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Abstract 
Underground hardrock mining can be very energy intensive and in large part this can be attributed to 

the power consumption of underground ventilation systems. In general, the power consumed by a 

mine’s ventilation system and its overall scale are closely related to the amount of diesel power in 

operation. This is because diesel exhaust is a major source of underground air pollution, including diesel 

particulate matter (DPM), NO2 and heat, and because regulations tie air volumes to diesel engines. 

Furthermore, assuming the size of airways remains constant, the power consumption of the main 

system increases exponentially with the volume of air supplied to the mine. Therefore large diesel fleets 

lead to increased energy consumption and can also necessitate large capital expenditures on ventilation 

infrastructure in order to manage power requirements. Meeting ventilation requirements for equipment 

in a heading can result in a similar scenario with the biggest pieces leading to higher energy 

consumption and potentially necessitating larger ventilation tubing and taller drifts. 

Depending on the climate where the mine is located, large volumes of air can have a third impact on 

ventilation costs if heating or cooling the air is necessary. Annual heating and cooling costs, as well as 

the cost of the associated infrastructure, are directly related to the volume of air sent underground. 

This thesis considers electric mining equipment as a means for reducing the intensity and cost of energy 

consumption at underground, hardrock mines. Potentially, electric equipment could greatly reduce the 

volume of air needed to ventilate an entire mine as well as individual headings because they do not emit 

many of the contaminants found in diesel exhaust and because regulations do not connect air volumes 

to electric motors. Because of the exponential relationship between power consumption and air 

volumes, this could greatly reduce the amount of power required for mine ventilation as well as the 

capital cost of ventilation infrastructure. 

As heating and cooling costs are also directly linked to air volumes, the cost and energy intensity of 

heating and cooling the air would also be significantly reduced. A further incentive is that powering 

equipment from the grid is substantially cheaper than fuelling them with diesel and can also produce far 

fewer GHGs. Therefore, by eliminating diesel from the underground workers will enjoy safer working 

conditions and operators and society at large will gain from a smaller impact on the environment. 

Despite their significant potential, in order to produce a credible economic assessment of electric mining 

equipment their impact on underground systems must be understood and considered in their 

evaluation. Accordingly, a good deal of this thesis reviews technical considerations related to the use of 

electric mining equipment, especially ones that impact the economics of their implementation. 

The goal of this thesis will then be to present the economic potential of implementing the equipment, as 

well as to outline the key inputs which are necessary to support an evaluation and to provide a model 

and an approach which can be used by others if the relevant information is available and acceptable 

assumptions can be made. 
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1.0 Introduction 

1.1 Problem Statement 
One of the largest input costs to a mining operation is the energy required to extract and process 

mineral ores which is typically supplied by diesel fuel, or electrical grid power.  Historically (starting in 

the mid 1980’s), low and stable energy prices helped to minimize the contribution of energy inputs to 

operating costs. However, starting in the early 2000’s, prices for diesel fuel, gasoline and crude oil began 

to rise inexorably.  

Average prices peaked at around $4.25 USD per gallon in the US and well over $1.20 CAD per liter in 

some parts of Canada (US EIA, 2016) (Stats Can, 2016). Rising fuel prices in the first decade of the 

century helped to erode the bottom lines of mining companies everywhere and this was recognized in 

reports by industry analysts, including PwC (PwC, 2012) and EY (EY, 2013). For example, EY identified 

that by 2012 diesel fuel, which had risen at an annualized rate of 15.7% since 2007, was the second 

largest contributor to cost escalation in the South African mining sector. 

Although an oversupply of oil in world markets has caused prices for crude oil and diesel fuel to fall 

significantly from their peak starting in 2014, the cost of diesel fuel remains 20% higher than the long 

term average seen in the 20 years prior to 2005 (US EIA, 2016) and prices are expected to increase in 

2017 as the market starts to rebalance. Therefore the risk remains that higher fuel prices could return 

and once again begin to drag on the profitability of the mining sector, especially given the considerable 

decrease in commodity prices and its impact on margins (PwC, 2014). 

In addition to the risk of high and increasing fuel prices, many jurisdictions continue to mandate that 

large quantities of air are necessary in order to adequately ventilate diesel equipment operated in the 

underground environment. These requirements result in significant additional costs for infrastructure 

and energy in order to supply fresh air to the underground, distribute it to individual work places, and 

ensure it is maintained at an acceptable temperature. 

Although it may be possible to review airflow requirements in light of the substantial improvements in 

engine emissions over the last 10 to 15 years, organizations responsible for establishing health and 

safety guidelines for employees like the American Conference of Governmental Industrial Hygienists 

(ACGIH) and health experts at the World Health Organization (WHO) have concluded that the exposure 

of workers to particular engine exhausts like NO2 and DPM should be drastically curtailed. Even though 

technologies exist to limit these emissions from modern diesel engines, meeting the newest exposure 

recommendations is not easily achievable and eliminating these health risks entirely is not feasible while 

continuing to use diesel engines underground. 

Finally, the public and governments everywhere increasingly see the value in reducing greenhouse gas 

(GHG) emissions.  Not only would a reduction in GHGs be viewed favourably by the public, it would also 

reduce any financial burden imposed through legislation as has been done in British Columbia, Ontario 

and certain US states. 
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1.2 Objectives 
Due to the trends outlined above, demonstrating the economic viability of electric equipment could lead 

to significant savings in operating costs, more stable energy supplies for underground mine sites, an 

improved underground work environment for employees and a reduced impact on the environment. 

In order to help evaluate the economics of electric mining equipment, the following objectives will need 

to be met: 

 Estimate the heat emissions of electric mining equipment relative to diesel mining equipment. 

 Determine adequate airflow requirements for electric mining equipment considering their heat 

emissions, airborne dust in the workplace and post-blast clearance times. 

 Establish the fuel or power consumption (engine or motor load factors) of the equipment types 

which use underground ventilation systems most heavily. 

 Develop a model to highlight the main cost categories where savings could emerge given the 

implementation of electric mining equipment. 

1.3 Justification 
The cost differential between diesel fuel and electricity provides a compelling argument for why electric 

equipment could operate at a cost savings when compared to diesel equipment.  For example, assuming 

an energy conversion rate of 4.0kWhe per liter of diesel, the energy cost of powering mining equipment 

from the grid at 7 cents per kWh would be equivalent to fueling a diesel fleet at $0.28 per liter. Given 

that the average Canadian retail price for diesel has been $0.94 per liter so far in 2016, it is easy to see 

how much cheaper grid power would be in comparison to diesel fuel. 

It can also be argued that electricity rates remain much closer to their historic average and continue to 

be more stable than the price of diesel fuel. For example, the average retail cost of diesel fuel in the US 

from 2013 to 2017 (including forecast data) can be estimated at $3.12 per gallon, or Can$ 1.05 per liter. 

This is 62% higher than the average for the 20 years prior to 2005, which was US$ 1.92 per gallon, or 

Can$ 0.65 per liter. Conversely, the average retail cost of electricity from 2013 to 2017 (including 

forecast data) can be estimated at 12.63 ¢/kWh (US). This is 5.6% less than the average cost of electricity 

for the 20 years prior to 2005. Furthermore, retail electricity rates for 2016 are expected to increase by 

less than 1 % when compared with the average rate for electricity during the previous 5 or 10 years. 

In addition to the high cost of fuelling diesel equipment, airflow regulations which target diesel 

equipment require large quantities of air to be supplied and distributed throughout underground mines 

and this contributes significantly to energy consumption and power costs. For example, a 2005 report 

jointly published by the Canadian Industry Program for Energy Conservation (CIPEC), the Mining 

Association of Canada (MAC) and Natural Resources Canada (NRCan) looked in detail at how energy is 

consumed in underground mining operations and found that in a sample of 11 underground operations 

ventilation was by far the most energy intensive process before milling; accounting for about 50% of the 

energy consumed and between ⅓ to ⅖ of energy costs before milling.  Dollar costs of ventilating the 

underground operations ranged from $1.60 to $4.20 (2016 US dollars) per tonne of ore. 
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Although engine emissions have improved substantially over the past 10 to 15 years, even the most 

effective and practical emissions technologies cannot eliminate all problematic diesel emissions entirely. 

In light of the most recent recommendations by the ACGIH and past conclusions made by the WHO, the 

safest work environment would be one without any exposure to diesel emissions whatsoever. 

Given the significant amounts of energy and resources that are committed to powering and ventilating 

diesel equipment, the harmful emissions they produce and the political and public opposition to 

greenhouse gases (not to mention carbon taxes), it is worth investigating the operational and economic 

feasibility of electric equipment to help determine if they can offer a better way of doing business for 

mining companies in the years ahead. 

1.4 Thesis Structure 
The thesis is divided into 13 chapters covering various topics related to electric mining equipment which 

might help to assess how operating practices, operating costs and/or capital requirements might be 

impacted by the new equipment. 

Chapter 2 provides some background on the state of the mining industry, equipment selection and the 

respective advantages of electric and diesel mining equipment. Chapter 3 compares the efficiency, 

reliability, availability and emissions (including relative heat emissions) of each equipment type. It also 

provides airflow regulations in Ontario and a background on Tier 1 to 4 engines in the US and Canada.  

Chapter 4 contains details on heat sources found underground and airflow requirements for electric 

equipment. Specific airflow rates are found to depend on the workload of the operating equipment. In 

Chapter 5 practical airflow reductions are proposed for main and auxiliary ventilation systems and their 

impact on airborne dust, blast clearance times and development size are discussed. The heaviest users 

of ventilation are identified and the viability of battery-electric equipment is considered. 

Chapter 6 provides detailed cost data on diesel and electric mining equipment and calculates ownership 

costs for each equipment type without considering fuel and ventilation costs. Chapter 7 provides details 

on current crude oil and diesel fuel prices and summarizes the first 6 chapters in less than 10 pages. 

Readers familiar with the above topics may wish to skip directly to the discussion presented in Chapter 7 

as it offers an ideal place to start for an overview of electric equipment and its impact on an operation. 

Chapter 8 presents load factor data collected in the field for haul trucks, LHDs and personnel carriers 

(one of which was battery-electric), which are used in Chapters 10 and 11 to baseline the energy 

consumption and heat emissions of diesel and electric equipment. Chapter 9 is dedicated entirely to the 

explanation of a cost driver model. The model outlines which aspects of an operation directly impact the 

main cost drivers and how these inputs are themselves influenced by the mine design process. 

Chapters 10 and 11 consider several scenarios which capture the potential economic benefits of electric 

and battery-electric equipment. Chapter 10 considers implementing electric equipment at a new 

operation and Chapter 11 considers transitioning to electric equipment at an existing operation. Chapter 

12 offers brief overviews of real-world projects considering the implementation of electric equipment 

and Chapter 13 offers the conclusions and recommendations arrived at over the course of the thesis. 
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2.0 Background on Transitioning to Electric Equipment 

2.1 State of the Industry 
The high cost of mine ventilation is not arbitrary. In most regions the quantity of air required to be 

supplied to the underground work environment is regulated by the government in order to protect the 

health and safety of the workers.  In major mining jurisdictions mandated quantities range from 0.045 

m3/s per kW to 0.092 m3/s per kW with the most common flow rate being approximately 0.063 m3/s per 

kW (100 cfm per brake horsepower) (Stinnette, 2013). However, these mandatory flow rates were set 

years ago when engine technology produced significantly worse exhaust emissions and laboratory bench 

testing on modern engines demonstrates much less air is required to meet air quality targets. 

More recently, an alternative approach to regulation has been to mandate specific maximum exposure 

levels to airborne contaminants as opposed to requiring specific volumes of air.  This is how mines are 

regulated in the US (Stinnette, 2013) and also effectively how some mines are regulated in Canada as 

certain regions allow significant volumes of air to be recycled underground as long as maximum levels of 

contaminants are not exceeded (Government of Ontario, 2014). This approach to regulation is favoured 

by industry as it has allowed mines to benefit from improvements in modern engine technologies that 

have drastically reduced most of the contaminants impacting air quality in underground mines. 

Continued improvement in engine emissions has largely been successful; however, even accounting for 

the considerable reduction in emissions, diesel engines and their exhaust still face regulatory scrutiny. In 

particular regulatory bodies continue to be concerned by Diesel Particulate Matter (DPM), atmospheric 

Total Carbon (TC), atmospheric Elemental Carbon (EC) and atmospheric Nitrogen Dioxide (NO2). Engine 

manufacturers also face a possible mandate to comply with Tier 4 emission standards which would 

largely eliminate harmful emissions from diesel engines (although these would not address heat loading, 

dust loading and blasting fumes in an underground mine setting). 

In response to these pressures, the industry and its suppliers have introduced new technologies that 

seek to address these challenges and allow the industry to avoid serious dislocations. Among these new 

technologies are Diesel Particulate Filters (DPFs), Ventilation Reduction (VR) engines from Caterpillar, 

new electric equipment from RDH, Atlas Copco and General Electric (GE) and possible fuel cell 

equipment; although the last for the most part remains commercially unavailable. 

 

 

 

 

 



   P a g e | 5  
 

2.2 Factors Affecting Equipment Selection 
To date, electric mining equipment is not in widespread use in North American underground hard-rock 

mines (Moore, 2010). There are only two examples known to the author where electric mining 

equipment is used for major production activities (Moore, 2014).  However, there are several examples 

of mines that have experimented with electric mining equipment for less dynamic tasks that are 

specifically suited to the technology.  For example, Coleman-McCreedy, Creighton and Stillwater Mines 

were examples of North American mines operating Kiruna electric haul trucks as of 2010 (Moore, 2010). 

Prior to this, Inco developed and tested an automated trolley electric haul truck in the 1990’s and the 

Kidd Creek Mine installed and operated Kiruna electric haul trucks for a period of time (Chadwick, 1992). 

Whether diesel or electric, mining equipment in general needs to be evaluated before it is sourced to 

ensure that it will meet the needs of the operation and enable a deposit to reach its potential for a 

profitable return to its owner.  When choosing equipment an operator will generally need to consider 

the following: 

 Capital costs to purchase the equipment. 

 Costs of ownership, or operating costs. 

 The ability of the equipment to meet production requirements. 

 The ability of the equipment to integrate with existing equipment and material movement 

systems. 

 How the profile of the equipment will affect drift design requirements. 

 The mechanical reliability of the equipment. 

 The familiarity and comfort level of employees with the technology.  For example, will their 

knowledge base allow for the successful implementation and operation of the equipment? 

A similar body of requirements can be found in Section 12.2 of the SME Mining Engineering Handbook, 

“Hard-Rock Equipment Selection and Sizing.” These include the following: 

 Capital Cost 

 Operating Cost 

 Specifications 

 Performance 

 Availability 

 Ease of Maintenance 

 Manufacturer support for servicing and parts 

 Service life 

In addition to the above criteria for equipment selection, the same section states that different pieces of 

equipment should be compatible with one another, new equipment for existing mines needs to match 

the constraints of the operation, new pieces of equipment need to be understood by the operators and 

maintenance teams in order to be successful and lastly, that the cross sections of the largest pieces of 

equipment (e.g. haul trucks) determines the dimensions of the travel way, or vice-versa (McCarthy, 

2011). 
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2.3 Advantages and Disadvantages of Electric and Diesel Equipment 
Various sources recognize the potential benefits of electrically powered equipment and authors have 

discussed the advantages they could provide in underground hard rock mining environments beginning 

at least as far back as the early 1990’s (Chadwick, 1992). In fact, the benefits must have been apparent 

even in the 1970’s when electric LHDs were first developed and introduced (Emilsson & Sandvik). 

Many sources list the following as the main benefits of electric underground mining equipment  

(Chadwick, 1992) (Paraszczak, Svedlund, Fytas, & Laflamme, 2014) (Jacobs, 2013) (McCarthy, 2011) 

(Moore, 2010) (Paraszczak, Laflamme, & Fytas, 2013): 

 No tail pipe emissions 

 Reduced heat 

 Lower ventilation costs 

 Lower power costs 

 Lower maintenance costs 

However, some contradiction exists in the literature regarding certain operating parameters of electric 

equipment and whether or not they provide a net cost savings when considering all factors. For 

example, Chadwick estimates that diesel engines are 40-45% efficient, whereas Moore and Paraszczak 

et al. estimate that they are approximately 30-33% efficient. Electric motor efficiency is alternatively 

estimated by different sources at 90% and 95%. Differing assumptions are incompatible and each carries 

a different implication for the generation of heat in the underground. One source even examines 

ventilation requirements due to heat generation from mobile equipment and estimates ventilation rates 

for electric equipment might only be reduced by between 10 and 40% (Kerai & Halim, 2012) when 

compared to diesel equipment. 

In terms of reliability, one of Moore’s sources states a higher availability for electric equipment than for 

diesel, i.e. 97% compared to 85%. However, a source used by Chadwick suggests that due to “low 

trailing cable life” and “[the] associated maintenance costs,” availability for electric equipment is 

probably lower for eLHDs than for diesel LHDs. This is in fact one conclusion reached by Paterson and 

Knights in their 2012 paper which discussed the reliability of electric LHDs at Rio Tinto’s Northparkes 

Mine in Australia. They observed eLHDs had an availability of 88% compared to 92% for diesel LHDs. 

Concerning operating costs, Moore (2010) cites one source that states electric motors have “[a] 20% 

lower running cost over diesel engines” and another source which states more generally that they have 

“lower maintenance costs.” Moore also cites a study done by Sandvik in Canada which found that 

electric power was less expensive by a factor of 3 when compared to diesel power. Chadwick (1992) 

stated that the difference in price per kilowatt-hour between electricity and diesel fuel could reduce 

power costs by 50-60% and Paraszczak et al. (2013) obtained a similar 40-50% reduction when 

considering energy prices from the 2010 Mine & Mill Equipment Cost guide (InfoMine). Taken together, 

these references seem to suggest that operating costs for electric equipment should be lower than for 

diesel equipment. However, some sources also indicate that the expectation of lower operating costs for 

electric equipment is not necessarily realized at the operations level (Chadwick, 1992) (Jacobs, 2013). 
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In general, the main reasons given for the preference of diesel equipment over electric equipment are 

as follows (McCarthy, 2011) (Paterson & Knights, 2012) (Chadwick, 1992) (Paraszczak, Svedlund, Fytas, & 

Laflamme, 2014) (Paraszczak, Laflamme, & Fytas, 2013) (Jacobs, 2013): 

 Lower capital costs 

 Fewer infrastructure requirements (trolley line, electrical grid, road maintenance) 

 More freedom and flexibility in operation 

 LHDs seen as more reliable due to lack of trailing cable 

 Possibly lower operating costs 

Due to the apparent advantages of diesel equipment listed above, and to the uncertainty regarding the 

potential benefits of electric equipment, diesel equipment is usually preferred. Only in the cases of 

specific mining methods like block and sub-level caving, or where equipment operates consistently along 

the same route (e.g. major mucking horizon), do numerous sources suggest that electric equipment 

would have a definite advantage. The respective advantages of electric and diesel mining equipment 

listed by all noted sources can be found in Table 1. 

Table 1 - The advantages of both electric and diesel mining equipment. 

Advantages of Electric Equipment   Advantages of Diesel Equipment 

Electrical power is cheaper than diesel power   Lower capital required to buy and support diesel 
equipment Reduced noise   

Zero tailpipe emissions   No diesel generator required to move LHDs 

Less exhaust particles could reduce fog formation   No additional electrical sub-stations required for 
LHDs or Haul Trucks Very productive in fixed travel scenarios   

Reduced heat emissions   No trolley line required for diesel trucks 

Reduced ventilation requirements   No cable or cable reel required for diesel LHDs 

Reduced capital on ventilation system and 
infrastructure 

  No battery switching, or charging required 

  Diesel equipment is more flexible in operation 

Better acceleration and breakout forces   LHDs likely have a faster tramming speed 

Cycle times for eLHDs likely as good as diesel LHDs   Significantly more freedom in level layouts 

Lower maintenance on the motor & transmission   Roadways do not require special construction and 
maintenance Fewer filter and fluid changes   

Potentially no time lost for refueling   No trailing cable to restrict access behind diesel 
LHDs Existing grid in most mines can power eEquipment   

Steeper ramps could reduce dev. for eTrucks   Exhaust treatments capable of removing most 
contaminants Faster travel on grade could reduce the number of 

eTrucks required to meet targets 

  

  Could have lower operating costs if trailing cables 
have a short life and diesel fuel is inexpensive Better visibility   
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3.0 Comparing the Basics of Electric and Diesel Equipment 

3.1 Efficiency and Reliability Comparison 

3.1.1 Defining Efficiency 

Efficiency is defined by the Merriam-Webster dictionary (Merriam-Webster, 2016) as: 

“the ability to do something or produce something without wasting materials, 
time, or energy.” 

And more specifically as: 

“the ratio of the useful energy delivered by a dynamic system to the energy 
supplied to it.” 

Efficiency therefore relates to avoiding waste and the amount of output created relative to the input 

necessary for its production. Typically efficiency is expressed using the lower case Greek letter eta (𝜂). 

Internal combustion engines have three distinct types of efficiency: indicated (𝜂i), effective (𝜂e) and 

mechanical (𝜂m). Of these, the indicated and effective efficiencies are based on the chemical energy 

available in the fuel and can be expressed generally by Equation 1 (SAE International, 2004): 

 
𝜂 =  

𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡

𝐹𝑢𝑒𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡
 (1) 

The ratio between the actual power output (effective power, or Pe) and the theoretical power output 

(indicated power, or Pi) is defined as the mechanical efficiency (Equation 2) (SAE International, 2004): 

 
𝜂𝑚 =  

𝜂𝑒

𝜂𝑖
=  

𝑃𝑒

𝑃𝑖
 (2) 

The overall efficiency of electric motors can also be expressed as the ratio of the output power to the 

input power and will take a similar mathematical form to Equation 1. In electric motors efficiency is 

decreased due to: copper losses in the rotor and stator, iron losses, windage losses and friction losses 

(Hughes, 2006).  

3.1.2 Efficiency Characteristics of Diesel Engines 

Diesel engines have the double advantage of higher efficiency and a more energy dense fuel than 

gasoline engines (Otto engine). Approximate heating values for gasoline and diesel fuel are 32 MJ/L and 

36 MJ/L respectively, making diesel fuel approximately 12% more energy dense than gasoline by 

volume. Typical efficiencies for diesel engines can be in the range of 40%, with the largest, most efficient 

engines reaching efficiencies greater than 50% (engines which produce many megawatts of power). In 

contrast modern gasoline engines can be characterized as having peak operating efficiencies in the 

range of 32%, but engines in regular use possibly only realize efficiencies of 20 to 25% (Smil, 2010). 

Typical values of fuel consumption and engine efficiency for various types of engines are summarized in 

Table 2, and the values are empirical data taken at the best operating point of the tested range (SAE 

International, 2004). 
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Table 2 – Approximate fuel consumption and thermal efficiency of different engine types and sizes. 

Engine Type Specific Fuel Consumption 
(g/kWh) up to 

Efficiency 
(%) up to 

Small engines (two-stroke) 350 25 

Motorcycle engines 270 32 

Car SI engines 250 35 

Indirect injection car diesel engines 240 35 

Turbocharged DI car diesel engines 200 42 

Turbocharged truck diesel engines 190 45 

Crosshead engines (two-stroke diesel) 156 54 

Diesel engines can be categorized as Internal Combustion Engines (ICE), Compression Ignition engines 

(CI) and also heat engines with heat engine meaning that the work generated by the engine relies 

ultimately on a temperature differential between the engine’s hottest and coolest operating 

temperatures. All heat engines (including Diesel and Otto engines) are characterized in an idealized way 

by the Carnot cycle and the maximum theoretical efficiency of a heat engine can be expressed as 1 less 

the ratio of the engine’s lowest and highest operating temperatures in Kelvin (Smil, 2010). This can be 

seen in Equation 3 where TL is the engine’s lowest operating temperature and TH is its highest. 

 
𝜂 = 1 − 

𝑇𝐿
𝑇𝐻

⁄  (3) 

For example, assuming the hot temperature in a hypothetical engine is 800 K and the low temperature is 

350 K then the theoretical thermal efficiency of the engine would be 56% according to a simplified 

thermodynamic model. However, in reality only approximately half of the theoretical maximum 

efficiency is possible due to friction and cooling losses (Smil, 2010). Although not strictly representative 

of a diesel engine, a breakdown of the losses in a four-stroke spark-ignition (SI) engine can be seen in 

Figure 1 (SAE International, 2004). As previously mentioned, the thermal losses should be lower in a 

diesel engine, but some of the friction losses should be similar. 

 

Figure 1 – How the chemical energy of a fuel is used by a four stroke SI engine. 
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3.1.3 Efficiency Characteristics of a CAT AD45B Diesel Engine 

One example of the diesel engines used by industry can be found in the technical documents pertaining 

to CAT equipment and their engines. The technical document for an AD45B CAT haul truck specifies that 

it comes with a 431.7 bkW CAT C18 ACERT diesel engine with a 1,800 rpm rated engine speed, a 14.48 

cm bore, an 18.29 cm stroke and a displacement of 18.1 L (CAT, 2014).  

