vehicle charging, accounting for charging activities in vehicle dispatch, placement of charging infrastructure,

and battery safety. This research provides mine operators with insights into vehicle electrification.
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