While the detailed technical specifications of the engine used in CAT haul trucks are not readily available 

on the CAT website, the same model of engine is also sold by Caterpillar for marine propulsion and its 

basic characteristics match those listed for the AD45B haul truck; it is a 441.3 bkW C18 ACERT engine 

with a 1,800 rpm rated engine speed, a 14.48 cm bore, an 18.29 cm stroke and a displacement of 18.1 L 

(CAT, 2008). 

Fortunately, the detailed engine specifications, including fuel consumption, for the C18 ACERT engine 

sold for marine propulsion are available and accessible online and how fuel consumption varies in this 

engine according to engine RPM and power output can be seen in Figure 2 (CAT, 2008). For a copy of the 

original material, see Appendix A. 

As seen in Figure 3, by assuming a higher heating value for diesel fuel of 38.60 MJ/L (Greenhouse Gas 

Protocol, 2014) (Oak Ridge National Laboratory, 2011) it can be determined that the efficiency of the 

C18 ACERT engine ranges from 34 to 38%, but averages approximately 37% across the published range 

of engine RPMs. 

Given the physical similarities between the marine diesel and the engine used in AD45B haul trucks, it 

should be reasonable to assume that they have approximately equal fuel consumption characteristics. 

As will be seen in Section 8.2, on board computer data from older AD45B haul trucks help to confirm this 

assumption by demonstrating an engine efficiency of ~38%. 

 

Figure 2 - Power output and fuel consumption of a C18 ACERT marine diesel at varying RPMs (CAT, 2008). 
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Figure 3 – Fuel energy consumption and thermal efficiency of C18 ACERT at varying engine RPMs (Oak Ridge National 
Laboratory, 2011) (Oak Ridge National Laboratory, 2011) (CAT, 2008). 

3.1.4 Efficiency Characteristics of Electric Motors 

A fact sheet developed by the US Department of Energy in order to address inefficiencies relating to 

over-sized industrial motors shows that standard efficiency TEFC  (Totally Enclosed, Fan Cooled) electric 

motors 50hp (37 kW) and larger should operate at an efficiency of 90 to 94% as long as they function at, 

or above 50% of their nameplate capacity. A portion of the data presented in Attachment C of the fact 

sheet relating to average efficiency values for standard efficiency, 1800 rpm, TEFC electric motors can be 

found in Table 3. 

Table 3 – Average efficiency values for 1800 rpm, TEFC standard efficiency electric motors (US Department of Energy, 1997). 

Motor Size 
hp (kW) 

Motor Load Level in Percent 

100% 
(% Eff.) 

75%  
(% Eff.) 

50% 
(% Eff.) 

25% 
(% Eff.) 

50 (37) 91.6 91.8 91.1 86.3 

100 (74) 92.3 92.1 91.4 85.5 

150 (111) 93.3 93.1 92.2 86.7 

200 (148) 94.2 94.0 93.1 87.8 

250 (185) 93.8 94.2 93.5 89.4 

300 (222) 94.5 94.4 93.3 89.9 

However, depending on the operation of the mine’s electrical grid, simply measuring the voltage and 

amperage to a load will not provide a precise measure of the power consumed by the load. The Power 

Factor (PF) must also be measured in order to adjust the apparent power measured in kVA (kilo-volt-
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amps) to real power, measured in kW (kilowatts). For a 3 phase AC power supply, power consumption 

can be calculated using Equation 4. 

 
𝑃 =

𝑉 ∙ 𝐼 ∙ 𝑃𝐹 ∙ √3

1000
 (4) 

where: 

 P = power in kilowatts (kW) 

 V = Root-mean-square voltage (V) 

 I = Root-mean-square current (A) 

 PF = Power Factor (unitless) 

If a precise calculation of power consumption is not required, the same fact sheet recommends making 

an approximation solely using a measurement of the amperage draw of the motor and comparing it to 

the rated amperage at full load. So long as the motor is operating at greater than 50% of full load, the 

line current should vary almost linearly with respect to the load and so should provide an accurate 

approximation, whereas below the 50% load point, the relationship is no longer approximately linear. 

How the line current and power factor are expected to vary with respect to the motor load can be seen 

in Figure 4  (US Department of Energy, 1997). 

 

Figure 4 – How power, current and power factor vary from their rated values at lower motor loads (US Department of 
Energy, 1997). 
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3.1.5 Defining Reliability and Availability 

In the introduction of Practical Reliability Engineering (5th ed.) (O'Connor & Kleyner, 2012) reliability is 

discussed in the context of a possible failure of a product after an uncertain amount of time. It is noted 

that although a product can meet certain specifications when it is manufactured, this will not allow for 

its time of failure to be predicted due to all of the variability inherent in its manufacture and in how it is 

utilized by the end user. 

Due to the nature of reliability being concerned with the likelihood of a product functioning over a 

period of time, and the ability of a probability to express this likelihood, reliability from an engineering 

perspective is usually defined as follows (O'Connor & Kleyner, 2012): 

“The probability that an item will perform a required function without failure 
under stated conditions for a stated period of time.” 

Reliability can also be stated as some number of failures over a given period of time, or mathematically 

as (1 - the probability of failure). For repairable items reliability can be termed Mean Time Between 

Failures (MTBF) and for items which are not repaired it can be termed Mean Time To Failure (MTTF). 

Although availability is not a direct measure of reliability, it is directly affected by reliability in that 

failures take time to repair and the more often an item is repaired the less available it will become 

(O'Connor & Kleyner, 2012). Consequently, availability can be defined mathematically (Equation 5) as: 

 
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  

𝑀𝑇𝐵𝐹

𝑀𝑇𝐵𝐹 + 𝑀𝑇𝑇𝑅
 (5) 

where MTTR is the Mean Time To Repair and all variables have the same units for time. 

3.1.6 Reliability of Diesel Engines and Electric Motors 

In general, both diesel engines and electric motors can be considered extremely reliable and robust 

machines for performing work. Although it is true that engines will need to be overhauled and re-built at 

a certain frequency, and motors will have to be rewound, both types of motors are capable of operating 

for decades with minimal maintenance assuming they are properly utilized. 

Regarding electric motors, one reference notes that “today’s electric motors require minimal 

maintenance,” and “a well-maintained motor should have a life expectancy of 25 years (Trout, 2010). 

Another reference which writes specifically about electric vehicles notes “…the AC induction motor drive 

… [has a] lightweight nature, small volume, low cost, and high efficiency” (Ehsani, Gao, & Emadi, 2010). 

Regarding diesel engines, Smil (who completed a history of diesel engines and gas turbines) states they 

are very reliable, noting that large truck engines are capable of operating for more than 1,000,000 km as 

long as overhauls take place approximately every 200,000 km (Smil, 2010). He also notes that large 

diesel freight locomotives can go 6 years without an overhaul, and the largest most efficient and most 

reliable 2 stroke diesel engines which power large ships and tankers have no on-board spares. 
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3.1.7 Northparkes Mine Data: a comparison of diesel and electric LHD reliability 

A direct comparison of LHD and eLHD maintenance characteristics was completed with data from the 

Australian Northparkes Mine (NPM) in 2012 by Paterson and Knights. The data, which can be found in 

Table 4 and Table 5, were collected over a period of 414 work days which were divided into 12 hour 

shifts. In their paper Paterson and Knights conclude that the availability of eLHDs was lower than diesel 

LHDs (88.29% vs. 91.94%) and that eLHDs had a significantly lower MTBF value. 

Table 4 - Maintenance data from NPM for eLHD units (Paterson & Knights, 2012). 

 

Table 5 - Maintenance data from NPM for diesel LHD units (Paterson & Knights, 2012). 

 

However, in their paper Paterson and Knights also recognize that there are potential issues affecting the 

strength of their data, such as the age of the equipment and the statistically small sample size of LHDs 

available, especially in the context of comparing diesel and electric LHDs as there were only two diesel 

units and 6 electric units. 

From looking at the data it is possible to see that the age of the equipment could indeed be impacting 

availability values. For example, assuming equipment numbers reflect when they were purchased and 

how long they have been operating, it can be seen that LHD 7 (diesel) has a similar availability to LHDs 8, 

9 and 10 (electric). It can also be seen that the availabilities of LHDs 13 and 14 (which should also be 

close in age) are much higher than the lower numbered units and similar to each other. 

As well, by reframing the data to compare downtime to operating time, it can be seen that any apparent 

differences in availability ultimately would not have a great impact on production. For example, given 

that the effective utilization, shift hours and the number of days in the study period are known, it should 

be possible to calculate the number of hours each piece of equipment was in operation over the study 

period. 

Then, using the MTBF data, the number of failures during operation can be calculated and using the 

MTTR data, the amount of downtime during the study period can be calculated for each piece of 
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equipment. Using both the operating hours and the downtime for the equipment, a new metric called 

“downtime per operating hour” can be calculated in order to quantify directly how much time is lost to 

reliability issues. The results from these calculations can be found in Table 6. 

Table 6 – Minutes of downtime per hour worked during the study period for each LHD unit (Paterson & Knights, 2012). 

Equip. 
Type 

LHD 
No. 

Effective 
Utilization 

Productive 
Hours 

Total No. 
of Failures 

Hours of 
Downtime 

Downtime per 
Op. Hour (min) 

Electric 8 66% 6,538     358          1,008     9.3  

Electric 9 67% 6,665     346          1,039     9.4  

Electric 10 67% 6,690     322             880     7.9  

Electric 11 68% 6,749     215             487     4.3  

Electric 12 69% 6,821     339          1,061     9.3  

Electric 14 72% 7,153     328             907     7.6  

Diesel 7 59% 5,834     212             799     8.2  

Diesel 13 64% 6,391     168             398     3.7  

The average downtime per hour for each type of equipment was 5.9 mins and 8.0 mins respectively for 

diesel and electric LHDs. These numbers demonstrate that the electric equipment does indeed suffer 

from 35% more downtime per operating hour than the diesel equipment. However, the percent 

difference in downtime per operating hour is not necessarily a useful metric as the 35% difference in 

downtime is only a 2.1 minute difference in real terms for every productive hour of work. 

To quantify the cost of the increased downtime, eLHD operating hours can be multiplied by the 2.1 

minutes in lost time and then divided by the total productive hours of the fleet to calculate how much 

fleet operating hours would have increased had the downtime been avoided. In total fleet operating 

hours would have increased by 2.7%, which is a significant but manageable difference. 

Lastly, it can be seen in Table 4 and Table 5 that LHD13 (diesel) has a very high MTBF and a very low 

MTTR value. As can be seen in Table 6, this results in less than half the downtime per operating hour as 

for most other LHDs. Only LHD11 (electric) has similarly low downtime per operating hour. If these LHDs 

are excluded from the comparison (which unfortunately leaves only one diesel LHD) there is only a 6% 

difference in downtime per operating hour between the two types of equipment. This works out to only 

0.5 minutes per operating hour, or only a 0.6% difference in fleet operating hours. Given these two 

possible outcomes, it should be reasonable to conclude that the reliability difference between the two 

types of equipment is either small but manageable, or almost non-existent. 

3.2 Comparison of Equipment Emissions 

3.2.1 Diesel Exhaust Characteristics and Electric Equipment Emissions 

The main emissions from diesel powered equipment include Carbon Dioxide, Carbon Monoxide, Oxides 

of Nitrogen (especially Nitrogen Dioxide), Water, Diesel Particulate Matter (DPM) and Heat (Stinnette, 

2013). Conversely, the only emission produced by electric mining equipment is heat. These emissions 

are summarized in Table 7. 
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Table 7 – Summary of diesel equipment emissions compared to electric equipment emissions (Stinnette, 2013). 

Diesel Equipment Emissions Electric Equipment Emissions 

CO2 None 

CO None 

NOX & NO2 None 

Water None 

Diesel Particulate Matter None 

Heat Heat 

Those constituents of diesel exhaust which can be classified as toxic gases can all result in acute health 

issues (including death) and acceptable exposure levels in an occupational setting are published by the 

American Conference of Governmental Industrial Hygienists (ACGIH) annually. The exposure values 

published by the ACGIH are typically adopted by Ontario and many other jurisdictions although there 

can be some exceptions (see Section 3.3.1 for more information). 

Diesel exhaust as a whole has also been classified by the International Agency for Research on Cancer 

(IARC) as carcinogenic to humans (Group 1) since 2012 (IARC, 2012). Further to this, the US Occupational 

Safety and Health Administration (OSHA) has issued Hazard Alerts which describe the risks of chronic 

exposure to diesel exhaust as including an increased risk of cardiovascular, cardiopulmonary and 

respiratory diseases (OSHA, 2013). Considering that the toxic gases associated with diesel exhaust carry 

no classification by IARC (IARC, 2015), and that DPM can carry diesel soot, exotic organic and inorganic 

compounds and heavy metals deep into the lungs (OSHA, 2013) (AIOH, 2013), the most likely culprit for 

the chronic effects of diesel exhaust is the DPM it contains (AIOH, 2013). Considering the hazards posed 

by diesel exhaust and the challenge of adequately protecting workers, the exhaust gases and particulate 

matter produced by diesel engines constitute one of the more significant disadvantages of using diesel 

equipment underground. 

3.2.2 Calculating Heat from Electric Equipment as a Percent of Diesel Heat Emissions 

Concerning heat, one of the main focuses in past comparisons of diesel and electric mining equipment 

has been the expected difference in heat generation between the two types of equipment. A common 

assertion is that a diesel engine is approximately 30-35% efficient at converting the chemical energy in 

its fuel into productive work (Chadwick, 1992) (Paraszczak, Svedlund, Fytas, & Laflamme, 2014). The 

literature also makes the assumption that electric mining equipment will produce about 1/3 the heat of 

diesel equipment, probably based on the same, or similar assumptions about the efficiency of diesel 

engines. For example, in Chapter 15.3.2.2 of Subsurface Ventilation Engineering McPherson states 

(McPherson, 2009): 

“The internal combustion engines of diesel equipment have an overall efficiency  

only about one third of that achieved by electrical units. Hence, diesels will pro- 

duce approximately three times as much heat as electrical equipment for the same  

mechanical work output.” 
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The rules of thumb seen in the literature concerning heat production by electric and diesel mining 

equipment are not inaccurate; however, as seen in Section 3.1.3 the thermal efficiency of diesel haul 

truck engines is closer to 40% than 33% and using more precise assumptions about equipment 

efficiencies will produce a better model of heat production underground. 

McPherson also provides a useful model of how mechanical equipment contributes heat to the working 

environment, which he describes as follows (McPherson, 2009): 

“This heat appears in three ways each of which may be of roughly the same magni- 

tude. One third appears as heat from the radiator and machine body, one third as  

heat in the exhaust gases and the remaining third as useful shaft power which is then  

converted to heat (less work done against gravity) by frictional processes as the ma- 

chine performs its task.” 

In other words, all of the energy consumed by the machine is converted to heat, except any energy 

which is used to complete work against gravity, or is converted to some other form of potential energy. 

Finally, McPherson completes the description of a model of equipment heat generation by stating 

(McPherson, 2009): 

“As with other types of heat emitting equipment there is little need, in most cases,  

to consider peak loads. It is sufficient to base design calculations on an average rate  

of machine utilization. The most accurate method of predicting the heat load is on  

the basis of average fuel consumption during a shift.” 

These concepts are important because utilization is a measure of how long the machine is operating 

during the shift and operating hours combined with the average load of the engine is effectively the 

same thing as fuel consumption. Knowing all of these variables will allow fuel use, power consumption 

and heat emissions to be calculated accurately.  

These concepts will be applied directly when calculating the rate of airflow required to dilute and 

remove the heat produced by diesel equipment (Section 4). The heat emissions and airflow 

requirements of diesel equipment will then be used to determine an acceptable flowrate for electric 

equipment based on how much less heat it produces relative to diesel equipment. 

In order to follow this approach, the basic assumption needs to be made that both types of equipment 

require the same brake power (the output power of the prime mover) to perform the same amount of 

work. This effectively means that the efficiencies of the sub-systems (mechanical and electrical) for both 

types of equipment are assumed to be equal. 

Although electric equipment will have more electronic control systems, especially battery-electric 

vehicles (BEVs) (Section 4), it will be assumed that overall power losses from these systems are small 

enough to be ignored. It will also be assumed that equivalent pieces of diesel and electric equipment will 

have similar mechanical power trains and control systems with no differences in efficiencies. 
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Therefore, the relationship between the brake power output of the prime mover and the amount of 

heat produced for both diesel and electric equipment can be found in Equations 6 and 7, where HD and 

HE are the amounts of heat emitted in kWh by diesel and electric equipment respectively, 𝜂D and 𝜂E are 

the thermal efficiency of the diesel engine and the efficiency of the electric motor respectively, and W is 

the work done by the prime movers in kWh. 

 𝐻𝐷 = 𝑊 𝜂𝐷⁄  (6) 
 

 𝐻𝐸 = 𝑊 𝜂𝐸⁄  (7) 

It can be seen that given the assumption that the brake power output (W) of each prime mover is equal, 

one equation can be substituted into the other to arrive at Equation 8 which states that the heat emit-

ted by the electric equipment (HE) as a percent of the heat emitted by the diesel equipment (HD) is equal 

to the thermal efficiency of the diesel engine (𝜂D) divided by the efficiency of the electric motor (𝜂E). 

 𝐻𝐸
𝐻𝐷

⁄ =
𝜂𝐷

𝜂𝐸
⁄  

(8) 

Using the efficiency assumptions developed in Section 3.1 for diesel engines and electric motors (37% 

and approximately 92% respectively), it is possible to calculate that electric equipment should produce 

about 40% of the heat per kW of brake power output (0.37/0.92). 

3.3 Airflow Regulations in Ontario and US and Canadian Engine Tiers 

3.3.1 Ontario Regulations for Air Quality in Underground Mines 

In Ontario underground mining operations are required to abide by Regulation 854 set out in the 

Occupational Health and Safety Act which pertains to Mines and Mining Plants (Government of Ontario, 

2014). In multiple instances the regulation for mines and mining plants refers to a different regulation 

(Regulation 833: Control of Exposure to Biological or Chemical Agents) in order to set limits on what 

levels of contaminants can be present in the working environment and for how long workers can be 

exposed to them. If a contaminant is not specifically listed under Regulation 833, then the values 

published by the ACGIH in 2013 currently apply (Government of Ontario, 2014). The most important 

contaminant limits currently in effect can be found in Table 8. 

Table 8 - Current TWAs and STELs in effect in Ontario. 

Name Formula 
TWA 

(ppm) 
STEL 

(ppm) 
Ceiling 
Limit 

Carbon Monoxide CO 25 - - 

Carbon Dioxide CO2 5,000 30,000 - 

Nitrogen Dioxide NO2 3 5 - 

Sulfur Dioxide SO2 2 5 - 

Hydrogen Sulfide H2S 10 15 - 

Ammonia NH3 25 35 - 

Methane CH4 1,000 - - 
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In some cases, no Short Term Exposure Limit (STEL) or Ceiling (Exposure) Limit CL is listed in either 

Regulation 833 or in the 2013 ACGIH table. In each respective case three times the Time Weighted 

Average (TWA) cannot be exceeded for more than 30 minutes and five times the TWA can never be 

exceeded. 

In many cases Ontario directly adopts the limits recommended by the ACGIH, however, recently the 

ACGIH significantly reduced its recommended limits for NO2 which caused substantial concern among 

industry. The previous TWA and STEL limits recommended by the ACGIH were 3 ppm and 5 ppm 

respectively; however, the limits now proposed are 0.2 ppm for the TWA and no acceptable limit for the 

STEL. Not only would the new limits create an issue for accurately measuring regulatory levels of NO2 

(e.g. the 20% value referred to in the fourth bullet below would imply measuring a contaminant level of 

0.04 ppm NO2), but they would also make it more difficult to meet competing regulatory requirements 

regarding DPM. This is the case as some successful methods for reducing Diesel Particulate Matter 

(DPM) emissions can result in increased NO2 emissions, like bio-diesel fuel mixtures and Diesel Oxidation 

Catalysts (DOCs) (Stinnette, 2013). 

For a period of time there was considerable uncertainty regarding the new limits proposed by the 

ACGIH, however, Ontario has for now has decided to continue using the previous limits for NO2. 

Conversely, other jurisdictions such as British Columbia have adopted limits along the lines of the 

current ACGIH recommendation and support a Ceiling Limit for NO2 of 1 ppm (Work Safe BC, 2016). 

Finally, in addition to the air quality limits prescribed in Regulation 833, there are several Sections of 

Regulation 854 which specify the features and functions that are required in an underground ventilation 

system: 

 Section 253 states that a mechanical ventilation system is required and that it needs to maintain 

adequate levels of oxygen, as well as remove and dilute contaminants.  

 Section 183.1 states that where diesel powered equipment is operating, a flow of air of at least 

0.06 cubic meters per second needs to be provided for each kW of diesel power operating in the 

workplace. 

 Section 183.1 also states and that a worker's TWA exposure to Total Carbon, and Elemental 

Carbon multiplied by 1.3, cannot exceed 0.4 mg per cubic meter of air. 

 Section 286 states that where a ʺlocal exhaust ventilation system recirculates air to the 

workplaceʺ: 

o a ʺmake-up air supplyʺ must ensure acceptable contaminant levels are not exceeded 

o and “contaminant levels in recirculated air cannot exceed 20% of [acceptable] limitsʺ 

3.3.2 Diesel Engine Tiers and their Impact on Mine Ventilation 

Although in the US only the Mine Safety and Health Administration (MSHA) is able to specify acceptable 

emission levels in underground mines, emission standards for the country as a whole are set by the EPA. 

Consequently an ongoing effort by the EPA to tighten emission standards across the US has resulted in 

lowering emission levels from underground mining equipment, even without a mandate from MSHA 

(DieselNet, 2014).  
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The process of implementing tighter US emission standards began in 1994 when the US government first 

outlined Tier 1 diesel emission standards and planned for them to be implemented sometime before the 

year 2000. In 1998 Tier 1 standards were adopted and Tier 2 and 3 standards were planned to take 

effect sometime before 2008 (DieselNet, 2014).  

According to DieselNet, the stringency of the standards outlined for Tiers 1 to 3 made it possible for 

manufacturers to meet the regulations through the advanced design of their engines without having to 

resort to more expensive after treatment technologies to tailor engine emissions. However, not all Tier 3 

standards for off-highway engines have been implemented. In particular the standards relating to 

Particulate Matter (PM) have yet to be adopted. One additional goal of Tier 3 standards was to mandate 

the use of Ultra-Low Sulfur Diesel (ULSD) fuel, which is essential for the effective use of after treatment 

technologies, in preparation of stricter emission standards to come. 

The final addition to stricter diesel emissions standards, Tier 4, was tabled in 2004 and scheduled to be 

implemented before 2015. The main focus of Tier 4 engine standards was to drastically reduce the 

allowable emissions of PM to levels much lower than the reduction planned in Tier 3 standards. In 

contrast to previous emission standards, Tier 4 requirements can only be met by after treatment 

technologies which focus on oxidizing (DOCs), reducing (SCR Systems) and filtering (DPFs) the engine 

exhaust before it reaches the atmosphere (DieselNet, 2014) (Stinnette, 2013). 

Despite the tightening of standards described above which has taken place over recent decades and the 

resulting evolution in engine emissions, none of these requirements apply to the US mining industry 

which is regulated by MSHA. It is true that engine emissions have drastically improved due to the Tier 

requirements put in place by the EPA and that these improvements have greatly facilitated meeting air 

quality targets in underground mining, however, the failure of engines to meet Tier 3 and Tier 4 PM 

targets will not have any direct regulatory impact on the mining industry as these requirements have no 

mandate from MSHA (DieselNet, 2014). 

In Canada, the federal authority to regulate emissions from off-road engines comes from the Canadian 

Environmental Protection Act 1999 (CEPA 1999). Following CEPA 1999, the emission regulations brought 

into effect in the year 2000 were originally aligned with US EPA Tier 1 standards. In 2005, additional 

regulations were put forward to match US Tier 2 and 3 standards and in 2011 Canadian regulations were 

updated to correspond with US Tier 4 standards (DieselNet, 2012). 

However, like in the United States, the Canadian off-road engine regulations specifically exclude 

emissions from underground mining equipment. Instead, ventilation rates for these engines are set at 

the provincial level, some of which are based on bench testing done according to CSA standards 

(DieselNet, 2012). 
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4.0 Heat and Airflow Considerations of Electric Equipment 

4.1 Background on Battery Electric Vehicles 

4.1.1 Power Trains and Power Consumption 

The main components of the powertrain, or propulsion system, of a Battery Electric Vehicle (BEV) 

consist of the following (Ehsani, Gao, & Emadi, 2010) (Erjavec & Arias, 2007): 

 Energy Source (battery pack) 

 Energy Refueling Unit (battery charger) 

 Energy Management Unit, or Battery Management System 

 Electronic Power Converter, or Power Controller 

 Electric Motor (DC or AC) 

 Auxiliary Power Supply, or 12 Volt System 

 Power Invertor (only required for AC motors) 

General schematics of how these components are linked in relation to one another can be found in 

Figure 5 and Figure 6 (Ehsani, Gao, & Emadi, 2010) (Erjavec & Arias, 2007). 

 

Figure 5 - A conceptual schematic of the power train of a BEV (Ehsani, Gao, & Emadi, 2010). 

The energy management unit, or battery management system, cooperates with both the battery 

charger and the regenerative braking system on a BEV in order to recharge the batteries either from an 

external power supply, or from regenerative braking. It can also monitor the temperature of the battery 

pack at multiple locations and track the “usability” of the battery pack. The electronic power converter, 
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or power controller, regulates the power output of the motor. The auxiliary power supply, or 12 volt 

system, provides power to all of the additional electrical components including the lights, horn, climate 

control and power steering.  

 

Figure 6 - A different conceptual schematic of the power train of a BEV (Erjavec & Arias, 2007). 

The traction motor in a BEV can be either DC or AC depending on how the vehicle was designed. DC 

motors could be an appealing option as no invertor is required to convert the DC current from the 

battery pack to AC current for the motor (Erjavec & Arias, 2007). As well, DC motors could be considered 

advantageous in Electric Vehicle (EV) applications that require speed regulation and repeated starting, 

stopping and reversing. However, some advantages of induction motors make them particularly 

appealing in comparison to DC motors; they weigh less, are smaller, cheaper to buy and have a high 

efficiency (Ehsani, Gao, & Emadi, 2010). 

In general, the power consumption of electric vehicles can be expressed in kWh/km, and in order to 

measure the true power consumption of the vehicle, the power output at the battery terminals should 

be integrated over time. In more general terms, the power output for propulsion can be described as 

the power required to overcome resistance to movement (rolling resistance) and efficiency losses in the 

motor, transmission and electronics. Power will also be consumed by the auxiliary systems and this 

should be considered if it is significant (Ehsani, Gao, & Emadi, 2010). Finally, in vehicles with 

regenerative-braking systems power output can be offset by regenerated power returned to the 
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batteries which can be as much as 30% (Erjavec & Arias, 2007) of the vehicles braking energy. A general 

model of power consumption in BEVs can be found in Equation 9, which has the following terms (Ehsani, 

Gao, & Emadi, 2010): 

 Eout = the energy output of the vehicle’s battery (kWh) 

 Pb-out = the power output of the battery due to vehicle traction (and the aux. power supply) (kW) 

 Pb-in = the power input to the battery due to regenerative braking (kW) 

 dt = denotes that the integral is being taken with respect to time 

 𝐸𝑜𝑢𝑡 =  ∫ 𝑃𝑏−𝑜𝑢𝑡

𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑑𝑡   +  ∫ 𝑃𝑏−𝑖𝑛

𝑏𝑟𝑎𝑘𝑖𝑛𝑔

𝑑𝑡 (9) 

4.1.2 A Model of Heat Production by Electric and Battery-Electric Equipment 

A basic model of how BEVs produce heat, which is based on the schematics shown in Figure 5 and Figure 

6, can be seen in Figure 7. This model, shows that at many steps in the process, useable power is lost to 

heat (shown in red). However, most of these losses are small, with the largest loss of energy taking place 

at the battery charger as the power makes its way into the vehicle. These are followed in size by losses 

in the motor and the mechanical powertrain of the vehicle, but not necessarily in that order. 

 

Figure 7 - Model of EV and BEV heat generation based on power trains shown in Figures 5 and 6. 



   P a g e | 24  
 

If the charging process happens to take place underground, then the dissipated power will also 

contribute to the underground heat load. However, unlike other types of equipment, battery-electric 

vehicles (and trolley-electric haul trucks) are able to regenerate a portion of their braking energy and 

therefore prevent it from contributing to the heat load on the ventilation system. 

4.2 Determining Airflow Requirements for Electric Equipment 

4.2.1 The Changing Focus of the Ventilation System 

In general mine ventilation is required in order to dilute and remove the following contaminants (see 

Sections 3.2 and 3.3 for more details): 

1. toxic equipment exhaust gases 

2. diesel particulate matter (DPM) (likely carcinogenic) 

3. heat 

4. dust (silica) 

5. and blasting fumes 

 

Diesel engines and the combustion of hydrocarbons are primarily responsible for the first two sources of 

air pollution underground and contribute a large component of the third. Alternatively, electric mining 

equipment does not produce any toxic exhaust gases, no DPM from combustion and much less heat. 

Although implementing electric equipment will reduce the first 3 categories of pollution, it will still be 

critical to ensure dust and blasting fumes can also be adequately addressed by the ventilation system. 

Concerning dust, a recent thesis which considers the impact that very clean engine exhausts (Tier 4) 

could have on airflow requirements (Stinnette, 2013) found that dust can be produced in such large 

quantities that it could easily require more air than current regulations mandate (0.06 m3/s per brake 

kW) to completely dilute and remove it from the workplace. However, it was also concluded that overall 

dust is not a major factor in determining airflow requirements because it is often successfully controlled 

through the use of water sprays and operational practices. Instead it was concluded that if and when 

diesel engine exhaust is sufficiently clean to have little impact on air quality, then the heat generated by 

the engines would be the main factor governing airflow requirements. 

Assuming that the introduction of electric equipment will permit airflows supplied by the auxiliary 

ventilation system to be reduced: as long as the reduced airflows are still able to effectively clear 

blasting fumes (discussed in detail in Section 5.2) and operational practices are still able to effectively 

mitigate airborne dust, then it can be assumed that the main consideration governing airflow 

requirements will be heat production in the underground environment. 

4.2.2 Sources of Heat that Need to be considered in Addition to Electric Equipment 

In his book Subsurface Ventilation Engineering McPherson provides an almost comprehensive list of 

heat sources that are found in underground mines, which includes: heat from the rock strata, auto-

compression, mechanized equipment (electrical equipment, diesel equipment and compressed air), 

fissure water, channel flow, oxidation, explosives, falling rock, fragmented rock and metabolic heat 

(McPherson, 2009). 
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The heat sources as listed by McPherson and an additional heat source (cementitious backfill) were 

incorporated into a model which can be found in Figure 8. As well, the mechanized equipment category 

was slightly reframed and expanded to include the underground electrical grid. 

 

Figure 8 - Sources of heat in an underground mine adjusted from McPherson (McPherson, 2009). 

It can be said that many of these sources of heat do not have a large impact on the ventilation systems 

of hard rock mines located in the Canadian Shield, and the best evidence for this is the lack of 

consideration that they are given during the mine design process. Instead, the most significant 

contributors to heat in underground mines might include heat from the rock strata (if any), 

autocompression, potentially the oxidation of ores, mobile equipment, auxiliary fans, pumps, 

compressed air, hoists, conveyors and intentional heating of the air during winter. 

4.2.3 Criteria for Determining Adequate Airflows 

Total mine airflows in Ontario are based on a set airflow per unit of diesel brake power in operation 

underground (Section 3.3). Typically, at the design stage the total air supply is reduced according to how 

the vehicles are utilized to allow for the fact that few or no vehicles are running constantly throughout 

the entire shift. However, it can also be noted that the process for determining total mine airflows is not 

the same everywhere and can vary significantly across jurisdictions (Stinnette, 2013). 
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Although regulations regarding diesel equipment are well established in Ontario, because there are no 

regulations regarding the ventilation of electric equipment underground, all diesel equipment replaced 

by electric equipment will technically allow the air supplied to the mine to be reduced by 100% of what 

was required by the diesel unit (Government of Ontario, 2014). In practice however, hot working 

environments necessitate work/rest regimes which impact on productivity and so some air will still be 

required to dilute and clear the heat produced by electric mining equipment. Furthermore, heat from 

other sources will need to be accounted for, as well as whatever air is required for mitigating dust and 

clearing blasting fumes from active development and stoping areas. 

Ignoring additional sources of heat (Section 4.2) and other concerns, the amount of air required for 

ventilating electric equipment needs to be based on how much power it consumes throughout the shift. 

Effectively this means the airflow needs to match the utilization, load factor and nameplate power of 

the motor because all of the work done, except for work done against gravity and work recaptured 

through regenerative braking, is converted to heat (Sections 3.2 and 4.1). 

4.2.4 Caveats to Consider when Determining Adequate Airflows 

Despite regulations in Ontario that specify a set flow rate per brake kilowatt of diesel equipment 

operating underground, direct engine testing by NRCan and MSHA demonstrate that diesel engines 

require much lower flow rates to effectively clear exhaust gases (NRCan, 2016) (MSHA, 2016) (Stinnette, 

2013). The excess as prescribed by Ontario and numerous other governments is usually justified on the 

basis that it could be required to clear excess dust and heat from the working environment. However, as 

will be seen in Section 4.2.5, when accounting for the utilization and engine loads of diesel equipment, 

only a much lower flow rate than that prescribed by the government is required in order to dilute and 

remove the heat caused specifically by diesel equipment. 

It is likely that due to regulations which mandate that airflows need to be oversupplied to diesel 

equipment operating underground, some of the other sources of heat in the model from Section 4.2.2 

(Figure 8) can essentially be ignored during the design process. Therefore, in the context of determining 

an appropriate airflow for electric equipment it should be acknowledged that if the heat they emit were 

the main pollutant underground, then the padding built into the current regulation will no longer 

address all of the sources of heat presently ignored in ventilation models. 

In a fully electric mine, supplying only enough air to address heat emissions from electric mining 

equipment will not be sufficient. Either, airflows will need to address all heat emissions, or cooling 

capacity will need to be incorporated into the ventilation system to manage some portion of the heat 

load. Alternatively, due to the possibility that airflows are higher than required for heat loading in 

existing mines, the addition of small numbers of electric equipment could potentially take place without 

needing to increase the total airflow to the mine. 

Finally, the design of ventilation systems should take into account additional heat loading from charging 

batteries underground, and heat reductions from regenerative braking and any significant work done 

against gravity, like hauling ore and waste rock upramp. 
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4.2.5 Determining a Specific Flow Rate for Dissipating Heat from Electric Mining Equipment 

The following has in large part been taken from the paper: “Economics of diesel fleet replacement by 

electric mining equipment,” (Varaschin & De Souza, 2015) and has been updated for this thesis. 

Two recent papers address ventilation requirements for the dissipation of heat in an underground mine. 

The first addresses the heat produced by diesel equipment (Stinnette, 2013) and the second addresses 

the heat produced by electric equipment (Kerai & Halim, 2012). 

The first paper estimated heat production based on the fuel consumption of a LHD and found that a flow 

rate of 0.075m3/s per kW was necessary to prevent the drift temperature from increasing by more than 

20°C. The second paper assumed that electric equipment would have a motor sized 30% smaller than 

the engines in diesel equipment and that they would produce as much heat as their motor rating. It then 

used modelling software to determine that in a deep mine a flowrate of 0.04m3/s per kW could prevent 

the deepest parts of the mine from exceeding 30°C and that in a shallow mine a flow rate of 0.03m3/s 

could do the same. 

These papers suggest that in order to adequately ventilate a mine for the heat emitted by mobile 

equipment, a flowrate of between 0.03 and 0.075 m3/s per kW might be appropriate. However, these 

papers also do not appear to account for several important factors which would affect how heat 

generation was modeled in these scenarios. For example, although the first paper demonstrates a 

thorough calculation of how much heat is produced by a LHD when in operation at full load, over the 

course of an entire shift an LHD will not be operating at 100% load, 100% of the time. This was also done 

in the second paper which modeled electric equipment as operating at 100% load and potentially would 

have taken into account other sources of heat like auto-compression, which likely would have been 

incorporated into the software package. 

Alternatively, by looking at onboard computer logs for LHDs and haul trucks (as presented in Section 8), 

it is possible to see that in one operation average fuel use is approximately 65% of full load for LHDs and 

50% for haul trucks. Even for electric equipment, it is unlikely that they operate at full load for most of 

the production cycle. This was shown in the second paper which measured power consumption in 

stationary electric equipment and showed that it can be significantly less than their name-plate rating 

(Kerai & Halim, 2012). Even so, estimating the load factor for electric equipment is somewhat 

complicated by the fact that they can operate for short periods of time above their full power rating, i.e. 

they can have a service factor above 1 for minutes at a time (Paraszczak, Laflamme, & Fytas, 2013) 

(Cowern, 2004). In either case, assumptions or measurements should be made for what load an engine 

or motor operates at on average when the equipment is running (average engine/motor load) and then 

as well for how much of the shift the equipment is operated (utilization, or effective utilization). 

In the scenario described in the first paper the heat generated by a 300kW LHD is calculated by 

assuming it consumes approximately 90 liters of diesel fuel every hour. Based on the fuel consumption it 

is calculated that a flow rate of 0.075 m3/s per kW is required to prevent the air temperature from 

increasing by more than 20 degrees Celsius. However, because this calculation does not account for 

utilization and load factors, this flow rate should only be applied to the amount of power in operation 
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throughout the shift, i.e. after multiplying the number of hours in a shift by utilization and multiplying 

the engine brake power by a load factor. 

Accordingly, this flow rate can be adjusted to fit the heat produced by electric mining equipment by 

using the factor developed in Section 3.2: 0.075 m3/s per kW x 0.40 = 0.03 m3/s per kW. However, it 

should be reiterated that this flow rate should only be applied to the total power in operation over a 

period of time after factoring in the utilization and average motor load(s) of the electric equipment. 

Ultimately it is not possible to provide a set flow rate per brake kilowatt to dissipate heat with either 

diesel or electric equipment unless the load factor of the equipment is known. For example, consider 

that a 100kW piece of diesel equipment is equivalent to a 70kW piece of electric mining equipment and 

that they both accomplish the same amount of work on average. Given the parameters in Table 9, it can 

be seen in Table 10 that for most load factors the airflow specified by Ontario regulations is significantly 

higher than what is required to deal with heat loading from diesel equipment. 

Table 9 - Parameters to calculate how airflows vary according to engine and motor loads. 

Parameter Diesel Electric Unit 

Airflow as per regulations 0.060 n/a m3/s per brake kW 

Airflow to dissipate heat 0.075 0.03 m3/s per brake kW 

Brake power 100 70 kW 

Table 10 - How airflows for ventilating the heat emissions of diesel equipment vary according to engine load. 

Diesel Load factor 80% 70% 60% 50% 40% 30% 20% 10% Units 

Consumed power 80 70 60 50 40 30 20 10 kW 

Regulation airflow 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 m3/s 

Airflow req. to remove heat 6.0 5.3 4.5 3.8 3.0 2.3 1.5 0.7 m3/s 

Flow rate per nameplate kW 0.060 0.053 0.045 0.038 0.030 0.023 0.015 0.007 m3/s 

% reg. air is over supplied 0% 14% 33% 60% 100% 167% 300% 700% % 

In Table 11 it can be seen that for electric equipment, even a relatively high power consumption of 70 

kW (a diesel load factor of 70%) results in a rate of airflow per brake kW that is 50% lower than the 0.06 

m3/s per brake kW that would be necessary for diesel equipment. 

Table 11 - How airflows for ventilating the heat emissions of electric equipment vary according to motor load. 

Diesel Load factor 80% 70% 60% 50% 40% 30% 20% 10% Units 

Implied electric LF 114% 100% 86% 71% 57% 43% 29% 14% % 

Consumed power 80 70 60 50 40 30 20 10 kW 

Airflow req. to remove heat 2.4 2.1 1.8 1.5 1.2 0.9 0.6 0.3 m3/s 

Flow rate per nameplate kW 0.034 0.030 0.026 0.021 0.017 0.013 0.009 0.004 m3/s 

% below reg. rate 43% 50% 57% 64% 71% 79% 86% 93% % 

% below reg. volume 60% 65% 70% 75% 80% 85% 90% 95% % 
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However, the difference in brake power between the diesel and electric equipment in this example can 

be deceiving. The lower brake power of the electric equipment acts to artificially increase the required 

airflow when measured on a per kW basis. In fact, the actual reduction in the volume of air between the 

prescribed rate of 0.06 m3/s per brake kW (diesel) and the new flow rate of 0.03 m3/s per brake kW 

(electric) is 65%. 

When considering a lower engine load factor like 50%, it can be seen that the regulation airflows that 

would have been required for diesel equipment can be reduced by almost 75% and still meet the heat 

load requirements of the electric equipment, at least when not considering other sources of heat.  

Based on these observations, it can be said that airflows in the range of 0.020 to 0.035 m3/s per brake 

kW, which correspond to a reduction in airflow of between 60 and 75%, could be considered 

appropriate for electric equipment. However, it should be stressed that these rates will not be 

appropriate for electric equipment with significantly different load factors and that ultimately airflows 

need to be based on the power consumed by the equipment and any additional heat loading intended 

to be addressed by the air supply. 
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5.0 Implications of Adopting Electric Equipment 

5.1 A Practical Target for Reduced Main System Airflows Underground 
The main consideration when designing a ventilation system for electric equipment will be ensuring 

adequate ventilation while still maximizing savings from reduced airflows. As will be discussed in Section 

5.2, the primary challenges will include addressing heat production in the work place, preventing dust 

from becoming an issue and maintaining a system that can effectively clear the dangerous gases 

produced by development rounds and stope blasts. 

Although it was calculated in Section 4 that flow volumes for electric equipment can be reduced by 60% 

or more compared to diesel equipment when only considering heat from the equipment, a targeted 

reduction of roughly 40 to 50% is likely adequate to realize most of the potential cost savings while still 

effectively meeting the other demands on the ventilation system. 

For example, consider Equations 10, 11 and 12: 

 𝑃𝑓𝑎𝑛 =
𝐻𝑇 ∙ 𝑄

𝜂𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙

 (10) 

 𝐻𝑠2
=

𝐻𝑠1
∙  𝑄2

2

𝑄1
2  (11) 

 𝐻𝑉 = 0.6007 ∙ 𝑉2 (12) 

where: 

 HT, HS and HV are Total, Static and Velocity Head respectively (kPa) 

 Q is flow rate (m3/s) and V is velocity (m/s) 

 Pfan is the fan’s brake power (kW) (the power delivered by the motor to the fan), and 

 𝜂mechanical is the efficiency of the fan (how it transforms brake power into air power) 

By assuming that a mine’s main ventilation system has the following baseline parameters: 

 Fan total pressure: 3.5 kPa 

 Main system airflow: 600 m3/s 

 Number of main fans: 2 

 Main fan diameter: 112” (284.48 cm) 

 Main fan efficiency: 80% 

Equation 10 can be used to calculate a baseline power consumption of 1,300 kW for each main fan. By 

ignoring shock losses and any regains in static head due to an airway diameter larger than the fan 

diameter, Equation 12 can be used to calculate the velocity pressure of each main fan (1.34 kPa) and to 

approximate the static pressure of the system (2.16 kPa). 

In order to determine multiple points on the system curve of the mine, Equation 11 can be used to 

estimate the static head at different total mine flow rates. For each system pressure and flow rate, 

Equation 12 can be used to approximate the velocity head of the fans and Equation 10 can be used to 
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approximate their power requirements. Accordingly, the calculated values for HT, HV, HS and fan power 

at various flow rates are listed in Table 12, and are plotted graphically in Figure 9 along with the 

corresponding reduction in power consumption. 

Table 12 - How power requirements decrease as the flow through a mine's ventilation system decreases. 

Flow 
(m

3
/s)

 
Fan Power 
(kW) 

Percent Power 
Reduction 

HT 
(kPa) 

HV 
(kPa) 

HS 
(kPa) 

300 1,313 0% 3.50 1.34 2.16 

250 760 42% 2.43 0.93 1.50 

200 389 70% 1.56 0.59 0.96 

150 164 88% 0.88 0.33 0.54 

100 49 96% 0.39 0.15 0.24 

50 6 100% 0.10 0.04 0.06 

0 0 100% 0.00 0.00 0.00 

As can be seen in Figure 9, by assuming no change in the diameter of the main fans, a reduction of total 

mine airflow by 40 to 50% results in a reduction of main fan power of 80 to 90%. However, it should be 

noted again that because shock losses and a regain in static pressure were ignored, the estimated 

reductions in power consumption while accurate, lack precision and are likely somewhat overstated. 

 

Figure 9 - How main fan power requirements decrease as their throughput decreases. 
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savings and still oversupply the electric equipment by approximately 50% which should help to ensure 

that there are no issues with heat or dust. 

However, despite the scenario outlined above, due to the reduced pressure and flow requirements on 

the main fans they would likely be substituted for smaller diameter fans which would marginally dim-

inish the potential power savings. Additionally, as will be seen in Section 5.2.3 lower auxiliary airflows 

will likely permit smaller drift cross sections and this would act to increase system pressures and power 

requirements for new development thus partially offsetting the potential savings seen in Figure 9. 

5.2 A Practical Target for Reduced Auxiliary Airflows Underground 
In a mine with many levels, the potential to save money by reducing the installed fan power of the 

auxiliary ventilation system is greater than the potential savings from reducing the fan power of the 

main system (Varaschin & De Souza, 2015). However, reducing auxiliary airflows will directly impact the 

work environment of underground personnel. Therefore, although there is a greater potential for 

reducing costs, it will be even more important to ensure that auxiliary airflows are adequate in order to 

maintain a safe and comfortable work environment.  

Assuming the basic requirement to dilute and remove heat is met, the most important factor to consider 

will be a reduction in the velocity of the air in the drift and the effect that lower velocities will have on 

dust mitigation and clearance times. With this in mind, considering the same targeted airflow reduction 

of 40 to 50% for auxiliary ventilation circuits is a good starting point for determining drift airflow 

requirements with electric equipment. 

Consider the example of a 305 kW (410 hp) 30 t haul truck and a 200 kW (270 hp) 6yd LHD operating on 

a level at the same time. Assuming 0.063 m3/s per bkW (100 cfm per bhp), 32 cubic meters of air per 

second (68 kcfm) would be required to run both pieces of equipment. Assuming 25% leakage, a fan 

would need to supply 42.7 cubic meters of air per second (90 kcfm) (Varaschin & De Souza, 2015). 

Assuming that the auxiliary fan has the operating parameters listed in Table 13, a 54” (137.16 cm) 

diameter fan would need to be fitted with 60” (152.4 cm) diameter ducting in order to have a Total 

Head of 1.70 kPa (6.8” w.g.) and a power consumption of 103 kW (139 hp), as seen in the second 

columns of Table 14 and Table 15. 

Table 13 - Parameters used to calculate ventilation tube size, aux. fan size and aux. fan power requirements (Workplace 
Safety North, 2013). 

Parameter Metric Imperial 
 

Static Pressure Losses 

Leakage 25% 25% 
 

Inlet Screen 0.014 * HV 

Vent Tube Length 152 m 500 ft 
 

Inlet Bell 0.06 * HV 

Section Lengths 15.2 m 50 ft  Exit Loss 1.0 * HV 

No. of Elbows 0  0 
 

Couplings 1.8 m/joint 

Fan Efficiency 70% 70% 
 

Silencers 125 kPa 

Friction Factor 
0.00464 
(N∙s

2
/m

4
) 

25  
(x10

-10
 lb.min

2
/ft

4
) 
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Table 14 - How vent tube size, fan size, fan power and drift air velocity change with decreasing airflow volumes (metric). 

Parameter Percent Reduction in Aux. Fan Airflow (metric units) Units 

Flow Reduction 0% 40% 50% 60% 70% 80% 90% % 

Ø Fan 54 48 48 36 36 24 24 in 
Ø Duct 60 48 48 48 36 36 24 in 

Q at Fan 43 26 21 17 13 9 4 m
3
/s 

Q at Exit 32 19 16 13 10 6 3 m
3
/s 

HV at fan 501 289 201 406 228 513 128 Pa 

HS 1,196 1,242 901 642 1,254 657 1,036 Pa 
HT 1,697 1,531 1,101 1,048 1,482 1,171 1,165 Pa 

Fan Power 103 56 34 26 27 14 7 kW 
Power Reduction 0% 46% 68% 75% 74% 86% 93% % 
         

Velocity in 5.5 m square drift 1.06 0.63 0.53 0.42 0.32 0.21 0.11 m/s 
Velocity in 5.2 m square drift 1.18 0.71 0.59 0.47 0.36 0.24 0.12 m/s 
Velocity in 5.0 m square drift 1.28 0.77 0.64 0.51 0.38 0.26 0.13 m/s 
Velocity in 4.5 m square drift 1.58 0.95 0.79 0.63 0.47 0.32 0.16 m/s 

Table 15 - How vent tube size, fan size, fan power and drift air velocity change with decreasing airflow volumes (imperial). 

Parameter Percent Reduction in Aux. Fan Airflow (imperial units) Units 

Flow Reduction 0% 40% 50% 60% 70% 80% 90% % 

Ø Fan 54 48 48 36 36 24 24 in 
Ø Duct 60 48 48 48 36 36 24 in 

Q at Fan 90 54 45 36 27 18 9 kcfm 
Q at Exit 68 41 34 27 20 14 7 kcfm 

HV at fan 2.01 1.16 0.81 1.63 0.92 2.06 0.52 " w.g. 

HS 4.81 4.99 3.62 2.58 5.04 2.64 4.16 " w.g. 
HT 6.82 6.15 4.43 4.21 5.95 4.70 4.68 " w.g. 

Fan Power 139 75 45 34 36 19 10 hp 
Power Reduction 0% 46% 68% 75% 74% 86% 93% % 
                  

Velocity in 18.0 ft square drift 208 125 104 83 62 42 21 fpm 
Velocity in 17.1 ft square drift 233 140 116 93 70 47 23 fpm 
Velocity in 16.4 ft square drift 252 151 126 101 76 50 25 fpm 
Velocity in 14.8 ft square drift 311 187 156 124 93 62 31 fpm 

5.2.1 Considerations for acceptable drift airflow velocities 

Recommendations for acceptable air velocities can be found in the separate works of Stinnette (2013) 

and McPherson (2009). They report that velocities between 1 m/s and 3.5 m/s minimize the total dust 

content of the air and that velocities between 1 m/s and 2 m/s are the most effective at penetrating into 

side drifts (see Appendix B). In the previous example (i.e. no reduction in airflow), assuming drift 

dimensions are 5.5 m wide by 5.5 m high, the return air would have a velocity of 1.1 to 1.6 m/s (208 to 

311 fpm), which is more than adequate according to the literature. 

However, they also consider lower air velocities acceptable in certain conditions, although not optimal. 

Stinnette gives a lower design velocity for heavily travelled areas of 0.8 m/s, but considers velocities as 

low as 0.3 m/s adequate for areas without equipment operating. He also states that when minimum 

flow velocities are provided in the literature, they generally do not consider other forms of dust 

mitigation, like washing muck piles, spray bars and fog machines. McPherson considers 0.5 m/s to be 
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the lowest acceptable rate for loading areas and material transfer points, which presumably would 

create fair amounts of dust. Finally, another source considers 0.25 to 1 m/s to be an acceptable range 

for working areas, with 0.25 m/s the minimum required in headings without diesel equipment 

(Workplace Safety North, 2013). 

5.2.2 Considerations for acceptable drift clearance times 

Aside from ensuring adequate air velocities to foster acceptable working conditions, another 

consequence of lower air flows which should be considered is longer clearance times. According to C. M. 

Stewart drift clearance times can be practically estimated using Equation 13 (Stewart, 2014). 

 
𝑡 =  

𝑉

𝑄 ∙ 𝑓𝑑
∙ ln (

𝐺𝐶

𝐺𝑡
) (13) 

where: 

 t is the time it takes to reach the gas concentration Gt (s) 

 V is the throwback volume of the blast gases (m3) 

 Q is the flowrate of air from the ventilation system into the contaminated area (m3/s) 

 fd is a dilution efficiency factor based on the efficacy of the local ventilation 

 GC is the initial gas concentration of the contaminant of concern in the throwback volume (ppm) 

 Gt is the concentration of gas when the drift can be considered clear (ppm) 

In Eq. 13, the throwback volume (V) is calculated according to Equation 14. 

 𝑉 = 𝐴 ∙ 𝐿 (14) 

where: 

 A is the area of the drift (m2) 

 L is the throwback length (m) 

In Equation 14, the throwback length is calculated according to Equation 15. 

 
𝐿 =  

1000 ∙ 𝐾𝑀

𝐹𝑎 ∙ 𝐷√𝐴
 

(15) 

where: 

 K is a unitless constant (typically 25) 

 M is the mass of explosives (kg) 

 Fa is the length of face advance (i.e. the length of round blasted) (m) 

 D is the density of the rock (kg/m3) 

 A is the area of the drift (m2) 

Alternatively, the throwback volume (V) can also be calculated using Equation 16. 

 𝑉 = 𝐾 ∙ 𝑃𝐹 ∙ 𝐴1.5 (16) 
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where: 

 K is a unitless constant (typically 25) 

 PF is the powder factor of explosives (kg/t) 

 A is the area of the drift (m2) 

Typically fd in Equation 13 needs to be determined empirically in order to calibrate the equation to a 

particular ventilation circuit. However, in the study conducted by C. M. Stewart it was found that the 

dataset for headings where the ventilation tube was in fair condition and within 35 m of the face, the 

dilution efficiency factors were between 0.3 and 0.4.  

By assuming an intermediate value for fd of 0.35 and by making several additional assumptions, like a 

flow rate of 32 m3/s, a powder factor of 0.9 kg/t, a drift width of 5.5 m, a drift height of 5.5 m, a rock 

density of 2.7 t/m3, a round length of 3.5 m, a GC of 1,100 ppm CO and a Gt of 25 ppm CO, it can be 

calculated that the drift would take approximately 21 minutes to clear. Given that the downtime 

between shifts at a mine could be an hour or longer, a 21 minute clearance time should pose no 

impediment to an oncoming shift. 

More generally it can be seen from Equation 13 that clearance times are inversely proportional to Q. 

Therefore, any percent decrease (D%) in flow rate to the heading should see an increase in clearance 

times proportional to 1/(1- D%). This relationship, as well as the effect of changing the efficiency factor 

(fd), and the size of the heading (A) can be seen in Figure 10. Although heading size appears to be 

directly proportional to clearance time, the relationship isn’t perfectly true. 

 

Figure 10 - How clearance times change according to fd, Q and A. 
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As well, it should be noted that in the paper presented by C. M. Stewart (Stewart, 2014), the initial con-

centration (GC) of each gas contaminant is calculated individually (see Appendix C, or refer to his paper) 

and the clearance time of each gas is estimated separately in order to determine which will require the 

maximum amount of time to clear the drift. This aspect of these calculations was not discussed here, but 

his approach should be followed in a real world application. Despite some simplifications the estimates 

made here (and in Figure 10) are not unreasonable given the study done by C. M. Stewart. 

5.2.3 Considering the benefits of a 40% reduction in drift airflows 

It can be seen in the 40% column of Table 14 that a reduction in airflow from 32 to 19 m3/s, or a 40% 

reduction, appears to be a favourable target for several reasons. Foremost the supply of air in the drift 

would be 50% (or more) greater than required to dilute and remove the heat produced by electric 

equipment. Air velocities would also remain above an acceptable minimum of ~0.5 m/s for transferring 

material and in a range at or above 0.6 and 1.0 m/s depending on leakage and the area of the drift. 

Clearance times would only increase to 35 minutes (1/0.6 * 21 min), likely still short enough to avoid 

impacts to an oncoming shift. And finally, one of the major benefits of the reduction in airflow is that 

the size of the ventilation tube could be reduced one size, or approximately by 0.305 meters (12”), and 

this would lead to a reduction in the height of the drift by an equal amount. 

For example, consider Figure 11 which has been taken from Chapter 12.2 of the SME Mining Engineering 

Handbook (McCarthy, 2011). 

 

Figure 11 - A typical mine development profile for a haul truck; taken from the SME Handbook (McCarthy, 2011). 
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It illustrates how the diameter of the ventilation tube needed for auxiliary ventilation and the height of 

the tallest piece of equipment to access a drift determine its height (Section 2.2). Figure 11 shows a 5.8 

m tall drift is necessary to accommodate a 3.7 m tall haul truck using a 1.4 m (55”) diameter ventilation 

tube assuming 0.3 m for road bed, 0.3 m for clearance and 0.1 m for hanging the ventilation tube. 

Reducing the height of a 5.5 m square drift by 0.305 m would reduce the development area/volume by 

5.5% and result in $0.22M in savings per km of development assuming costs are $4,000/m ($130/m3). 

5.2.4 Considering the benefits of a 50% reduction in drift airflows 

However, despite the apparent advantages of a 40% reduction in airflow, power requirements are only 

decreased by 46%. While this is a substantial reduction in power, it can also be seen that a 50% 

reduction in airflow will increase the potential power savings to 68%, a 22% increase. 

At a 50% reduction in the air supply, drift air velocities decrease to between 0.5 m/s and 0.8 m/s and the 

clearance time increases marginally to 42 minutes. Although these values are not as favourable as with 

the 40% reduction, both can still be considered acceptable. Heat is also more likely to be an issue, but 

electric vehicles will still be receiving about 25% more air than should be required for cooling. 

5.2.5 Considering further decreases in airflows 

Lastly, it can be seen that there are no clear advantages to reducing the airflow below 50% of the 

original value. The power savings only increase by an additional 7%, air velocities drop close to, or below 

the unacceptable range, clearance times only get worse and there could potentially begin to be issues 

with heat in the work place. 

Although in this example the size of the auxiliary fan could also be reduced, the one-time cost difference 

between a 48” (121.91 cm) fan and a 36” (91.44 cm) fan with equal motor sizes is probably negligible, 

even over 40 to 60 fan installations. Conversely, in order to get further reductions in the size of the 

ventilation tube and drift, the airflow would need to be reduced by 70% or more from the original 

volume and it would then be likely that heat, dust and clearance times would all become problematic. 

However, it can be noted that at an 80% reduction (7m3/s; 15 kcfm) cooling and filtering the air in the 

drift becomes much more feasible. Though whether or not an annual development cost savings of 1.5 to 

3.0 million dollars (Varaschin & De Souza, 2015) could justify the expense of the refrigeration and 

filtration unit(s) is unclear and so probably would require its own trade off study. Likely people 

considering this option should refer to Chapter 18 of McPherson’s Subsurface Ventilation Engineering: 

Refrigeration Plant and Mine Air Conditioning Systems, for good direction on these systems (McPherson, 

2009). One interesting approach mentioned by McPherson is chilling the process/service water so that 

when levels and muck piles are washed to control dust it also cools the air in the drift. 

5.3 Targeting the Equipment Which Requires the Most Ventilation 
An evaluation of the ventilation system at an existing haulage-intensive, 3,700 tpd, underground hard-

rock mine located in northern Ontario shows that there are over 100 pieces of diesel equipment in 

operation on any given day, as seen in Table 16. The engine sizes for the equipment in operation range 

from 97 kW for a personnel carrier to 439 kW for a 45 tonne haul truck. The total installed power of all 
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equipment engines is nearly 20 MW, however, average utilization rates show that many pieces of 

equipment operate their engines for only a fraction of the time they are available. Taking into account 

utilization rates, it can be calculated that approximately 570 cubic meters of air per second (1.21 MCFM) 

will be required to operate this fleet of equipment according to Ontario regulations which require 0.06 

m3/s per brake kW, before allowing for any leakage or spare capacity. 

Table 16 - The installed power and utilization of a diesel equipment fleet at a 3,700 tpd hard rock operation (reference). 

  
Engine 
Size 

No. of 
Pieces 

Installed 
Power 

Utilization 
Utilized 
Power 

Required 
Airflow 

Required 
Airflow 

45 t Haul Trucks 439 kW 16 7,027 kW 64% 4,498 kW 270 m³/s 572 kcfm 

10 yd LHD 321 kW 7.5 2,405 kW 59% 1,419 kW 85 m³/s 180 kcfm 

9 yd LHD 263 kW 5 1,316 kW 41% 540 kW 32 m³/s 69 kcfm 

3 yd LHD 123 kW 2 246 kW 33% 81 kW 5 m³/s 10 kcfm 

Pers. Carriers 97 kW 40 3,878 kW 46% 1,784 kW 107 m³/s 227 kcfm 

Drill Jumbos 111 kW 5 556 kW 10% 56 kW 3 m³/s 7 kcfm 

Rock Bolters 110 kW 8.5 938 kW 15% 141 kW 8 m³/s 18 kcfm 

Scissor Lifts 158 kW 7 1,107 kW 29% 321 kW 19 m³/s 41 kcfm 

ANFO Loaders 168 kW 4 671 kW 23% 154 kW 9 m³/s 20 kcfm 

Boom Trucks 158 kW 3 474 kW 60% 285 kW 17 m³/s 36 kcfm 

Block Holers 116 kW 2 233 kW 9% 21 kW 1 m³/s 3 kcfm 

Misc. 119 kW 6 716 kW 26% 186 kW 11 m³/s 24 kcfm 

Total     19,566 kW   9,484 kW 569 m³/s 1,206 kcfm 

Equipment numbers were reduced slightly in some cases to reflect the average number of equipment in 

operation over the course of the year; this explains why some equipment types show half units in 

operation. Using the data from Table 16 it is possible to determine that the most significant users of the 

main ventilation system are haul trucks, followed by LHDs and then personnel carriers. Figure 12 shows 

how together these 3 categories of equipment account for nearly 90% of the air supplied underground. 

 

Figure 12 - Airflow demand of the heaviest users by equipment type. 
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Given that the air supply in an underground mine is monopolized by these 3 categories of equipment, in 

order to maximize the potential savings identified in the cost driver model that will be developed for this 

thesis in Section 9, the greatest benefits will be realized by replacing diesel equipment from these 

categories with electric equipment.  

Although relative airflow requirements by equipment type at other underground operations might vary 

from what is seen in Table 16, the heaviest users of the ventilation system should more or less stay the 

same. In other words, it is likely that haul trucks, LHDs and personnel carriers consume significant 

quantities of air at all operations where they are used on a regular basis, even if they don’t account for 

approximately 90% of the air supply as was the case for this operation. 

5.4 Choosing Electric Equipment: Traditional vs. Battery Power 
As discussed in Section 2.2, there are numerous considerations to make when evaluating the suitability 

of new equipment. Aside from cost considerations, some of the more important considerations for 

electric mining equipment will include: 

 Their compatibility with existing equipment and material movement systems 

 How well they are understood by operators and maintenance teams  

 How their profiles and operation will affect drift cross sections and layouts and 

 Will prototypes, and/or novel applications function as required 

 

Currently, it is a reality that there are only two types of tried and tested, commercially available, electric 

mining equipment which can be used in bulk underground hard-rock mines; trolley-electric haul trucks 

and tethered eLHDs. Furthermore, it is not clear that tethered eLHDs can be used successfully to deliver 

the majority of production with mining methods other than block or panel caving (Paterson & Knights, 

2012) and trolley-electric haul trucks remain an expensive option that have significant infrastructure 

requirements in order to implement. 

Alternatively, although they are still essentially in the prototype stage, there are many promising 

advancements taking place in the development of battery electric mining equipment which could lead 

them to become the obvious choice for mining equipment in the near future. Although they would have 

new and different limitations, if proven practical in an underground setting battery powered mining 

equipment would suffer from none of the difficulties which currently seem to hold back the existing 

models of electric mining equipment. In theory practical battery powered mining equipment could have 

significantly reduced capital costs, infrastructure requirements and operational limitations when 

compared to existing electric mining equipment. 

Accordingly, the main dilemma facing new projects assessing the feasibility of electric mining equipment 

is whether to try to design a mine in a way which can make use of existing equipment, which has 

relatively well known operating parameters, costs and maintenance requirements or instead, choose to 

rely on battery powered equipment which largely exists only as prototypes, and take part in the testing, 

proving and implementation of battery powered equipment which is currently taking place in Canada. 



   P a g e | 40  
 

5.5 A Recommended Order for Adopting Electric Equipment 
When considering the various electric equipment technologies currently available and under 

development, some in particular stand out as having the most potential for being able to replace diesel 

equipment. Also, keeping in mind that some types of equipment impact the ventilation system more 

than others (Figure 12) a list can be assembled based both on the likelihood a technology can offer a 

functional alternative to diesel equipment and also on the scale of the potential benefits it can offer. 

The list prioritizes technologies that can be implemented immediately, or almost immediately, as well as 

technologies that will allow a mine to realize the most benefits as soon as possible. Based on these 

criteria, the easiest and most beneficial order for the implementation of electric equipment is likely as 

follows: 

1. Battery-electric personnel carriers 

2. Trolley-electric haul trucks 

3. Tethered eLHDs  

4. Battery-electric LHDs 

5. Battery-electric haul trucks 

6. Other battery powered equipment 

The list reflects the fact that large battery-electric LHDs and haul trucks do not exist yet and although 

other types of battery-electric equipment could be implemented first, they will likely have little impact 

on the ventilation system of an underground mine. Also reflected is the fact that battery-electric LHD 

prototypes seem to be more advanced than battery-electric haul trucks as evidenced by their 

commercial availability. 

5.5.1 Battery-Electric Personnel Carriers & Easily Implemented Battery Powered Equipment 

Although the battery-electric personnel carrier is not a proven piece of technology, it is the prototype 

which is furthest along and it will likely become a widely available option to underground hard rock 

mines in the future. They are currently being tested at several operations in Ontario and should prove to 

be functional alternatives to diesel personnel carriers in the next one to two years. Examples of battery-

electric personnel carriers can be seen in Figure 13 and Figure 14. 

As battery powered equipment becomes more readily available, any functional equipment option 

should prove to be attractive for mining operations as they require very limited, or no modifications to 

existing infrastructure which is a key feature for mines which are already developed and operating. 

Although any type of battery-electric equipment will be able to provide at least some of the benefits 

offered by electric mining equipment, battery-electric personnel carriers are of particular interest given 

that they can account for such a significant portion of underground airflow requirements (Figure 12). 

Another advantage of prioritizing the implementation of battery-electric personnel carriers is that they 

probably have one of the least sophisticated diesel engines in operation underground. Although the 

proportion of DPM emitted by diesel personnel carriers is uncertain, generally it is assumed that lower 

tier engines and engines that stop, start and idle often have the most incomplete combustion and 
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therefore the best chance of producing DPM. Purely from a health perspective then, their replacement 

might have an unexpectedly large impact on improving DPM concentrations underground. 

  
Figure 13 – Battery-electric personnel carrier developed 
in Ontario (Industrial Fabrication Inc., 2016). 

 
Figure 14 – Battery-electric personnel carrier developed in 
Saskatchewan (Praire Machine & Parts, 2016). 

Finally, easily implemented battery-electric equipment like the personnel carriers could help some 

operations gain confidence and familiarity with the technology and pave the way for larger pieces of 

battery powered equipment to be adopted in the future. However, considering the limited size and 

battery life of the existing battery powered equipment, it is clear then that the next most obvious choice 

for a mine considering a full transition to electric equipment is the trolley-electric haul truck. 

5.5.2 Trolley-Electric Haul Trucks 

The diesel haul truck makes the most attractive target to be replaced by an electric (trolley-electric) 

alternative, like the one shown in Figure 15, for three main reasons: 

1. Battery powered replacements do not exist yet for large diesel haul trucks and LHDs (although 

reportedly they are on the drawing board). 

2. At a haulage-intensive operation diesel haul trucks take up the largest portion of the air supply. 

3. And the operation of tethered LHDs is somewhat unproven with the traditional mining methods 

and competent rock masses common to the Canadian Shield. 

However, despite there being no better electric substitutes for large underground diesel equipment 

than the trolley-electric haul truck, it is still not a clear winner over the existing diesel technology. For 

the most part this is due to the high capital cost of the equipment itself, although there are also 

significant costs inherent in purchasing and installing the trolley line and related infrastructure. In many 

cases the economic viability of trolley-electric haul trucks will probably depend on how well the 

tonnages and haulage distances required for production activities match the capabilities of the haul 

truck, which appear to favour higher tonnages and longer hauls. 
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Figure 15 – Model of Atlas Copco’s trolley-electric haul trucks (Dunphy, 2013). 

Furthermore, trolley-electric haul trucks will necessitate different operating practices compared to their 

diesel equivalents. For example, the flexibility of production activities will be impacted as the haul trucks 

will mostly be limited to movement along the trolley line. Also, because they are designed to travel up-

ramp at high speed, they will have an impact on the flow of traffic in the ramp. Potentially, their high 

ramp speeds could even become a safety hazard if an operation cannot adjust appropriately. 

When considering new large equipment like haul trucks or LHDs, some of the most important criteria for 

existing mines will be the dimensions and operating parameters of the equipment. If the new 

equipment does not match the dimensions and turning radii of the existing excavations this could 

prevent a mine from adopting the new technology. Unless there happened to be an expansion planned 

which could be designed to accommodate the parameters of the new equipment. 

For example, in the case of Atlas Copco’s EMT50, it can be seen in Figure 16 that the height of the 

pantograph (the highest point on the haul truck) when lowered is approximately 3.5 m. 

 

Figure 16 – Dimensions of Atlas Copco’s EMT50 (Atlas Copco, 2013). 
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When compared to an alternative diesel haul truck like CAT’s AD45B (Figure 17), it can be seen that the 

EMT50’s pantograph does not extend higher than the material in a fully loaded AD45B truck box (3.7 m). 

Even if the load were slightly flattened, it appears that an EMT50 would be able to operate in drifts tall 

enough to accommodate AD45B haul trucks. 

 

Figure 17 – Selected dimensions of CAT’s AD45B haul truck (CAT, 2014). 

However, when the width of the EMT50 is considered (Figure 18), it can be seen that at 3.74 m in width 

it is at least 0.5 m wider than the AD45B haul truck. Regulations in Ontario require that drifts be at least 

2.0 m wider than the largest piece of equipment in order to avoid having to excavate regularly spaced 

safety bays (Government of Ontario, 2014). Drifts with safety bays can be as narrow as 1.5 m wider than 

the largest piece of equipment, but at any narrower width pedestrian access must be prevented. In 

addition, the reduced clearances probably start to increase the risk of equipment damage. 

 

Figure 18 – Max vehicle widths of Atlas Copco’s EMT50 (Atlas Copco, 2013). 

As a result an EMT50 could not operate in drifts excavated for AD45B haul trucks and have the same 

horizontal clearances. Assuming an existing drift already had safety bays, an organization would 

probably have to complete a risk assessment in order to decide if they would be comfortable with the 

reduced clearances (assuming that originally they were designing for 2 m of clearance). 
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The final option would be to restrict pedestrian travel, which could fit well if an automated haulage 

system is also being considered, but which likely wouldn’t be possible if there is only one ramp system 

out of the mine which needs to facilitate all of the operation’s vehicle traffic. 

Finally, even when it appears that existing drifts may be large enough to accommodate new equipment, 

complications can arise during implementation. One real-world issue that was reported to the author 

regarding the implementation of trolley-electric haul trucks was the lack of consistency in the height of 

an existing ramp system. 

Although the ramp height appeared to be adequate on paper, hundreds of meters of drift had to be 

breasted in order to install the trolley line with smooth and consistent transitions between sections. 

Although not an issue for a new excavation, this could add significantly to the cost and time required to 

implement the haul trucks using existing development. 

5.5.3 Tethered eLHDs 

Patterson and Knights (2012) discuss applications of large, tethered eLHDs in mining and find that they 

are mostly only suited to caving mining methods like block caving, panel caving, inclined draw point 

caving and front caving. Even among caving methods, they find that of the four main layouts used in 

block caving, tethered eLHDs are primarily suited to the Offset Herringbone block caving layout (Figure 

19) because it allows LHDs to always face in a single direction. 

 

Figure 19 – Offset herringbone block cave layout as used at NPM, Australia (Paterson & Knights, 2012). 

This reduces the risk of backing over the trailing cable, limits infrastructure requirements to a single 

power feed per production drive and reduces delays from changing power feeds when repositioning 

LHDs. Some of the other key factors identified in the successful application of tethered eLHDs at 

Northparkes Mine were ensuring that the length of the cable was suitable for the size of the mining level 

and building a steel reinforced, 80 MPa concrete floor in the production drives to reduce rough surfaces 

and aid drainage in order to limit damage to trailing cables and LHD tires. 
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As can be seen by the level of effort taken by Northparkes Mine in Australia to ensure the success of 

tethered eLHDs and their limited application to traditional mining methods, they may not be ideally 

suited to the mining methods most familiar to underground hard rock mines in the Canadian Shield. 

Especially when considering how unsuited they would be to widely dispersed development activities. 

However, the author is aware of one operation in North America that has made significant use of 

tethered eLHDs for production tasks by carefully designing the mucking level around the needs of the 

eLHD (C. Brooks, personal communication, Jan 2016). For example an anchor point for the tether was 

strategically located in a turning bay so that the eLHD could back directly into the turning bay from the 

draw point and then use it to turn into the orepass drift; similar to the herringbone layout in that it 

never had to turn around. Although no concrete floor was constructed to reduce wear on the tether, 

conveyor belting was installed at drift corners so that the tether could survive a useful lifetime. 

However, unlike at the Australian Northparkes Mine, most of the eLHDs had only 1.91 m3 (2.5 yd3) 

buckets, and only one had a 4.59 m3 (6 yd3) bucket (ibid). 

This example demonstrates that tethered eLHDs could potentially be applied more extensively in hard 

rock mines for production activities; especially where they could operate in a single work area for a long 

period of time and the additional setup costs could be justified (such as when mucking a large transverse 

stope and tramming to an orepass). There are still no examples of open stoping, or cut and fill 

operations that use tethered eLHDs for all production activities (not to mention development activities). 

Therefore it remains unclear if tethered eLHDs can be successfully applied on a wide scale.  

As it is unlikely tethered eLHDs would be able to replace all diesel LHDs at an operation, they are less 

likely than battery-electric personnel carriers and trolley-electric haul trucks to provide a functional 

alternative to their diesel counterparts. If no plausible alternative was in development, trying to apply 

tethered eLHDs successfully to existing mining methods might be a worthwhile endeavor, but hopefully 

it will prove to be an unnecessary exercise given the development of battery-electric equipment. 

5.5.4 Battery Powered LHDs, Haul Trucks and Other Equipment 

Battery powered equipment has the potential to bring about a profound change in underground mining. 

Large, robust, battery-electric equipment would address some of the biggest challenges faced by 

existing electric equipment like high capital cost, the additional infrastructure required to for them to 

operate, uncertainty about how trailing cable damage affects downtime and maintenance costs, and 

their significantly reduced freedom of travel. 

Although battery powered equipment currently have challenges to overcome, including limited battery 

life and their limited size, they have the potential to reduce the capital intensity and increase the 

flexibility of electric equipment to the point where it can become widely adopted. One day they could 

offer all of the benefits of electrically powered equipment with none of the current drawbacks. 

Not including the battery-electric personnel carrier, the most promising piece of electric mining equip-

ment in development is the battery-electric LHD. A number of these have been in use in Northern 

Ontario for several years now, and the current designs are in the process of being upgraded by Atlas 

Copco (personal communication, 2016). Although in the past they typically have been smaller eLHDs, 
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mid-sized prototypes have been tested and other equipment manufacturers are starting to make 

competing prototypes. 

It is a similar situation with battery-electric haul trucks, where a number of 20 t prototypes have been 

used for several years in Northern Ontario and are also in the process of being upgraded by Atlas Copco 

(personal communication, 2016). Regarding both LHDs and haul trucks, world class mining companies 

have approached equipment manufacturers to discuss the possibility of building units comparable to the 

biggest units in their diesel fleets. 

Currently battery-electric LHDs and haul trucks rely on swapping out their batteries two or three times 

per shift. By adopting this strategy, they are able to work around the limits of current battery 

technology. To help accommodate this process with a minimum of downtime throughout the shift, one 

straightforward method which has been developed allows a piece of equipment to quickly remove and 

replace its battery packs using a hydraulic hook system similar to how a bucket is attached to the front 

of a LHD. A picture of an operator midway through this process can be seen in Figure 20. 

 

Figure 20 - Changing a battery on a 4 yd battery-electric eLHD (General Electric, 2015). 

A 3.06 m3 (4 yd3) battery-electric LHD that went into production in 2015 is estimated to cost 

approximately $0.875 million (personal communication, 2015). This is about 15% more expensive than 

an equally sized tethered eLHD and about 30% more expensive than an equally sized diesel LHD (Section 

6). However, based on its experience with battery electric equipment made for the coal industry, the 

manufacturer expects the vehicle to last about 33% longer than a diesel LHD and have 20% lower 
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maintenance costs (personal communication, 2016). When factoring in the longer equipment life, the 

capital cost per year of service life is equal to existing diesel LHDs, but the maintenance costs are still 

lower. This is all before accounting for reduced energy costs like diesel fuel and ventilation. 

The current model uses lead-acid batteries which require the unit to cycle through 3 batteries each shift 

due to their high temperature gain when charging. But the company is considering upgrading to lithium-

iron-phosphate (LFP) batteries on future models in order to reduce the number of batteries required by 

the unit. It is also actively researching larger LHDs going forward. A photo of the business end of the 3.06 

m3 (4 yd3) battery electric eLHD can be found in Figure 21. 

 

Figure 21 - Front end of a 4 yd battery-electric eLHD (General Electric, 2015). 

All of the interest in battery-electric equipment has even resulted in the development of a battery-

electric rock bolter. The main advantage of this type of equipment is how much easier it will be to 

implement than most other pieces of battery-electric equipment. Notably for rockbolters and drill-

jumbos, which already plug in for the majority of the shift, it should be relatively easy to keep their 

battery packs well energized. The only other equipment which spends a large amount of time stationary 

at the face is the ANFO Loader, which potentially could also be electrified, although it might require a 

good deal of thought before the decision is made due to the nature of its task. 

Although replacing these types of diesel equipment with battery-electric alternatives would be expected 

to have very little impact on the ventilation system, operations may still benefit from the new 

equipment as they should help to build an ecosystem of battery-electric equipment. This may help 
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operators and mechanics to become familiar and comfortable with the new technologies and eventually 

allow mines to remove all of the infrastructure they currently have in place for handling diesel fuel. It 

would also be another step towards creating a truly DPM free environment. 
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6.0 Costing of Electric and Diesel Equipment 
The literature shows that in general electric mining equipment is thought to be more expensive than 

traditional diesel equipment (Paraszczak, Laflamme, & Fytas, 2013) (Paraszczak, Svedlund, Fytas, & 

Laflamme, 2014) (Jacobs, 2013) (McCarthy, 2011). A number of factors are provided to explain what 

leads to higher costs and these include: 

 Higher initial purchase prices 

 Robust electrical infrastructure requirements (LHDs) 

 Portable diesel generators to move equipment without a direct power connection (LHDs) 

 Frequent damage and replacement of the equipment tether (LHDs) and 

 The purchase and installation of a trolley line (Haul Trucks) 

In order to estimate the capital and operating costs of diesel and electric mining equipment, two 

primary InfoMine sources were consulted; the 2008 edition of Mine and Mill Equipment Costs (InfoMine 

USA, 2008) and the 2014 edition of Mining Cost Services (InfoMine USA, 2014). 

By comparing capital costs for equivalent pieces of equipment in the two InfoMine sources, it became 

apparent that there was significant inflation in the cost of the main types of underground mining 

equipment between 2008 and 2014. Due to this, the 2014 source was thought to have more reliable 

estimates for the actual capital required to purchase the equipment. However, the 2008 source was still 

critical in order to understand and estimate operating costs as a fraction of capital costs. 

6.1 LHD Capital and Operating Costs 
The capital costs for a range of LHDs and eLHDs given in the 2014 Mining Cost Services can be found in 

Table 17 (InfoMine USA, 2014). When plotted (Figure 22), it can be seen that both types of equipment 

have a very consistent and linear relationship between bucket size and capital cost. The R2 value for 

eLHDs is 0.98 and for LHDs it is 0.96. 

Table 17 – Capital costs for LHDs and eLHDs relative to bucket size (InfoMine USA, 2014). 

Diesel LHDs 
 

Electric LHDs 

Bucket Size 
(cubic yards) 

2014 Cap. Ex. 
(millions $US) 

 

Bucket Size 
(cubic yards) 

2014 Cap. Ex. 
(millions $US) 

0.5 0.30 
 

0.5 0.34 

1.5 0.37 
 

1.0 0.37 

2.0 0.45 
 

2.0 0.53 

2.5 0.52 
 

3.5 0.73 

4.0 0.63 
 

5.6 0.94 

6.0 0.90 
 

8.0 1.48 

7.0 0.94 
   8.0 1.29 
   11.0 1.84 
   15.0 1.95 
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Figure 22 - LHD and eLHD capital costs are strongly correlated to bucket size (InfoMine USA, 2014). 

A comparison of the equations for each best-fit line shows that the eLHD slope is 15.9% greater than the 

LHD slope. In other words the data show eLHDs in 2014 cost about 16% more than LHDs. Also shown in 

Figure 22 is the estimated cost of the 3.06 m3 (4 yd3) battery-electric LHD that went into commercial 

production towards the end of 2015 (in red). It sits slightly above the trend line for tethered eLHDs. 

The capital and operating costs of LHDs from the 2008 Mine and Mill Equipment Costs (InfoMine USA, 

2008) can be found in Table 18. Furthermore, by plotting the data sets in, it can be seen in Figure 23 that 

hourly operating costs have a very high correlation to bucket size for both diesel LHDs (0.982) and eLHDs 

(0.998). Therefore, both the 2014 and 2008 data sets provide a high degree of confidence that capital 

costs for eLHDs are approximately 16% higher than diesel LHDs and annual operating costs can be 

estimated at approximately 60% of the capital cost of the equipment. 

Finally, it can also be calculated using the Capital Recovery data (see Appendix D) from the 2008 Mine 

and Mill Equipment Costs (InfoMine USA, 2008) that InfoMine estimates the operating life of both diesel 

and electric LHDs at 12,000 hours, or approximately 2 years given a usage of 6,000 hours per year. 
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Table 18 - Capital and operating costs for various engine and bucket sizes of electric and diesel LHDs (InfoMine USA, 2008). 

 Engine 
Size (hp) 

Bucket Size 
(cubic yards) 

2008 Cap. Ex. 
(millions $US) 

 

Op. Ex. 
($US/hr) 

Fuel Op. Ex. 
($US/hr) 

 

Annual Op. Ex. as a 
percent of Cap. Ex. 

D
ie

se
l L

H
D

s 

42 0.5 0.204 
 

20.38 5.16 
 

60% 

55 1.3 0.251 
 

25.58 6.76 
 

61% 

82 2.0 0.277 
 

27.56 10.07 
 

60% 

81 2.5 0.356 
 

34.81 9.95 
 

59% 

139 4.0 0.450 
 

47.27 17.07 
 

63% 

185 6.0 0.654 
 

67.20 22.73 
 

62% 

231 7.0 0.670 
 

70.35 28.38 
 

63% 

277 8.5 0.689 
 

72.26 34.03 
 

63% 

400 10.0 0.911 
 

94.99 49.14 
 

63% 

450 15.0 1.422 
 

141.35 55.28 
 

60% 
 

        

El
ec

tr
ic

 L
H

D
s 

30 0.5 0.239 
 

23.44 1.39 
 

59% 

40 1.0 0.272 
 

27.30 1.85 
 

60% 

75 2.0 0.400 
 

38.51 3.47 
 

58% 

100 3.5 0.477 
 

49.15 4.63 
 

62% 

175 5.6 0.673 
 

69.67 8.10 
 

62% 

200 8.0 0.934 
 

93.34 9.26 
 

60% 

 

 

Figure 23 - LHD and eLHD non-fuel hourly operating costs are strongly correlated to bucket size (InfoMine USA, 2008). 
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6.2 Diesel Haul Truck Capital and Operating Costs 
Data from the 2008 Mine and Mill Equipment Costs (InfoMine USA, 2008) showing capital and operating 

costs for a range of diesel haul trucks can be found in in Table 19. It can be seen from the data that 

(assuming 6,000 operating hours per annum) annual operating costs excluding fuel and labour are 

approximately 35% of the initial capital cost of the equipment. It can also be seen that overhaul 

maintenance makes up about 25% of non-fuel operating costs. 

Using the Capital Recovery data (see Appendix D) from the same source (InfoMine USA, 2008) shows 

that InfoMine estimates haul truck operating life at 37,500 hours, or 6.25 years at 6,000 operating hours 

per annum. It can also be seen in Figure 24 that the engine size of the haul truck and hourly non-fuel 

operating expenses are highly correlated with an R2 value of 0.94. This is a much stronger relationship 

than the truck box size and non-fuel operating costs which has a correlation coefficient of only 0.85. 

Finally, Figure 25 shows that engine size also shows a strong correlation with 2014 capital costs (R2 = 

0.89). 

Table 19 - 2008 diesel haul truck capital and hourly operating costs relative to engine and box sizes (InfoMine USA, 2008). 

Equipment Parameters  Operating Expenses ($US/hr)  Op. Ex. as a percent of 

Engine 
Size (hp) 

Box Size 
(tons) 

2008 Cap. Ex. 
(millions $US)  

Total  
(excl. fuel) 

Fuel 
Over Haul 
(part of total) 

 

Over Haul/ 
Total 

Op. Ex./ 
Cap. Ex. 

82 5 0.10  5.71 9.91 1.51 
 

26% 33% 

116 6 0.15  8.07 14.01 2.23 
 

28% 32% 

139 10 0.16  8.59 16.79 2.35 
 

27% 32% 

112 11 0.19  10.73 13.53 2.81 
 

26% 33% 

112 13 0.23  12.56 13.53 3.34 
 

27% 33% 

224 20 0.50  26.75 27.06 7.32 
 

27% 32% 

298 28 0.61  34.10 36.00 8.87 
 

26% 34% 

271 33 0.49  29.21 32.74 7.07 
 

24% 36% 

375 39 0.53  33.16 45.30 7.69 
 

23% 38% 

475 44 0.62  37.90 57.38 9.03 
 

24% 37% 

650 50 1.22  72.15 78.52 17.80 
 

25% 35% 
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Figure 24 – Haul truck hourly non-fuel operating costs are strongly correlated with their engine size (InfoMine USA, 2008). 

 

 

Figure 25 – Haul truck capital costs have a good correlation with engine size (InfoMine USA, 2014). 
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6.3 Electric Haul Truck Capital and Operating Costs 
Mine and Mill Equipment Costs and Mining Cost Services (InfoMine USA, 2008) (InfoMine USA, 2014) do 

not provide equipment costs or infrastructure costs for electric haul trucks. Due to this, Atlas Copco was 

contacted regarding information retrieval for their newly offered line of Kiruna electric trucks and 

expanding line of eLHDs. Atlas Copco provided the information in Table 20 regarding the parameters 

and cost of the EMT50 (50 metric tonne Electric Mine Truck) (personal communication, 2015). 

Table 20 – Capital costs and operating assumptions associated with Atlas Copco’s EMT50 (personal communication, 2015). 

Capital Cost $3.59 million 

Operating Cost Same as diesel but no 
overhauling expenses 

Operating Life 35,000  hours 

  
 

Trolley Line Cost $1,000  per meter 

Sub Station Cost $100  per meter 

Installation Cost  $700  per meter 

Total Install Cost $1,800  per meter 

6.4 Personnel Carrier Cost Comparison 
Unlike with LHDs and haul trucks, there was limited information available in the Mine Cost Services 

tables regarding personnel carriers (InfoMine USA, 2014). As well, battery-electric personnel carriers do 

not yet have a category. Instead, costs were taken directly from supplier prices quoted to a particular 

mine in Ontario. Surprisingly, the cost of diesel and electric personnel carriers are effectively the same. 

As well, in the cost comparison seen in Table 21, maintenance costs are assumed to be equal. Although 

long term maintenance data doesn’t exist yet, in practice the mines trialling the new vehicles expect 

maintenance costs of the electric personnel carriers to be about 30% lower than maintenance costs for 

the existing diesel personnel carriers. 

Given the stated assumptions, it can be seen in Table 21 that even without accounting for savings from 

fuel, ventilation and maintenance, the battery-electric personnel carriers are the same price to operate 

annually as a regular diesel personnel carrier. 

Personnel Carrier Assumptions: 

 ePCs are the same price as diesel PCs 

 Annual non-fuel operating expenses are 37% of the equipment capital cost 

 Operating life of a PC is 5 years 

 Depreciation is 16% per annum 

 Salvage Value is 20% of the equipment capital cost 

 Cost of capital is 8% 

 Labour is excluded 

 A 5 to 8 seat personnel carrier will cost around $0.16 million 
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Table 21 - Average annual cost comparison between diesel and electric personnel carriers. 

 Diesel Electric 

Cost of Capital 8.0% 8.0% 

Cap. Ex. $160 k $160 k 

Salvage Value $32 k $32 k 

Annual  Investment $57.6 k $57.6 k 
   

Non-fuel Op. Ex. $59.2 k $59.2 k 

Annual  Interest $4.6 k $4.6 k 

Annual  Depreciation $25.6 k $25.6 k 
   

Average Annual Cost $89.4 k $89.4 k 

6.5 LHD Cost Comparison 
Assuming the relationships outlined in Section 6.1 regarding capital and operating costs of diesel and 

electric LHDs are valid, it is possible to use the Average Annual Cost method to compare ownership costs 

between each type of LHD. 

As can be seen in Table 22, the average annual cost of ownership for eLHDs compared to diesel LHDs is 

approximately 12.5% higher given the stated assumptions. Part of the reason the average annual cost is 

lower than the capital and operating cost premium of 16% is because the high annual cost of labour 

dilutes the cost difference. Another factor is the assumed life time of the equipment. Longer equipment 

lifetimes lower the annual cost of depreciation and make it easier for high labour costs to further dilute 

the cost difference. 

In Table 22 eLHDs were found to be more expensive to operate, and this is in part due to the assumption 

that annual non-fuel operating expenses for an electric LHD are 16% greater than for a diesel. However, 

if an eLHD did cost 5 to 10% less to operate than a diesel unit due to some combination of fewer oil and 

filter changes, less overhaul maintenance and a longer equipment life then the annual cost of ownership 

for each type of equipment would be about equal without even considering reduced fuel costs and 

other potential savings. 

LHD Assumptions: 

 eLHDs are 16% more expensive than diesel LHDs 

 Annual non-fuel operating expenses are 60% of the equipment capital cost 

 Operating life of an LHD is 2 years 

 Depreciation is 40% per annum 

 Salvage Value is 20% of the equipment capital cost 

 Cost of capital is 8% 

 Labour is $400k per annum (4x operators at $100k each) 

 A 10yd LHD will cost around $1.45 million 
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Table 22 – Average annual cost comparison between diesel and electric LHDs. 

 Diesel Electric 

Cost of Capital 8.0% 8.0% 

Cap. Ex. $1.45 M $1.68 M 

Salvage Value $0.29 M $0.34 M 

Annual  Investment $0.87 M $1.01 M 
   

Non-fuel Op. Ex. $0.87 M $1.01 M 

Labour $0.40 M $0.40 M 

Annual  Interest $0.07 M $0.08 M 

Annual  Depreciation $0.58 M $0.67 M 
   

Average Annual Cost $1.92 M $2.16 M 

6.6 Haul Truck Cost Comparison 
Using the relationships outlined in Section 6.2 and the information provided by Atlas Copco in Section 

6.3 (personal communications, 2015 and 2016), the average annual cost of ownership for diesel and 

electric haul trucks can be calculated and compared. 

As can be seen in Table 23 the average annual cost of ownership for an electric haul truck is about 15% 

higher than for a diesel haul truck, despite the large (over 200%) difference in capital cost. This is due 

mostly to the electric haul truck being robust enough not to require an over-haul for its projected 

operating life (approximately 6 years). 

Haul Truck Assumptions: 

 Annual non-fuel operating expenses are 35% of the equipment capital cost 

 Annual overhauling expenses are 25% of non-fuel operating expenses 

 Operating life of a Haul Truck is 6 years 

 Depreciation is 14% per annum 

 Salvage Value is 14% of the equipment capital cost 

 Cost of capital is 8% 

 Labour is $400k per annum (4x operators at $100k each) 

 A 50t Haul Truck will cost around $1.74 million 
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Table 23 – An over-simplified cost of ownership comparison between diesel and electric haul trucks. 

 Diesel Electric 

Cost of Capital 8.0% 8.0% 

Cap. Ex. $1.74 M $3.59 M 

Salvage Value $0.25 M $0.51 M 

Annual  Investment $0.99 M $2.05 M 
   

Non-fuel Op. Ex. $0.46 M $0.46 M 

Over-hauling $0.15 M x 

Labour $0.40 M $0.40 M 

Annual  Interest $0.08 M $0.16 M 

Annual  Depreciation $0.25 M $0.51 M 
   

Average Annual Cost $1.34 M $1.53 M 

The comparison between equipment types outlined in Table 23 however is far from complete. Not only 

does the comparison ignore fuel savings, but it also does not take into account the significant capital 

cost of purchasing and installing the trolley line. As important, it also does not take into account the 

significant up-ramp speed advantage of the electric haul truck which should help offset the high cost of 

the haul truck and trolley line by reducing the number of trucks needed to meet a production target. 

In order to account for the additional capital needed for the trolley line and the difference in speed 

between the haul trucks, typical operating parameters need to be assumed for each truck in order to 

determine their daily productivity at different haul distances, as can be seen in Table 24. 

Table 24 - Daily productivity of a typical 50t diesel haul truck compared to the trolley electric EMT50. 

  Diesel Electric Units 

Down Ramp Speed 14.0 14.0 kph 

Up Ramp Speed 8.7 16.0 kph 

Load Time 5.3 5.3 min 

Dump Time 2.0 2.0 min 

Effective Hours per Shift 8.6 8.6 hr 
    

Daily Productivity: Haul of 1 km  2,624 3,163 tpd 

"                        2 km  1,635 2,075 tpd 

"                        3 km  1,187 1,544 tpd 

"                        4 km  932 1,230 tpd 

"                        5 km  767 1,022 tpd 

"                        6 km  652 874 tpd 

"                        7 km  567 763 tpd 
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Once the productivity of each haul truck is known for a range of haul distances, then the number of 

trucks required to meet a range of production targets can be confidently calculated, as seen in Table 25. 

Establishing the number of trucks needed to meet a production target and the length of the haul is 

essential in order to calculate the total capital cost for each option. 

Table 25 - The number of diesel (D) and electric (E) trucks required to meet a production target given a set haul distance. 

   The number of haul trucks required to meet the daily production target 

  1,000 tpd 2,000 tpd 3,000 tpd 4,000 tpd 5,000 tpd 6,000 tpd 7,000 tpd 

 D E D E D E D E D E D E D E 

H
au

l D
is

ta
n

ce
 

1 km 1 1 1 1 2 1 2 2 2 2 3 2 3 3 
2 km 1 1 2 1 2 2 3 2 4 3 4 3 5 4 
3 km 1 1 2 2 3 2 4 3 5 4 6 4 6 5 
4 km 2 1 3 2 4 3 5 4 6 5 7 5 8 6 
5 km 2 1 3 2 4 3 6 4 7 5 8 6 10 7 
6 km 2 2 4 3 5 4 7 5 8 6 10 7 11 9 
7 km 2 2 4 3 6 4 8 6 9 7 11 8 13 10 

For example, knowing that a haul of 3 km at a production rate of 4,000 tpd will require 4 diesel haul 

trucks, or 3 electric haul trucks allows us to calculate that the diesel trucks will cost approximately $7 

million (4 x $1.74 M), whereas the electric trucks will cost approximately $10.8 million (3 x $3.59 M) plus 

an additional $5.4 million for the trolley line at $1,800 per meter.  

This difference in cost can be summarized by calculating the spending ratio between each option. In the 

above example the ratio is $7 M to $16.2 M, or 1 to 2.3, a ratio which is only slightly higher than a direct 

comparison between the cost of the trucks at 1.74 to 3.59, or 1 to 2.1. The spending ratio is the ideal 

way to indirectly compare the cost of the different options using the average annual cost method. 

By calculating the total cost of each option over a range of scenarios a typical cost ratio can be 

established which summarizes how much more capital is required in general to implement electric 

trucks with the same productivity as diesel trucks. 

For example, in the previous example a capital ratio of 2.3 was calculated for a scenario which required 

either 4 diesel trucks, or 3 electric trucks. This implies that for every $1.74 M diesel truck, $4.0 M will be 

required for the electric option (1.74 x 2.3 = 4.0). In this way, using the capital ratio is the same as saying 

that for every $1.74 M diesel truck, ¾ of an electric haul truck will be required ($2.7 M), as well as $1.3 

M worth of trolley line ($5.4 M / 4 diesel trucks). 

Calculating these capital ratios shows that for a haul of 5 to 6 kilometers at a production rate of 4,000 to 

5,000 tonnes per day, the ratios range between 2.2 and 2.4. The ratios for the full table can be found in 

Appendix E. 
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Additionally, there is one last important aspect of the capital ratio that needs to be noted which is that 

only a portion of the capital summarized by the ratio is for haul trucks. The rest is for the trolley line 

infrastructure which shouldn’t have labour or operating expenses attributed to it. Additionally, the 

portion spent on haul trucks is usually less than the cost of one full truck because fewer of them are 

required. This means that labour costs and operating expenses need to be reduced for the electric haul 

truck based on what fraction of an electric truck is operating for every diesel haul truck. 

In Table 26 it can be seen that a range of capital ratios from 2.1 to 2.4 is used to compare ownership 

costs between diesel and electric haul trucks. In each scenario 65% of the capital is attributed to the 

haul trucks and 35% is attributed to the trolley line infrastructure as this was a good representation 

based on information presented in Appendix E. Annual operating expenses and labour costs are reduced 

based on the portion of capital spent on the electric trucks as discussed. The results show that even 

without accounting for savings from ventilation and fuel, electric trucks can be less expensive than 

diesel trucks to operate despite much higher capital costs. 

Table 26 – Cost of ownership comparison between a diesel haul truck and the equivalent production from an EMT50. 

 Diesel Range of potential costs for electric trucks 

Cost of Capital 8.0% 8.0% 8.0% 8.0% 8.0% 

Capital Ratio x 2.1 2.2 2.3 2.4 

Salvage Value $0.25 M $0.52 M $0.55 M $0.57 M $0.60 M 

Annual Investment $0.99 M $2.09 M $2.19 M $2.29 M $2.39 M 
      

Cap. Ex. Trucks $1.74 M $2.37 M $2.49 M $2.60 M $2.71 M 

Cap. Ex. Other x $1.28 M $1.34 M $1.40 M $1.47 M 

Non-fuel Op. Ex. $0.46 M $0.30 M $0.32 M $0.33 M $0.35 M 

Overhauling $0.15 M x x x x 

Op. Ex. $0.61 M $0.30 M $0.32 M $0.33 M $0.35 M 

Labour $0.40 M $0.26 M $0.28 M $0.29 M $0.30 M 

Annual Interest $0.08 M $0.17 M $0.17 M $0.18 M $0.19 M 

Annual Depreciation $0.25 M $0.52 M $0.55 M $0.57 M $0.60 M 

Average Annual Cost $1.34 M $1.26 M $1.32 M $1.38 M $1.44 M 
      

Difference in Cost x -6% -2% 3% 7% 
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7.0 Summary of Electric and Diesel Equipment Technologies 

7.1 Background on energy prices 
Starting in the early 2000’s, prices for diesel fuel, gasoline and crude oil began to rise inexorably until 

they reached a pre-recession peak in 2008. Average prices peaked at around $4.25 USD per gallon in the 

US and well over $1.20 CAD per liter in some parts of Canada (US EIA, 2016) (Stats Can, 2016). For a brief 

period, prices for crude oil were over $140 USD per barrel in world markets (Anderson, 2016). During 

the recession prices dropped, but only temporarily, and they continued to remain above their long term 

average. By 2011 the average price of diesel fuel in the US was again over $4 USD per gallon and in 

Canada over $1.30 CAD per liter. From 2011 onward prices were steady and remained near peak as 

recently as 2014 (US EIA, 2016) (NRCan, 2016). During this time, despite a commodities boom and 

historically high prices for most metals, input costs for the mining industry (including to a significant 

degree the cost of energy) were regularly cited for corroding profits (EY, 2013) (PwC, 2012).  

However, since 2014 oil prices have generally collapsed with average prices in the US sitting slightly 

above their previous long term average (1990s and early 2000’s) and average Canadian prices well 

below $1.00 CAD per liter (US EIA, 2016) (NRCan, 2016). The last two years have seen a massive change 

in the cost of diesel, but several factors account for both the increase and subsequent decrease in oil 

prices. Initially a demand imbalance combined with speculation led to the high prices seen before the 

2008/2009 recession. This made it economical to start producing so called “tight” oil, which then 

contributed to an increase in North American production of around 30%, or 5 million barrels per day, 

between 2010 and 2015 (US EIA, 2016). However, after prices climbed enough to enable production 

from marginal oil reserves (mostly in the US), world demand flagged and in the face of reduced demand, 

OPEC decided not to reduce its production to support the price of oil. As a result, this has led to a 

significant oversupply of oil which is expected to continue for the near future. 

OPEC’s decision, led by Saudi Arabia which has production costs far below sources of tight and 

unconventional oil, is said to be motivated by three factors. The first is to force marginal US production 

from the market, the second is to weaken its enemies Russia and Iran which rely heavily on oil to fund 

their governments and the third is the belief that a significant portion of oil reserves will need to stay in 

the ground if the world follows through on its commitments to global warming (Hinckley, 2016). For 

example, in 2015 the US and China agreed to bilateral reduction targets and a report in the journal 

Nature suggested that 82% of fossil fuel reserves, including 38% of Middle Eastern oil reserves, must 

stay in the ground to achieve a widely acknowledged warming target (Hinckley, 2016). 

Due to these factors and an additional supply of oil from Iran which has come online in 2016, the EIA 

expects the oversupply of oil to remain significant at over 1.5 million barrels per day for most of 2016 

(IEA, 2016). Given the current environment, oil prices, and therefore the price of diesel fuel will likely be 

inexpensive for a period of years, indeed, probably until sources of tight and unconventional oil are 

withdrawn from the market and supply more closely matches demand. 

 



   P a g e | 61  
 

7.2 Other Reasons for Interest in Electric Mining Equipment 
Also taking place between the early 2000’s and the present time was the implementation of Tier 2, 3 

and 4 engine standards in the US (DieselNet, 2014). Tiers 2 and 3 were to be in place by 2008 and Tier 4 

by 2015 (Section 3.3). These effectively reduced tailpipe emissions for underground equipment and 

thereby decreased the burden they placed on underground ventilation systems. However, the standards 

were never fully implemented and so DPM in particular, which was declared a Group 1 carcinogen by 

the IARC in 2012, remains a concern for the health of underground workers (Section 3.2) (IARC, 2012).  

Another area of uncertainty was the recommendation by the ACGIH to limit worker exposure to NO2 to 

extremely low levels (ACGIH, 2013). Not only are the new levels difficult to attain even with the new 

engine standards, but some of the technologies which reduce emissions of DPM actually increase emis-

sions of NO2. Although the Ontario government has for now decided to use the old limits, tackling both 

issues simultaneously would be challenging and it is not clear how regulations may tighten in the future. 

Even more significant for the Canadian mining industry is that airflows are mostly still based on the 

nameplate engine power of diesel equipment (Section 3.3) (Government of Ontario, 2014). This means 

that regardless of any current or future improvements in diesel tailpipe emissions, mines will continue 

having to provide the same amounts of air that were prescribed decades ago and therefore power 

requirements for ventilating diesel equipment will continue to be high. 

As a result of high energy prices, the desire to eliminate the health risks posed by diesel exhaust, and 

uncertainty about future regulations several technologies that would offer an alternative to diesel 

equipment were investigated and discussed throughout the past decade. These included electric-diesel 

hybrids, fuel cell vehicles, grid-connected electric equipment and battery-electric equipment.  

However, the development of viable hybrid and fuel cell mining equipment seems to have slowed, with 

no significant progress being recently reported, while interest in grid-connected and battery-electric 

equipment seems to be increasing, possibly due to the broader interest in BEVs by existing car 

companies, which has led to the expectation of ever better and cheaper battery technologies. 

7.3 Considerations of Adopting Electric Equipment 

7.3.1 Evaluating New Equipment 

Any new equipment being considered for an underground mining operation needs to be evaluated to 

make sure the equipment will function as expected. It should have little or no negative impact on the 

existing operation, and any perceived benefits should be tested and verified (Section 2.2). 

The most important criteria for electric equipment will be their capital and operating costs which will 

determine if they can offer an economic alternative to diesel equipment. Otherwise the most important 

criteria when considering electric equipment should include the following (Section 5.4): 

 Their compatibility with existing equipment and material movement systems 

 How their profiles and operation will affect drift cross sections and layouts 

 If prototypes, and/or novel applications will function as required and 
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 How knowledgeable about the equipment are operators and maintenance teams, and what 

would be required to help them become familiar with the proposed equipment 

7.3.2 Characteristics of Diesel and Electric Mining Equipment 

The incentives that encourage a continued preference for diesel mining equipment are clear. Diesel 

equipment benefits from lower capital costs (15 to 55% cheaper), possibly from lower maintenance 

costs, and requires little or no support infrastructure. Depending on the technology, the increased 

capital cost for electric equipment and its support infrastructure, if required, can be significant. Finally, 

one of the greatest advantages offered by diesel equipment is its flexibility in movement and the lack of 

support work required for it to operate in new or different headings. If mining levels are not captive, it is 

easy to use diesel equipment anywhere in a mine with few constraints on operation or level design. 

Despite the clear incentives which exist for diesel equipment, unlike electric equipment they are 

hampered by the heat and tailpipe emissions produced by their engines. In the past, tailpipe emissions 

necessitated large volumes of air to dilute and clear away contaminants. Although recent improvements 

mean less air is required to deal with the contaminants, the exhaust still contains worrying levels of 

DPM, and significant quantities of air are still required to address heat emissions. These are 2.5 times 

greater than those of electric equipment (Section 3.2) due entirely to the difference in the efficiency of 

diesel engines compared to the efficiency of electric motors, which are about 37% efficient (haul trucks) 

and 92% efficient respectively. 

Accordingly, some of the main advantages of electric equipment include zero tailpipe emissions and 

significantly reduced heat emissions which result in lower ventilation requirements, as well as lower 

energy costs (because diesel remains expensive relative to grid power) and potentially lower 

maintenance costs. 

Regardless, it is unclear if electric equipment can be applied successfully to every scenario. For example, 

several sources suggest that depending on the operating environment, electric equipment can have 

higher maintenance costs than diesel equipment, especially for tethered eLHDs. As well, electric 

equipment powered by a tether or trolley-line might require a significant investment in support 

infrastructure in order to approach the degree of flexibility offered by diesel powered equipment. Even 

then, it still might be cumbersome compared to diesel equipment, depending on the specific 

application. These issues suggest that in some cases electric equipment would be too expensive and 

ineffective to offer a valid alternative to diesel equipment. 

Some sources also report that electric mining equipment might be less reliable than diesel equipment, 

however, this is most likely due to issues with the longevity of the trailing cables on tethered eLHDs 

(Chadwick, 1992) (Paterson & Knights, 2012), or with limited battery life in battery-electric equipment, 

instead of an issue with the internal components of the equipment itself. 

Although one study reported that the average MTBF for eLHDs at a block cave mine was 21.95 hours 

compared to 32.76 hours for diesel LHDs, the MTTR was shorter for eLHDs and the limited number of 

units in the study (6 electric vs. 2 diesels) makes it difficult to draw a full conclusion. As well, the overall 

impact on production is estimated to be small at between 0.6 and 2.7 percent (Section 3.1). 
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7.3.3 Battery Powered Equipment 

The greatest potential for a broad-based transition to electric mining equipment lies with battery-

electric equipment which has seen substantial development in recent years. Battery-electric equipment 

offers all of the potential benefits of grid-connected equipment, with no limits on the flexibility and ease 

of operation which are inherent to diesel powered equipment. 

In my opinion, the most advanced type of battery-electric equipment is the personnel carrier, which has 

been undergoing testing at several mines in Ontario, and which will probably offer a fully functional 

alternative to diesel personnel carriers in the near future. Manufacturers of battery-electric equipment 

are anticipating the development of a more mature battery industry to provide ongoing improvements 

in charge life, downward pressure on costs (new production techniques and economies of scale) and a 

secondary market in recycled batteries to reduce the life cycle cost of the equipment. All of which would 

help the continued progress of BEVs. 

The development of smaller battery-electric LHDs and haul trucks is also underway and prototypes have 

been in operation for several years in Ontario. Due to the limitations of current battery technologies, 

this equipment relies on a battery swap at least once per shift in order to ensure continuous operation. 

However, a good system for switching out batteries has been developed which minimizes downtime and 

mitigates impacts on production (GE, personal communication, 2015). Existing prototypes are in the 

process of being upgraded by Atlas Copco and General Electric has started to offer competing 

prototypes for battery-electric LHDs. 

The biggest limitation of the current prototypes is their limited size which would make them difficult to 

implement at a higher tonnage operation, although larger capacity equipment is being discussed and 

testing will perhaps take place in the not too distant future (personal communication, 2016). The most 

advanced battery-electric equipment options other than personnel carriers are 3.06 m3 (4 yd3) eLHDs 

produced by GE Fairchild and Atlas Copco. Both units completed testing in recent years, and the current 

iterations became commercially available in Q4 2015 and Q2 2016 respectively. The GE model relies on a 

lead-acid battery technology which requires that batteries are allowed downtime between uses to shed 

excess heat. 

Other types of equipment, especially those that spend a good portion of the day connected to grid 

power, are also being considered good candidates to be replaced by battery-electric alternatives. The 

development of a battery-electric rock bolter is currently underway (personal communication, 2016), 

and a battery-electric drill jumbo would be just as practical. 

7.4 The Effects of Implementing Electric Equipment 
By referring to the work of D. Stinnette (2013), it is apparent that the heat emitted by diesel equipment 

can be managed (air temperature rise limited to 20 °C) by supplying air at a flow rate of 0.075 m3/s per 

brake kW when it is run at an engine load factor of 100%. By factoring in the ratio of heat emitted by 

electric equipment relative to diesel equipment, it is possible to determine that the heat emitted by 

electric mining equipment can be managed by a flow rate of 0.03 m3/s per brake kW when it is run at a 

motor load factor of 100% (Section 4.2). 
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In theory, because equipment is not run every minute of the shift and because it does not always 

operate at full power, in most cases the heat emissions from electric equipment can be managed by an 

air supply lower than 0.03 m3/s per brake kW of installed motor power. 

In practice, other sources of underground heat also need to be managed by the air supply. As well, the 

airflow in headings needs to be high enough to mitigate airborne dust and to clear blasting fumes in a 

reasonable amount of time. Due to these additional concerns, only a 40% to 60% reduction in airflows 

seems necessary and practical assuming no major changes in the design philosophy of underground 

ventilation systems (Section 5.2). 

Given a reduction in mine airflows of 40% and a reduction in drift airflows of 50%, then the power 

consumption of the main fans and the auxiliary ventilation system should drop by upwards of 80% and 

70% respectively (Section 5). Additionally, it is likely that the height of mine workings can be reduced by 

at least 0.3 m due to a reduction in the standard diameter of ventilation tubing. 

7.5 Implementing Electric Equipment 
At a 3,700 tpd haulage intensive mining operation located in northern Ontario it was found that the air 

supplied by the underground ventilation system was monopolized by 3 pieces of equipment in 

particular. These were haul trucks, LHDs and personnel carriers which accounted for 47%, 22% and 19% 

of underground ventilation requirements respectively, or 88% when combined (Section 5.3). 

Due to the amount of resources dedicated to ventilating these categories of equipment, they should be 

prioritized for replacement by an electric alternative. This would maximize the potential for cost savings 

and produce the greatest improvement in air quality. Allowing for the current capabilities and 

limitations of existing technologies, the most logical order for the implementation of electric mining 

equipment is as follows: 

1) Battery-electric personnel carriers 

2) Trolley-electric haul trucks 

3) Tethered eLHDs 

4) Battery-electric LHDs 

5) Battery-electric haul trucks 

6) Other battery-electric equipment 

Reflected in the list is the fact that large battery-electric LHDs and haul trucks do not exist yet. As well, 

even if other types of battery-electric equipment can be implemented quickly, they are not necessarily a 

priority as they will likely have little impact on the ventilation system of an underground mine. 

Otherwise, battery-electric personnel carriers are an obvious first choice to replace their diesel cousins. 

They are the most advanced prototype and although they are somewhat limited by their battery life, 

creative use in the field and newly available battery technology should allow them to become a working 

alternative to diesel personnel carriers in the near future. Conveniently, they require little or no 

additional support infrastructure. 
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Trolley-electric haul trucks are the next most obvious option in order to have a dramatic impact on the 

size and power requirements of the ventilation system. At a haulage intensive mining operation, diesel 

haul trucks require the most air by far, and there are currently no comparable alternatives to large 

diesel powered haul trucks other than trolley-electric haul trucks. 

Although they offer the most plausible way to transition the bulk of a fleet to electric equipment, trolley 

electric haul trucks are also highly capital intensive and require significant support infrastructure. They 

may also be difficult to implement at an existing operation. Due to these issues, a battery-electric haul 

truck would be a very competitive alternative assuming it was large enough to meet the needs of the 

operation and it had adequate battery power. 

Where larger equipment is required, tethered eLHDs would offer the next best option for adding electric 

equipment to a fleet. However, tethered eLHDs would mostly be suited to production activities at 

operations with static draw points and mucking horizons. Conversely, development activities are 

probably too dynamic and isolated for tethered eLHDs, which at the very least would require additional 

resources (e.g. a towed diesel generator set) to meet the role. 

It’s true that small capacity tethered eLHDs have been applied successfully to the more traditional 

hardrock mining methods familiar to the Canadian Shield (C. Brooks, personal communication, 2016), 

but in practice tethered eLHDs are still not widely used outside of caving operations with permanent 

mucking horizons. Therefore, it is unclear how many diesel LHDs in an equipment fleet can be replaced 

by tethered eLHDs without causing a negative impact to production activities. 

In this regard, battery-electric LHDs could offer a promising alternative to diesel powered and tethered 

eLHDs if larger capacity models can be developed successfully. Based on the existing 3.06 m3 (4 yd3) 

model, it appears that they would be slightly more expensive than tethered eLHDs and about a third 

more expensive than diesel LHDs though this premium could probably be more than justified given such 

an ideal alternative to diesel LHDs. 

Finally, any and all functional battery powered equipment will likely prove to be an attractive alternative 

for mining operations given that they require little or no changes to existing infrastructure. Although 

they would not be expected to have a large impact on air quality underground, they could offer a way to 

completely eliminate re-fueling infrastructure from the underground. 

7.6 Equipment Costs  

7.6.1 LHD Costs 

Using information sourced from Info Mine, it was possible to see that the base price for eLHDs is about 

16% higher than the base price of diesel LHDs (InfoMine USA, 2014). The annual operating costs for both 

types of LHDs were found to be 60% of the base price. However, this does not take into account extra 

equipment which could be required to help eLHDs function as expected, like trailer-towed diesel 

generator sets, or upgraded electrical infrastructure if the existing grid isn’t suited to the power 

requirements of eLHDs. Price information was also available for one model of battery-electric LHD which 
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was found to be about 10% more than the cost of a traditional eLHD, or about 30% more than the cost 

of a diesel LHD (GE, personal communication, 2015). 

Using the average annual cost method to compare ownership costs between diesel and electric LHDs 

showed that eLHDs cost approximately 13% more each year. However, most of this cost difference can 

be attributed to the operating costs of the eLHD being based on a higher initial capital cost. If the annual 

operating cost of the eLHD was only 5to10% lower than that of the diesel LHD, as stated by some 

sources (Moore, 2010), then the annual ownership cost of each vehicle would be about equal; even 

before taking into account the significant additional costs of diesel fuel and ventilation. 

7.6.2 Haul Truck Costs 

Again, using information sourced from Info Mine, it was possible to see that the base price for a 50 

tonne diesel haul truck was about 50% lower than the manufacturer quoted price of a 50 tonne trolley-

electric haul truck (InfoMine USA, 2014). Annual operating costs from Info Mine were about 35% of the 

base price of the unit and the annualized cost of overhauls worked out to an additional 25% of annual 

operating costs, or about 8.8% of the base price of the unit. 

In a direct comparison, the annual average cost method showed that the trolley-electric haul truck was 

about 14% more expensive each year. However, this comparison assumed operating costs were equal to 

those of the less expensive diesel truck and not calculated from the base price of the electric unit. It also 

assumed that the electric haul truck wouldn’t require overhauling over its useful life (unlike the diesel 

haul truck) based on information provided by the manufacturer. Finally, this comparison didn’t take into 

account the significant additional cost of the trolley line at $1,800 per meter. 

After accounting for the higher ramp speeds and productive capacity of the trolley-electric mine truck, 

as well as the costs of the additional infrastructure, it was found that annual ownership costs ranged 

from 6% lower than the cost of a diesel truck, to 7% higher than the cost of a diesel truck. 
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8.0 Establishing the Power Consumption of Underground Equipment in 

the Field 

8.1 Introduction 
In order to establish the fuel consumption and therefore the load factors of different types of 

equipment at an operating mine, the operational data from equipment making up the regular part of 

the fleet at a mine in northern Ontario was collected and analysed. Data for haul trucks (AD45Bs) and 

LHDs (R2900s) was relatively easy to collect as operating hours and fuel consumption are tracked by a 

computer onboard the equipment and the data only needed to be downloaded while the equipment 

was in for service. This operational data was downloaded in the fall of 2014 and represents an 

operational period of 7 months spanning February to August of that year. 

Alternatively, the diesel personnel carriers (Toyota Land Cruisers) at the operating mine had no onboard 

computers to record operating time and fuel consumption data and so traditional data gathering was 

necessary to benchmark this type of equipment. Conversely, data from the electric personnel carriers 

could be downloaded directly from the dashboard of the equipment using its touch-screen interface. 

Although it was more difficult to obtain data on personnel carriers, it was important to collect as they 

form a significant part of the ventilation demand and because there is value in being able to directly 

compare the diesel personnel carriers with the battery-powered substitutes under development. 

Operational data on diesel personnel carriers was collected in January of 2015 and data on battery-

electric personnel carriers was collected between February and August of 2015. 

8.2 Diesel Haul Trucks & LHDs 
For the purposes of this analysis, the most important parameters monitored by the onboard computers 

were operating hours, fuel use and the date. However, idle time, engine load factor, rate of fuel 

consumption and the distance traveled were also tracked. These are summarized in Table 27. 

Table 27 – The parameters used to evaluate diesel haul truck and LHD fuel consumption. 

Key Parameters  Other Data Collected 

Operating hours  Idle time 

Fuel use  Engine load factor 

Date  Avg. fuel consumption 

  Distance travelled 

The fuel consumption, utilization and load factors of 45 t diesel haul trucks (in regular operation at a 

mine) calculated using data logs from their onboard computers can be seen in Table 28. Utilization was 

calculated assuming 9 productive hours in a shift. The processed data logs can be found in Appendix F. 
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Table 28 – Summary statistics of haul truck fuel consumption, utilization and engine load factors. 

 

Fuel Consumption 
(L/hr) 

Utilization Load Factor Power Consumption 

kW/h kW/km 

No. of Data Points 40 40 40 40 40 

Min 49.4 31% 45% 198 24.5 

Median 54.13 63% 49% 217 26.1 

Mean 53.91 62% 49% 216 26.1 

Max 60.22 80% 55% 241 27.8 

Std. Dev. 2.3 10% 2.1% 9.4 0.9 

% Std. Dev. 4.3% 15% 4.3% 4.3% 3.4% 

Although the onboard computers recorded an engine load factor, it can also be calculated directly by 

dividing the fuel energy consumed over a period of time by the engine power multiplied by the number 

of hours the engine was run during the period. When the two methods were compared, the load factors 

calculated by the on board computer seemed to deviate slightly from the direct calculations. Therefore 

the manual calculations are presented in Table 28 as the preferred method because it is unclear why the 

onboard computer should arrive at a slightly different answer. 

The fuel consumption, utilization and load factors of 10 yd diesel LHDs (in regular operation at a mine) 

calculated using data logs from their onboard computers can be seen in Table 29. Utilization was 

calculated assuming 9 productive hours in a shift. The processed data logs can be found in Appendix G. 

As was done to calculate haul truck load factors, LHD load factors were calculated directly from their 

fuel consumption and operating hours. Again, although the load factors output by the onboard 

computers were close to the direct calculations, they did not appear to track fuel consumption closely 

and so the direct calculations appear to be a better representation of the average engine load. 

Table 29 - Summary statistics of LHD fuel consumption, utilization and engine load factors. 

 

Fuel Consumption 
(L/hr) 

Utilization Load Factor Power Consumption 

kW/h kW/km 

No. of Data Points 12 15 13 12 12 

Min 50.29 50% 58% 201 47.3 

Median 53.31 58% 66% 213 52.6 

Mean 53.11 58% 66% 212 53.4 

Max 55.81 68% 70% 223 61.6 

Std. Dev. 2.0 5% 3.3% 7.9 3.9 

% Std. Dev. 3.7% 9% 5.0% 3.7% 7.3% 

8.3 Diesel Personnel Carriers 
As the diesel personnel carriers available for this study did not have onboard computers to track fuel 

consumption, these data had to be collected in the field with the help of personnel from the operating 

mine in northern Ontario where they were collected. For the data collection process, the most 
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important parameters monitored were engine hours, fuel consumption and date, although the shift and 

operator were also tracked. These parameters are summarized in Table 30. 

Table 30 – The parameters monitored for evaluating diesel personnel carrier fuel consumption. 

Key Parameters  Other Data Collected 

Engine hours  Shift 

Fuel consumption  Operator 

Date   

8.3.1 Sampling Logic and Methodology for Diesel Personnel Carriers 

In order to benchmark the fuel consumption of diesel personnel carriers at an operating mine, data 

collection sheets were placed in the operator’s cab and Shift Supervisors were asked to record basic 

information when refueling. In particular they needed to record how many liters of fuel were added to 

the tank and the engine’s total operating hours. In this way, fuel burn and engine run time could be 

tracked between fuel stops. 

Because the information collected can only be used to calculate liters of fuel consumed per operating 

hour, the methodology assumed the distance travelled up and down ramp during a shift were equal and 

that the work done by the personnel carrier was proportional to its hours of operation (as well as 

distance travelled). In other words, it was assumed that the vehicle would not be idled for long periods 

of time and/or the proportion of idle time to travel time would stay consistent. 

These were fair assumptions based on the operating practices of the mine where personnel carriers typ-

ically start and end the shift on surface, are typically run by the same operators and are typically used to 

visit the same areas of the mine each shift. Finally, if these assumptions proved to be incorrect, it would 

be detectable in the data and there would be no clear correlation between operating hours and fuel use. 

8.3.2 Analysis of Diesel Personnel Carrier Data 

Between January 18 and January 28, 2015 11 valid samples were collected. These can be found in the 

first three columns of Table 31. The data were then used to calculate fuel use per hour (4th column). 

Table 31 – The fuel consumption and shift length of a diesel personnel carrier. 

Date 
Engine 
Run Time 

Liters 
Consumed 

Liters  
per Hour 

Adjusted Liters  
per Hour 

Adjusted Liters 
Consumed 

19-Jan-15 15.2 43 2.83 2.83 43.0 

21-Jan-15 16.5 46 2.79 2.90 47.9 

26-Jan-15 16.6 40 2.41 2.53 42.0 

18-Jan-15 17.0 41 2.41 2.57 43.7 

23-Jan-15 17.7 44 2.49 2.70 47.9 

24-Jan-15 18.3 40 2.19 2.46 45.0 

25-Jan-15 18.5 46 2.49 2.78 51.3 

27-Jan-15 19.8 46 2.32 2.73 54.0 

28-Jan-15 20.6 46 2.23 2.71 55.7 

20-Jan-15 22.5 48 2.13 2.77 62.4 

22-Jan-15 22.7 46 2.03 2.68 60.9 
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As can be seen in Figure 26, the initial data shows a poor correlation between operating hours and fuel 

consumption. 

 

Figure 26 – Fuel use initially shows a poor correlation to shift length when not corrected for idling. 

The poor correlation seen in the initial data suggested that there was an error in the assumptions stated 

in the sampling methodology. Indeed, it was soon noticed that the liters of fuel burned per hour steadily 

declined as the number of operating hours increased. This relationship, while not perfect, still exhibited 

a significant correlation as seen in Figure 27. 

  

Figure 27 – Diesel personnel carrier hourly fuel consumption is correlated to shift length. 
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This led to the realization that due to cold January temperatures, vehicles stationed on surface between 

shifts were left idling for long periods of time in order to keep them warm. This behaviour seemed to fit 

well with the fuel consumption data, and once this increased idle time was recognized the relationship 

plotted in Figure 27 could be used to correct the data. 

Accordingly, the slope of the line of best fit (0.0875) was used to estimate the change in the rate of fuel 

consumption between 15.2 hours (the smallest data point) and each higher data point. These estimates 

were then used to adjust up the fuel consumption rates of the longer shifts, so as to remove the effect 

of the long periods of idle time.  

Figure 28 shows that the adjusted fuel consumption values have a much better correlation with the 

number of operating hours and the adjusted fuel consumption rates have a very low standard deviation 

of 0.13 L/hr on an average of 2.7 L/hr. 

 

Figure 28 – Adjusted fuel consumption exhibits a good correlation with operating hours. 

8.4 Battery Electric Personnel Carriers 
Due to the on board computer and electrical system, it was easy to measure numerous operating 

parameters for battery electric personnel carriers (data provided by a mine in northern Ontario). The 

most important of these were the state of the battery pack’s charge (SOC), the battery pack’s voltage, 

the battery pack’s current, and whether or not the vehicle was on or off. Additionally, the date, time, 

motor rpm, battery pack temperature, and distance travelled also were all recorded. These are 

summarized in Table 32. 
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Table 32 - The parameters monitored for evaluating electric personnel carrier energy requirements. 

Key Parameters  Other Data Collected 

Battery pack voltage  Date 

Battery pack current  Battery pack charge 

Time  Motor RPM 

Distance travelled  Battery pack temperature 

Vehicle On/Off Status   

8.4.1 Sampling Logic and Methodology for Battery Electric Personnel Carriers 

In order to benchmark power consumption in electric personnel carriers at an operating mine, 

discussions were had with the equipment manufacturer(s) to ensure that key data were sampled by the 

on board computer at acceptable intervals. Most importantly data sampling had to record the current 

and voltage of the battery pack while the vehicle was operating. 

Depending on the manufacturer, operational data was collected every second, or every 10 seconds. In 

general it was assumed that Equation 17 (where P is power, I is current and V is voltage) could be used 

to calculate the DC power output of the battery packs (Erjavec & Arias, 2007). For data recorded at 10 

second intervals the assumption was made that the instantaneous current and voltage readings could 

be averaged over the sampling interval. 

 𝑃 = 𝐼 × 𝑉 (17) 

8.4.2 Analysis of Battery Electric Personnel Carrier Data 

For every interval recorded by the on board computers, current and voltage were multiplied. These 

values were then multiplied by the Sampling Interval (SI) over 3600 seconds in order to arrive at Watt-

Hours and then divided again by 1000 in order to arrive at Kilowatt-Hours (as shown in Equation 18). 

Finally, every interval with power to or from the battery pack was summed to arrive at the total power 

consumed over the course of the day. A sample of a simplified CSV data readout can be found in Table 

33. One implication of this analysis is that power returned to the battery pack from regenerative braking 

will act to reduce the total power consumed over the course of the day. 

 kWh = ∑ 𝐼 × 𝑉 × 𝑆𝐼
3600 × 1000⁄  (18) 

Table 33 - Sample data from the logs of a battery electric personnel carrier (from a mine in northern Ontario). 

Vehicle 
On Status 

Pack State 
of Charge 

Odometer 
Pack 
Voltage 

Pack 
Current 

Time and Date 

1 98 402 317 5.5 Wed Feb 11 10:57:38 2015 

1 98 402 317 28.9 Wed Feb 11 10:57:48 2015 

1 98 402 316 12.9 Wed Feb 11 10:57:58 2015 

1 98 402 317 24.6 Wed Feb 11 10:58:08 2015 

1 98 402 317 1.1 Wed Feb 11 10:58:18 2015 

1 98 402 316 1.1 Wed Feb 11 10:58:28 2015 
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Once the kilowatt-hour usage was known for each day, the data was processed in order to determine 

how long the vehicle was in operation on any given day and how far it travelled. The length of time 

operated and distance travelled were important in order to normalize power consumption on a per 

hour, or per kilometer basis. 

In order to determine how long the vehicle was in operation for each day, the number of data points 

where both the Vehicle On Status was equal to 1 and the Pack Current was not equal to zero were 

counted and multiplied by the sampling interval in seconds. These values were then converted to hours. 

In order to determine how far the vehicle had travelled each day, the minimum and maximum odometer 

reading were differenced for each day. 

Once the power consumption, hours, distance and power consumption on a per hour and per km basis 

were known, it could be seen from the summary statistics in Table 34 and the histograms in Figure 29 

and Figure 30 that the data still needed to be cleaned. 

Table 34 - Summary statistics of initial data analysis from a battery electric personnel carrier. Data still needed to be cleaned. 

 kWh/km kWh/hr 

Count 30 33 

Min 0.03  0.32  

Median 1.01  8.58  

Mean 1.03  7.61  

Max 2.19  17.94  

St. Dev. 0.45 4.45 

St. Dev. 44% 58% 

 

Figure 29 - Histogram of uncleaned electric personnel carrier data (kWh/km). 
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Figure 30 - Histogram of uncleaned electric personnel carrier data (kWh/h). 

In order to clean the data, data points with less than 5km of travel per day were dropped due to 

excessive variability in the kWh/km metric. As well, data points which showed small travel distances 

over many hours of use, or large travel distances over only a few hours of use were removed as they 

skewed the kWh/hr metric. Finally, in order to determine what distances per unit time were reasonable, 

the average speed of the vehicle was calculated for each day by dividing travel distance by hours of 

operation. Data points which showed average speeds of less than 5km/hr were dropped as they were 

unrealistic. 

After treating the data as outlined, it was found that the summary statistics and histograms were much 

improved. These can be seen in Table 35, Figure 31 and Figure 32. 

Table 35 - Summary statistics of the cleaned data from the data logger of a battery electric personnel carrier. 

 
kWh/km kWh/hr 

Count 16 16 

Min 0.53  4.53  

Median 0.98  9.17  

Avg. 0.95  9.33  

Max 1.26  14.07  

St. Dev. 0.18 2.33 

St. Dev. 19% 25% 
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Figure 31 – Histogram of cleaned electric personnel carrier data (kWh/km). 

 

Figure 32 - Histogram of cleaned electric personnel carrier data (kWh/h). 
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Using data sets covering the fuel consumption of 134 hp (100 kW) diesel personnel carriers and the 

power consumption of a 150 kW electrically powered personnel carrier, it was possible to determine 

that on average diesel personnel carriers consumed 2.7 L of diesel per operating hour, whereas the 

electrically powered personnel carrier consumed on average 9.3 kW per hour of operation. In contrast 
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diesel powered haul trucks and LHDs consumed 53.9 L and 53.1 L per operating hour respectively. 

Unsurprisingly both pieces of equipment have much higher fuel consumptions. 

Assuming typical heating values for diesel fuel (Section 3.1) and an engine efficiency of ~37% implies an 

approximate energy conversion of 4.0 kWhe for every liter of diesel fuel. From this it is possible to see 

that for every hour of operation, the Toyota Land Cruiser used approximately 10.8kWhe of power which 

is not drastically different from the 9.3 kW of power consumed on average by the electrically powered 

personnel carrier while in operation. In fact, it could be expected that the power consumption of the 

electric personnel should be less due to its regenerative braking system.  Both types of personnel 

carriers consume about 1/20th the power that are required by the much more power hungry haul trucks 

and LHDs. 

From the collected data we can also determine that the diesel personnel carrier had a load factor of 

(10.8kWhe/100kW) approximately 11%, whereas the electric personnel carrier had a load factor of 

(9.3kWh/150kW) approximately 6%; mainly due to the larger motor size of the electric personnel 

carrier. Put differently, the vehicles consumed fuel/power at only a fraction of their maximum capacity. 

The haul trucks and LHDs however operated much closer to their maximum capacities. Haul trucks were 

found to operate at an average Load Factor of approximately 49% and LHDs were found to be the most 

active type of equipment with an average Load Factor of approximately 66%. 

It can also  be calculated that at a $0.80/L cost for diesel fuel and a $0.07/kWh cost for grid power, the 

diesel personnel carrier will cost $2.16 in fuel per hour of operation and the electric personnel carrier 

will only cost $0.65 in power per hour of operation. The cost for powering the electric personnel carrier 

in this case is only 30% of the cost to fuel the diesel personnel carrier. Even at a $0.7/L cost for diesel, 

powering the electric personnel carrier is only 34% as costly as fueling the diesel personnel carrier. 
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9.0 Model for Evaluating the Economics of Electric Mining Equipment 
To evaluate how the implementation of electric or diesel mining equipment would affect the operating 

costs of a mine, it is necessary to consider which aspects of the operation drive costs and how these are 

affected by each technology. Taking into account what was discussed in Sections 3 through 5 about the 

cost and operating differences between electric motors and diesel engines, including how they are 

regulated and the amount of heat they emit, it can be said that there are 5 main cost drivers that would 

be impacted by transitioning from diesel to electric mining equipment. These include: 

 The power consumption of auxiliary fans 

 The power consumption of the main fans 

 Conditioning of the mine air (heating and cooling) 

 Diesel fuel consumption and  

 Development costs (both drift cross sectional area and ventilation infrastructure) 

In order to demonstrate which aspects of a mining operation factor into the main cost drivers listed 

above, and also to show how these factors relate to one another, a cost driver model was built and can 

be found in Figure 33. Put another way, the cost driver model is a map of how the mine design process 

governs the scale of both the input factors and the main cost drivers themselves. 

 

Figure 33 – A model of the cost drivers which would be affected by electric mining equipment. 
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In the model the main cost drivers are coloured deep blue, and their direct inputs are coloured light blue 

for easy identification. Four of the five main cost drivers are related to energy use and also directly 

contribute to the production of CO2 (coloured grey in the model). 

It is important to note that the main focus of the cost driver model is on how each technology affects 

operating costs. This is because, in theory, capital costs for electric mining equipment will be higher than 

for their diesel alternatives. Therefore a robust estimate of operating costs is necessary to show that 

higher capital costs are justified and what return can be expected on the additional capital. If, on the 

other hand, electric mining equipment and its support infrastructure turn out to cost less than diesel 

mining equipment, then given lower operating costs the case to switch will be made that much easier. 

9.1 The Impact of the Mine Design Process in the Cost Driver Model 
The cost driver model (Figure 33) starts in the top left hand corner at the beginning of the mine design 

process and ends in the bottom right corner with the main cost drivers being identified earlier. 

In the first stages of the mine design process, the mining method and ore body need to be defined using 

the resource information which is obtained during the geological exploration of the deposit. Mining 

methods will take into account the geology of the deposit, the geometry of the deposit, the competency 

of the rock mass and how to maximize the value returned to the owner. This is a dynamic process as 

different mining methods and strategies can change how much of the resource can be classified as ore. 

The double arrows between these two steps of the process in Figure 33 are meant to show the 

interdependent relationship between the mining method and the ore body. 

During these early stages of the design process, the approximate location, size and shape of each stope 

are delineated in order to define the economic ore body. This process of identifying the dimensions of 

stoping areas and their relation to one another is a critical step in the design process for two reasons.  

First, having multiple ore zones/bodies and sill pillars allows for production from several fronts at the 

same time (Number of Producing Fronts) and the ultimate productivity of the deposit (Production Rate) 

is based on how many stopes can be mined simultaneously. Second, the physical dimensions of each 

stope will allow estimates to be made about what size of LHD (LHD Selection) is able to fit in the draw 

point and also handle the planned tonnage (Stope Productivity). LHD selection and stope productivity 

are also interdependent design parameters. 

The mining method and ore body geometry also determine what development and mine infrastructure 

are required before production begins for accessing ore zones (e.g. ramps, shafts) and how many 

development meters need to be completed annually in order to operate the mine long term (e.g. sub-

levels, ventilation). In many cases creating mine infrastructure necessitates development (e.g. sumps, 

sub-stations) and development requires mine infrastructure (e.g. ramps, ventilation, power takeoffs). 

Additionally, a target production rate can help determine how much sub-level development needs to 

happen ahead of time to bring stopes online in the future, and the actual sub-level development itself 

(which can take place in ore) directly contributes to daily production tonnes. 
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9.2 The Impact of Haul Truck & LHD Selection on Development and Ventilation 
The portion of the cost driver model relating to LHD and haul truck selection has been isolated and 

simplified in Figure 34. As can be seen in the figure, LHD and haul truck selection ultimately impact two 

of the five main cost drivers. 

 

Figure 34 – A simplified model outlining how equipment size, level layout and the number of active levels determine both 
the size of underground drifts and auxiliary fan power consumption. 

The simplified model begins on the left side with LHD selection, which is based on estimates of the 

productivity of the stope and the size and layout of the draw point. Using the capacity of the selected 

LHD, a complimentary haul truck can be found by using the rule of thumb that their box should be filled 

in about 3 passes. However, the size and speed of the haul truck must also ensure that the haulage fleet 

can meet the production target with a reasonable number of trucks. As discussed in Section 5.2, once a 

haul truck is selected its dimensions will be a direct input into the cross sectional area of the drift, one of 

the main cost drivers. 

As discussed in Section 3.3 (Ontario airflow regulations), airflow requirements are determined by what 

equipment is operating on a level. Although many types of equipment can operate concurrently on a 

level, it can be assumed that the scenario which requires the most air will occur when one LHD is loading 

one haul truck. Given this assumption, by selecting a haul truck and LHD combination, the peak airflow 

requirements for a level are also effectively fixed based on their engine sizes. Alternatively, in a lower 

airflow scenario, only enough air to operate an LHD (e.g. when mucking a stope) or haul truck (e.g. when 

loading a haul truck using shut-off procedures) may be required. In any case, the relationship between 

the size of the haul truck and/or LHD engine(s) and the level airflow has been captured in Figure 34. 

It can also be stated that auxiliary fans typically operate within a limited range of total head pressures. 

By assuming that this range is approximately between 1.6 kPa (6.5”) and 2.9 kPa (11.5”), it is possible to 

show that given a fixed airflow there will be only one or two suitable diameters of ventilation duct able 

to deliver that airflow (Table 36). 
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Table 36 – How vent tube diameter depends on airflow volumes and manageable fan pressures. Pressures between 1.6 kPa 
and 2.9 kPa have been highlighted green. 

Duct Size (in) 36 48 54 60 72 

Fan Size (in) 36 36 48 48 54 48 54 54 
  

        

Flow (m3/s) HT (kPa) HT (kPa) HT (kPa) HT (kPa) HT (kPa) 

15 2.8 1.0 0.8 0.6 0.5 0.4 0.4 0.3 

20 4.8 1.7 1.3 0.9 0.8 0.7 0.6 0.4 

25 7.5 2.6 2.0 1.3 1.2 1.0 0.9 0.5 

30 10.7 3.8 2.8 1.8 1.7 1.3 1.2 0.7 

35 14.5 5.1 3.8 2.5 2.3 1.8 1.6 0.9 

40 18.9 6.6 4.9 3.2 2.9 2.3 2.0 1.2 

45 23.9 8.3 6.2 4.0 3.6 2.8 2.5 1.5 

50 29.5 10.2 7.7 4.9 4.5 3.5 3.0 1.8 

55 35.6 12.3 9.2 5.9 5.4 4.2 3.6 2.1 

60 42.4 14.7 11.0 7.0 6.4 5.0 4.3 2.5 

65 49.7 17.2 12.9 8.2 7.5 5.8 5.0 2.9 

70 57.7 19.9 14.9 9.5 8.6 6.7 5.8 3.4 

75 66.2 22.8 17.1 10.9 9.9 7.7 6.7 3.8 

Although one of the most important parts of the pressure-flow relationship depends on the airflow in 

the tubing, the pressure is also related to the length of tubing, its friction factor and any bends which 

might increase resistance. This can be seen in Equation 19 which describes the static pressure loss in an 

airway where: 

 K is a friction factor determined empirically 

 P is the perimeter of the airway 

 L is the length of the airway 

 Q is the flow through the airway and 

 A is the cross sectional area of the airway 

 
𝐻𝑠 =

𝐾𝑃𝐿𝑄2

𝐴3
 

(19) 

The relationship described by Equation 19 explains why the length and layout of the level as well as the 

level airflow requirements help to determine the appropriate type of ventilation tube and its diameter. 

Once the dimensions of the haul truck and the diameter of the ventilation tubing can be worked out, 

then the dimensions of a typical drift can also be specified. 

Finally, by making general assumptions about the length, type and arrangement of the ventilation 

tubing, this allows the diameter and power of the auxiliary fan to be specified. And once it is known, the 

nameplate power (and power draw) of the auxiliary fan becomes a direct input into how much power is 

consumed by the auxiliary ventilation system, which is one of the main cost drivers. The last direct input 

is an estimate of how many levels, or fan installations, might be active at any given time underground. 
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9.3 The Impact of the Operation and Equipment on Fleet Size and Fuel Use 
As can be seen in the main cost driver model (Figure 33), the equipment fleet of an underground 

operation is broken into 3 categories: 

 Production Haul Trucks 

 Production LHDs and 

 Non-Production Equipment 

In this characterization, only the haul trucks and LHDs needed directly for production tonnes are 

considered production equipment. Non-Production equipment includes all other pieces of equipment 

used underground, including LHDs and haul trucks which might be required for development, backfilling 

and mine services/infrastructure. 

The portion of the cost driver model which deals with fuel consumption and its production and non-

production inputs has been isolated and reorganized as can be seen in Figure 35. 

 

Figure 35 – How the operational aspects of a mine affect fleet size, composition and fuel consumption. 

Although the bulk of ventilation and fuel consumption underground can be attributed to LHD and haul 

truck activity (Sections 5.3 and 8), it makes more sense to organize the cost driver model as it is seen in 

Figure 35 than to lump all LHDs and haul trucks together, because the model reflects how mining 

activities govern the size of the fleet and how equipment fleets are estimated at the mine design stage. 

Starting at the top left of Figure 35, once a haul truck is selected, the size of its engine and its box size 

will be largely determined, although there could still be some variability between options. Based on 

these parameters (i.e. how much material it can handle and how quickly it can move up ramp) and the 

geometry of the ore body, an average cycle time can be estimated for a single haul truck. Given the 

length of a shift and the time it takes to complete one cycle, the productivity of a truck can be 

determined. Finally, the size of the haulage fleet can be calculated by dividing the production target by 

the productivity of a single truck. 
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In the case of production LHDs, their bucket capacities should be based on the size of the draw point 

and how much material the operation needs to move in a day. Assuming the size of the bucket has 

already been chosen to maximize stope productivity, then the number of production LHDs required for 

an operation will be based on the number of available stoping fronts (Figure 33 and Figure 35). Given a 

narrow ore body, if the number of LHDs is mismatched with the production target, then likely more 

stoping fronts are necessary, as opposed to a different size of LHD. 

Finally, for non-production equipment, the majority of ventilation and fuel consumption will again be 

dominated by haul trucks and LHDs. In this case, enough LHDs will be required in order to muck the 

number of development rounds taken every shift. Furthermore, enough haul trucks will be required to 

handle whatever waste is produced by development activities. Depending on the operation, if some of 

the development waste can be interred in open stopes, then fewer haul trucks will be required to move 

development waste. This process itself however, may increase the required number of non-production 

LHDs. In some cases non-production LHDs will also be required for support activities like moving 

materials, towing equipment and mucking sumps. 

Following non-production LHDs and haul trucks, the largest consumer of fuel will be personnel carriers, 

followed by all the other development and support equipment, such as drill jumbos, ANFO loaders, rock 

bolters, scissor lifts, block holers, boom trucks, etc. 

9.4 Main Fan Power Consumption and Air Heating/Cooling 
The two remaining cost drivers in the cost driver model are power consumption by the main ventilation 

fans and conditioning of the mine air by refrigeration plants or propane burners. For both main cost 

drivers, the only direct input that determines how much they cost an operating mine is the volume of 

airflow through the main ventilation circuit (and how much resistance the circuit develops). The portion 

of the cost driver model relating specifically to these cost drivers can be found in Figure 36. 

 

Figure 36 – How the mine’s airflow requirements and the resistance of the ventilation network determine costs relating to 
the power consumption of the main fans and air heating/cooling. 
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As was discussed in Section 5.1, the power consumed by the main fans is directly related to the volume 

of air that they move and the total pressure at which they operate, which itself results from the 

resistance of the ventilation system. Similarly, the amount of power or heat energy that will be required 

to condition the air will be directly related to the volume of air that needs to be conditioned. 

In either case the volume of air required for an underground mine is based on the total brake power of 

the diesel equipment fleet (made up of production haul trucks, production LHDs and non-production 

equipment) in operation underground, and the design of the mine’s infrastructure will determine the 

resistance of the ventilation network. 
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10.0 Economic Evaluation of Implementing Electric Equipment at a New 

Underground Mine 

10.1 Introduction 
In order to evaluate how a project’s economics would be affected by all of the factors relating to electric 

mining equipment, including energy use, infrastructure and equipment costs, an excel model was built 

so that key inputs could be varied and several scenarios could be assessed. These key inputs used in the 

model are discussed in Sections 10.3 through 10.7.  

Key inputs to the model were taken from parameters discussed throughout this thesis which are largely 

based on data from real-world operations. As much as possible real data are used as a guide so that the 

output from the model reflects the economics of electric mining equipment as accurately as possible. 

10.2 Configurations Tested Using the Model 
Using the model framework from Section 9 and the inputs and schedules outlined in Sections 10.3 

through 10.7, twelve scenarios were formulated to assess and compare different economic outcomes 

that could result from implementing electric equipment. These scenarios mostly considered different 

levels of implementation and different claims about the expected life cycle costs of the equipment. 

The twelve scenarios considered were divided into two sets of six. The first six did not consider costs to 

rebuild and replace equipment on a regular basis, whereas the next six scenarios did (to be discussed in 

more detail later).  In Cases 1, 2, 7 and 8 it was also assumed that diesel haul trucks and LHDs were out-

fitted with diesel particulate filters (DPFs) at a cost of $30,000 and a replacement schedule of 1.5 years 

(based on operational data) to ensure a fair comparison between the diesel and electric equipment. 

Table 37 summarizes what cost and equipment configurations were considered in each scenario. 

Table 37 – A summary of what equipment configurations and costs are evaluated in each Case of the model. 

  

Type of equipment used in each case 
(D = diesel, B = battery, T = trolley/tether)   

Maintenance cost factor 
for BE equipment   

Additional equipment 
costs included 

Heading 
Haul 

Trucks 
LHDs 

Person. 
Carrier 

Support 
Equip.   

25 % 
higher 

Equal 
30 % 
lower   

Cost of Equip. 
Rebuild/Replace 

Cost of 
DPFs 

Case 1 D D D D   - - -   No Yes 

Case 2 T D B D   - - -   No Yes 

Case 3 T T B D   - - -   No - 

Case 4 B B B D   Yes - -   No - 

Case 5 B B B D   - Yes -   No - 

Case 6 B B B D   - - Yes   No - 
                        

Case 7 D D D D   - - -   Yes Yes 

Case 8 T D B D   - - -   Yes Yes 

Case 9 T T B D   - - -   Yes - 

Case 10 B B B D   Yes - -   Yes - 

Case 11 B B B D   - Yes -   Yes - 

Case 12 B B B D   - - Yes   Yes - 
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Cases 1 and 7 are meant to represent the status quo and therefore only calculate the costs associated 

with diesel equipment fleets. They are the base case scenarios in each set of six and subsequent 

scenarios are compared against them to evaluate how costs differ from the status quo. 

The next scenario (Case 2 in the first set and Case 8 in the second set) considers only a partial shift to 

electric equipment based on available technologies; trolley-electric haul trucks and battery-electric 

personnel carriers. However, diesel LHDs are not replaced. A partial shift to electric equipment in this 

case is a useful scenario to evaluate due to the uncertainty that tethered eLHDs can provide a 

completely effective alternative to diesels. A more complete shift to electric equipment may not be 

possible with existing technology, and so the economics of Case 2 (and 8) will demonstrate if a partial 

shift to electric equipment is worthwhile. 

The outcome of Case 2 (and 8) can also be compared with Case 3 (and 9) which is the same scenario, 

except it also replaces diesel LHDs with tethered eLHDs. This allows the economics of a full shift to 

electric equipment to be evaluated, and also demonstrates how much value is added by electric LHDs. 

The remaining scenarios (Cases 4 to 6 in the first set and 10 to 12 in the second set) model the 

economics of replacing diesel haul trucks, personnel carriers and LHDs with battery-electric equipment. 

All three scenarios assume 25% higher capital costs for battery-electric haul trucks and LHDs, but each 

scenario makes a different assumption about the cost of maintaining the equipment. The first assumes 

maintenance costs are 25% higher (in line with the higher capital cost), the second assumes 

maintenance costs are equal, and the third assumes they are 30% lower. The last scenario reflects the 

expectation of manufacturers that maintenance for battery-electric equipment will cost significantly less 

than maintenance for diesel equipment. 

If large battery-electric equipment proves to be a reliable alternative to diesels in the future, these last 

three scenarios demonstrate the potential for savings given an almost complete shift to battery-electric 

equipment. These scenarios also demonstrate that trolley-electric haul trucks and tethered eLHDs are 

somewhat limited technologies in comparison. 

10.3 Operating Constants in the Model 

10.3.1 General Mine Parameters 

To start, the most basic aspects of a hypothetical mining operation were outlined based on the 

production and material movement characteristics of an existing mine (Table 38). Although the chosen 

parameters (e.g. level spacing, ramp grade) are based on an existing mine, they also could be considered 

generally representative of any long-hole stoping operation.  

The mine will technically operate for 24 hours a day on two 12 hour shifts, however, for equipment 

utilization purposes the effective length of each shift is assumed to be only 9 hours. As well, 

development will be measured in linear meters of advance in order to help support a simple ramp-up 

schedule (to be discussed in more detail later). However, linear development meters will also be 
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adjusted according to an Ancillary Development Factor in order to more accurately reflect the amount of 

waste tonnes needed to be moved each year. 

Table 38 – Basic parameters of the hypothetical operation used to evaluate electric equipment. 

Parameter Value Unit 

Operating Days per Year 350 days 

Operating Hours per Day 18 h 

Level Spacing 25  m 

Average Ramp Grade 13 % 

Ancillary Development Factor 1.3 - 

Total Waste at full production 425,000 tpa 

Total Ore at full production 850,000 tpa 

Annual Production 200,000 oz 

10.3.2 Discount Rate, Energy Use, CO2 Emissions and Equipment Clearances 

Other general parameters important to the model can be found in Table 39. These include the cost of 

capital used to discount future cash flows, the amount of useable power available in 1 liter of diesel fuel 

and how many liters of propane are required to heat 1 cubic meter of intake air per second over the 

course of the year. 

Table 39 – Additional parameters governing the hypothetical operation used to evaluate electric equipment. 

Parameter Value Unit 

Cost of Capital 8.0 % 

Usable Power per Liter of Diesel Fuel 4.0  kWhe/L 

Annual liters of propane per m
3
 of air per second 9,850 L/m

3
/s 

Battery Charger Efficiency 85 % 

eEquipment Power Regen 20 % 

CO2 Emissions per Liter of Diesel Burned 0.0026
9 

t 

CO2 Emissions per Liter of Propane Burned 0.0015
1 

t 

CO2 Emissions per MWh of Electricity (Ontario) 0.041 t 

Horizontal Clearance 2.0 m 

Vertical Clearance 1.0 m 

EMT50 Power per Day 2,539 kWh 

EMT50 Diesel per Day 50 L 

 Table 39 also includes the assumed efficiency of charging battery powered equipment, a conservative 

assumption of how much power they can regenerate while operating, CO2 emissions factors for 

different energy sources (Greenhouse Gas Protocol, 2014) (US EIA, 2011) (Environment and Climate 

Change Canada, 2016), clearance requirements for underground equipment (Section 5.5) and the 

energy consumption of trolley-electric haul trucks. The diesel portion of which is based on a 

conservative calculation made using information provided by the manufacturer, and the electric portion 

being a back calculation from the model. This calculation assumed that the total energy used by the 

trolley-electric truck fleet was equal to the total energy used by the diesel haul truck fleet. In fact, in the 
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Excel model all energy calculations assume diesel and electric equipment consume the same amount of 

power in their direct operation, in accordance with the work/power assumptions made in Section 3.2. 

10.3.3 Equipment Utilization, Ventilation Requirements and Energy 

Consumption 
Important equipment operating parameters (presented in Section 5 and 8) are listed in Table 40. 

Included are equipment utilization rates and the proportion of the ventilation system required for each 

equipment category. 

Table 40 – Model assumptions for equipment utilization, vent requirements, engine load factors and fuel consumption. 

Equipment Type 
Equipment 
Utilization 

Percent of 
Vent System 

Engine/Motor 
Load Factor 

Percent of Fleet 
Fuel Consumption 

Unit 

Diesel Personnel Carriers 45% 20% 10% 5% % 

AD45B Haul Truck Engine 65% 40% 50% 45% % 

LHD Engine 50% 25% 65% 36% % 

SSS-Equipment Engines 15% 5% 30% 3% % 

OS-Equipment Engines 30% 10% 50% 11% % 

      
Electric Personnel Carrier 45% - 6% - % 

EMT50 Engine 25% - 75% - % 

The percentage of the ventilation system dedicated to each category is important, as this breakdown 

will be used to calculate how many kilowatts of utilized engine power are in operation for each 

equipment category based on the number of haul trucks in operation each year. The utilized engine 

power of each category can then be used to back calculate the number of units in operation, as well as 

how much fuel is being consumed by each category when combined with the appropriate load factor. 

Also apparent in Table 40 is the fact that the equipment fleet has been grouped into five main 

equipment categories. The three main categories are obvious as they are the heaviest users of the 

ventilation system identified in Section 5.3: personnel carriers, haul trucks and LHDs. The next two 

categories are SSS-Equipment and OS-Equipment, which are Semi-Stationary Support Equipment and 

Other Support Equipment respectively. The purpose of these categories is to identify what types of 

support equipment could be most easily converted to battery-electric alternatives as discussed in 

Section 5.5. Accordingly, SSS-Equipment includes drill jumbos, rock bolters and ANFO loaders; whereas 

OS-Equipment includes boom trucks, block holers, scissor lifts and other less common support 

equipment. 

Although the load factors for the three main equipment categories (personnel carriers, haul trucks and 

LHDs) were measured at an operating mine (Section 8), load factors for the SSS-Equipment, OS-

Equipment and EMT50 engine are simply conservative estimates. 

For example, consider that haul trucks and LHDs (with load factors of 50% and 65% respectively) spend 

most of their time moving and digging heavy material. Therefore a reasonable estimate for the average 

load factor of SSS-Equipment, which mostly use their engines for vehicle travel, could be 30%. Similarly, 
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it could be assumed that OS-Equipment (which are more active) at worst have an engine load factor of 

50% (similar to a haul truck). 

10.4 Costs in the Model 

10.4.1 Cash Costs, All In Sustaining Costs and Consumables 

Based on cost data from an operational mine in northern Ontario, cash costs, all-in-sustaining-costs, and 

development costs can be estimated as seen in Table 41. Also based on operational data from the last 

three years (2013-15) at the same mine, estimates for the cost of diesel fuel, propane and electricity are 

listed in the same table. Propane and electricity costs are an average cost for all three years, whereas 

diesel fuel and development costs are based on 2015 actual costs. Fuel costs reflect the recent weakness 

in oil prices and development costs reflect a lower Canadian dollar. For all intents and purposes all costs 

used in the model (not only those listed here) can be considered to be valued in 2015 Canadian dollars. 

Table 41 – Operational cost assumptions. 

Parameter Value Unit 

Cash Costs 550 $/oz 

All in Sustaining Costs 750 $/oz 
   

Development 130 $/m3 

Base Diesel Fuel 0.75 $/L 

Base Power 0.07 $/kWh 

Base Propane 0.50 $/L 

10.4.2 Equipment Capital and Operating Costs (Excluding Fuel and Labour) 

Capital cost estimates for mining equipment, as discussed in Section 6, can be found in Table 42. 

However, the premium for battery-electric equipment is just an estimate. It was chosen based on the 

cost premium of the 3.06 m3 (4 yd3) battery-electric LHD discussed in Section 6 (~30%), but was reduced 

slightly to also take into account that battery-electric and diesel personnel carriers have the same price. 

Once they are regularly available, perhaps the premium for BE-equipment will be somewhere between 

zero and 30%. Equipment operating and maintenance costs (excluding fuel and labour) as discussed in 

Section 6 can be found in Table 43. 

Table 42 – Capital cost estimates for mining equipment. 

Equipment Type Capital Cost x Value Unit 

Diesel LHD 0.126x + 0.1948 Bucket size (yd3) $M 

Electric LHD 0.1464x + 0.2278 Bucket size (yd3) $M 

Diesel Haul Truck 0.0024x + 0.0154 Engine Size (hp) $M 

EMT50 3.59 - $M 

Trolley Line 1,800 - $/m 

Diesel Personnel Carrier 0.16 - $M 

Electric Personnel Carrier 0.16 - $M 

Premium for battery-
electric equipment 

1.25x Cost of diesel unit $M 
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Table 43 – Equipment operating and maintenance cost assumptions (excluding fuel and labour). 

Equipment Type Non-Fuel Operating Costs x Value Unit 

Diesel LHD 0.60x Capital Cost of Unit $M 

Electric LHD 0.60x Capital Cost of Unit $M 

Diesel Haul Truck 0.35x Capital Cost of Unit $M 

EMT50 0.26x Capital Cost of Unit $M 

Diesel Personnel Carrier 0.37x Capital Cost of Unit $M 

Electric Personnel Carrier 0.26x Capital Cost of Unit $M 

10.4.3 Ventilation Infrastructure Costs 

The cost of fan houses (including burners) and ventilation raises can be found in Table 44. Fan house 

costs are entirely estimated and were meant to be much more conservative than they are necessarily 

accurate. Although the costs are baseless, they are meant to demonstrate to a small degree some 

capital savings which would be realized by implementing electric equipment. Either way, they should 

not have an outsized impact on the final results of the evaluation. Alternatively, ventilation raise costs 

are based on relatively recent raisebore contracts from a mine in northern Ontario and should 

accurately represent boring and mobilization costs for each size of raise. 

Table 44 – The cost of the fan houses (including burners) and vent raises assumed for the model. 

Component of Vent System Value Unit 

Low flow fan house & burners 2.0 $M 

Medium flow fan house & burners 2.5 $M 

High flow fan house & burners 5.0 $M 
   

3m Ø 200 meter long raise 4,000 $/m 

3m Ø 350 meter long raise 3,000 $/m 

5m Ø 350 meter long raise 3,600 $/m 

The cost of auxiliary fans and motors according to Mining Cost Service 2014 are shown in Table 45. The 

costs seem higher than expected, but imprecise fan costs will not have a large impact on the model. 

Table 45 – Fan and fan motor costs (InfoMine USA, 2014). 

Fan Size Cost  Motor Size Cost 

48” $ 15,000  40/50 hp $ 10,000 

54” $ 30,000  150 hp $ 14,000 

60” $ 112,000  200 hp $ 17,000 

84” $ 145,000  250 hp $ 17,000 

   1,000 hp $ 68,000 

10.5 Annual Development and Ramp-Up Schedule 
In order to estimate development requirements and a schedule for mine production, it was assumed 

that stoping would begin roughly at 300L (300 meters below surface) and that a certain amount of 

development and infrastructure would need to be in place before production could begin. This 

development and ramp-up schedule can be found in Table 46 and the assumptions used to estimate 

these annual development requirements are discussed below. 
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Development was assumed to progress at about 2.9 m/day (1,000 linear meters per year) until the ramp 

reached roughly 300L and then progress at about 600 linear meters a year thereafter. After reaching 

300L toward the end of year 3, the mine ramps-up to half of its full production target in year 4, followed 

by full production in year 5. While transitioning to full production through years 2 to 4, level 

development ramps-up to 3,300 linear meters per year which is equivalent to about 3 full levels based 

on the general level layout shown in Figure 37. This amount of annual level development is required in 

order to access sufficient ore to maintain the annual production rate. 

Table 46 – Development and production ramp-up schedule. 

  Year 1 Year 2 Year 3 Year 4 Yrs 5 to 10 Unit 

       Main Ramp             

Daily Linear Advance 2.9 2.9 2.0 1.7 1.7 m/day 

Total Linear Advance 1,000 1,000 700 600 600 m 

Depth  130 260 351 429 507 m 

              
Other Linear Advance             

Exploration Drifts - - - - 315 m 

Miscellaneous - - - - 400 m 

Levels - 1,100 2,400 3,000 3,300 m 

              
Sub Totals             

Total Linear Advance 1,000 2,100 3,100 3,600 4,615 m 

Ancillary Development 300 630 930 1,080 1,385 m 

       Total             

Equivalent Meters 1,300 2,730 4,030 4,680 6,000 m 

Daily Advance 3.7 7.8 11.5 13.4 17.1 m/day 

              
Material Movement             

Waste Tonnes 92 193 285 332 425 ktpa 

Ore Tonnes - - - 425 850 ktpa 

Total 92 193 285 757 1,275 ktpa 

              
Haulage Parameters             

Avg. U/G Haul Distance 0.5 1.6 2.3 2.3 2.3 km 

Surface Haul Distance 1.0 1.0 1.0 1.0 1.0 km 

Total Avg. Haul Distance 1.5 2.6 3.3 3.3 3.3 km 

Kilo-Tonne-Kilometers 138 650 1,350 2,498 4,208 kt∙km 

 

 

Figure 37 - Typical level layout. All development including the oresills, bypasses, cross-cuts and access totals 1,100 m. 
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Once reaching full production, in addition to level and ramp development, there will also be annual 

requirements for exploration drifting and miscellaneous development. As well, all linear meters will be 

factored by 1.3 to account for infrastructure not reflected in linear advance meters (e.g. sumps, re-

mucks, loading areas, electrical subs., etc.). After accounting for all development activities, including 

ancillary development, annual development will total 6,000 m each year. 

Finally, by assuming that waste tonnes generated are proportional to the number of meters completed 

each year, then an annual haulage profile can be estimated for the ramp up period. By also assuming 

that the average haul distance is related to the depth of the main ramp in addition to a 1 km surface 

haul, then haulage distances can be estimated for each year of the ramp up period. Together, the 

tonnes and haulage distances can be used to calculate the number of tonne-kilometers that a haulage 

fleet will need to achieve in order to meet development and production targets. 

10.6 Equipment Size, Equipment Power and Development Costs 

10.6.1 Fleet Size and Power Consumption 

For this economic evaluation some of the largest available underground equipment units will be 

considered as they are perceived to be common to hard-rock mines located in the Canadian Shield. For 

the diesel base case scenario, the equipment listed in Table 47 will be considered. 

Table 47 – Main equipment types and their engine sizes used in the model. 

Equipment Type Engine Size 

45t diesel haul truck 440 kW (590 hp) 

10yd diesel LHD 321 kW (430 hp) 

Diesel personnel carrier 97 kW (130 hp) 

Given the size of the diesel haul truck used in this evaluation, a productivity rate of 90 t∙km/h (based on 

operational data from a mine in northern Ontario) will be assumed in order to calculate the number of 

trucks in the haulage fleet. Once the diesel haulage fleet has been estimated, a productivity factor of 

1.425 (based on the truck productivities shown in Table 24 (Section 6.6) but adjusted to account for 45t 

haul trucks) will be used to estimate an equivalent number of trolley-electric haul trucks for those 

scenarios where they are used. 

Once the number of trucks in operation has been calculated, their engine size and utilization will be 

used to determine their airflow requirements as per Ontario regulations. Then, using the percentages of 

the ventilation system listed in Table 40, airflow requirements for the other categories of the equipment 

fleet will be estimated. Because airflow requirements are based on utilized engine power, the airflow 

requirements for the other categories of equipment in the fleet can also be used to estimate how many 

pieces of equipment in each category are in operation (by dividing utilized engine power by utilization 

and engine power).  
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Based on the haul truck productivities and the equipment estimation methodology described above, the 

number of haul trucks, LHDs and personnel carriers in operation each year and the total amount of 

airflow required for the mining operation can be found in Table 48.  

Table 48 - Assumptions for fleet size and vent system requirements used in the model. 

Equipment Type Year 1 Year 2 Year 3 Year 4 Yrs 5 to 10 Units 

45t diesel/battery haul trucks 1 2 3 5 8 No. 

Total Mine Airflow 41 85 126 218 344 m3/s 

Diesel/tethered/battery LHDs 1 2 3 6 9 No. 

Diesel/battery personnel carriers 3 7 10 16 26 No. 
       

50t trolley-electric haul trucks 1 2 3 4 6 No. 

Finally, the airflow requirements can also be used to estimate the amount of fuel required for 

equipment operation by multiplying the utilized engine power of each equipment type by their 

respective load factor and then accounting for annual operating hours and factoring in how much power 

can be produced by one liter of diesel fuel (Table 39). As stated earlier, the direct power consumption of 

electric equipment in the model will equal the power consumption of the diesel equipment it replaces. 

However, the direct power consumption of electric equipment will then be adjusted to account for 

charging loses and regenerative braking. 

10.6.2 Development Costs 

Drift dimensions and therefore development costs ($130/m3) will depend on the scenario and the 

equipment dimensions seen in Table 49. For diesel equipment, the largest dimensions are the height of 

the 45t haul truck (3.7 m) and the width of the 7.65 m3 (10 yd3) LHD (3.2 m). The same dimensions are 

also assumed for battery-electric haul trucks and LHDs. For trolley-electric haul trucks the height and 

width are both 3.7 m, which implies a wider drift will be necessary in comparison to a scenario with only 

diesel equipment. However, there are no dimensions for a tethered LHD as none exists at the necessary 

size; only 5.35 m3 (7 yd3) and 9.94 m3 (13 yd3) tethered LHDs exist. But, considering the 9.94 m3 (13 yd3) 

LHD is 3.9 m wide, it will be assumed that a 7.65 m3 (10 yd3) tethered LHD would be narrower than the 

50t trolley-electric haul truck and therefore in scenarios with tethered LHDs and trolley-electric haul 

trucks drift dimensions can be based solely on the trolley-electric haul truck. 

Table 49 – Equipment dimensions assumed in the model. 

Equipment Type Equipment 
Height 

Equipment 
Width 

Diesel & battery-electric haul truck 3.7 m 3.0 m 

Diesel & battery-electric LHD 2.9 m 3.2 m 

Trolley-electric haul truck 3.7 m 3.7 m 

Tethered LHD n/a n/a 
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10.7 Ventilation System, Fan Schedule and Fan Power in the Model 
A generalized schematic of the ventilation system showing the main ramp and the two intake ventilation 

raises used in the model can be seen in Figure 38. All development taking place beyond the main system 

established by the raises will rely on fans in the main ramp to extend fresh air to where it is required. 

 

Figure 38 - Long section view of main ramp system and 200L and 350L vent raises. 

10.7.1 General Ventilation Parameters 

All friction factors, shock loss factors and equivalent length resistances can be found in Table 50; 

because the ramp system in the mine is not a continuous spiral, but has long straight sections, the ramp 

and level composite factor will be used when calculating the static pressure loss of the main system. 

Table 50 – Friction and shock loss factors used in the model (Prosser & Wallace, 1999) (Workplace Safety North, 2013). 

Type of 
Airway 

Friction 
Factor 

Unit 
 Source of 

Resistance 
Shock Loss Factor or 

Equivalent Length 
Unit 

Raise 0.00557 N∙s
2
/m

4
  Inlet Screen 0.014 - 

Ramp 0.01300 N∙s
2
/m

4
  Inlet Bell 0.06 - 

Level 0.01021 N∙s
2
/m

4
  Silencers 125 Pa 

Ramp + Level 0.01114 N∙s
2
/m

4
  Couplings 1.8 m/joint 

Steel Duct 0.00278 N∙s
2
/m

4
  90° Elbow 0.22 - 

Lay Flat Duct 0.00464 N∙s
2
/m

4
  Exit Loss 1 - 

The parameters governing the operation of the fans in the underground ventilation system can be found 

in Table 51.  

Table 51 – Parameters governing the operation of ventilation fans, and the rates of airflow supplied to equipment. 

Parameter Value Unit 

Fan Hours per Day 24 h 

Main Fan Utilization 100% % 

Ramp Fan Utilization 95% % 

Level Fan Utilization in Years 1 to 4 80% % 

Level Fan Utilization in Years 5 to 10 65% % 

Airflow per kW of Consumed Diesel Power 0.075 m
3
/s per kW 

Airflow per kW of Utilized Nameplate Diesel Power 0.060 m
3
/s per kW 

Airflow per kW of Utilized Motor Load 0.030 m
3
/s per kW 
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Unlike equipment, fans can operate up to 24 hours each day. Main fans are assumed to run 

continuously, ramp fans run most of the day and level fan utilization is based on operational data. 

Airflow rates applied to different scenarios are the same as those discussed in Sections 4 and 5. The 

schedule detailing fan purchases and how many are operating each year can be found in Table 52. 

Table 52 – Fan purchasing and operating schedule. 

 Year 1 Year 2 Year 3 Year 4 Yrs 5 to 10 Unit 

Ramp Fans: purchasing  2 4 - - - No. 

Ramp Fans: operating 1.33 4.00 3.33 3.00 3.00 No. 
       

Level Fans: purchasing - 12 5 15 14 No. 

Level Fans: operating - 12 17 32 46 No. 
       

200L Raise expenditure - 0.8 - - - $M 

200L Fan house expenditure - 2.0 - - - $M 

200L Fans: purchasing - 2 - - - No. 

200L Fans: operating - 0.67 2.00 0.67 - No. 
       

350L Raise expenditure - - - 1.3 - $M 

350L Fan house expenditure - - - 5.0 - $M 

350L Fans: purchasing - - - 2 - No. 

350L Fans: operating - - - 1.33 2.00 No. 

As can be seen, a raise at the 200L is required to increase the total mine airflow towards the end of Year 

2 and to reduce the number of ramp fans. Similarly, before the mine reaches full production a raise at 

350L, which will replace the 200L raise, is required to supply the total mine airflow outlined in Table 48. 

In order to avoid overestimating power requirements for ramp fans, the number operating were 

estimated for each 4 month period, and averaged over the year. This is why, for example, 3.33 fans can 

be in operation for the year. Until Year 5, additional level fans are required each year as more 

development faces are opened up. Each level could require 1 to 4 fans depending on the number of 

active headings. 

10.7.2 Base Case (All Diesel Equipment) Fan Selection 

The size and airflow delivered by the selected ventilation fans are designed to meet the diesel 

equipment requirements of the project’s start-up period and long term operation. All fan sizes and 

calculations can be found in Table 53 (metric) and Table 54 (imperial). All of the fan curves for the 

selected fans can be found in Appendix H with their rough operating points marked on the curves. 

During the project’s second year 85 cubic meters of air per second will be required to meet its operating 

targets (Table 39). Based on the fan calculations shown in Table 53, it can be seen that in order to supply 

at least 85 cubic meters of air per second, 2 ramp fans operating in parallel will be required.  

However, work on the 200L raise cannot start until the main ramp reaches a depth of at least 200 m and 

the main ramp will not reach this depth until about half way through Year 2. By that point, 

approximately 1,650 m of linear development will be completed (at a -13% grade), and so it will take 
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about three ramp fans run in series (total of 6) to support development activities before the 200L raise 

can come online for the last 4 to 5 months of Year 2. 

The selected level fan was sized to take into account the reality that over the life span of a typical fan 

installation, deterioration of the ventilation tube can result in a significant amount of leakage. Even with 

a high degree of leakage (30 % +) the selected level fan will ensure that a 7.65 m3 (10 yd3) will have more 

than enough air to meet regulations. As well, given a well-run installation and newer ventilation tube 

there should be more than enough air to operate a haul truck if required. 

The 200L fans are sized to provide enough air to meet requirements through Year 3, up until the 350L 

raise can become active in the beginning of year 4. The 350L fans are sized to provide for the long term 

airflow requirements of the mine. 

Table 53 – Base case auxiliary fan and main fan sizing calculations (metric). 

Parameter Ramp Fan Level Fan  Parameter 200L Fan 350L Fan Unit 

Target Flow 45 29  Target Flow 70 175 m
3
/s 

LengthSteel 550 0  LengthRaise 200 350 m 

LengthLay Flat 0 152  LengthRamp 1,538 2,692 m 

No. of Elbows 0 0  No. of Elbows 2 2 No. 

Leakage 10% 30%  Leakage 0% 0% % 
              

Ø Fan 54 48  Ø Fan 60 92.5 inches 

Ø Duct 72 60  Ø Raise 120 197 inches 

Q at Fan 50.0 41.4  Q at Fan 70.0 175.0 m
3
/s 

Q at Exit 45.0 29.0  HV at raise 221 190 Pa 

HV at fan 688 756  HV at fan 885 979 Pa 
              

Inlet Screen 10 11  Inlet Screen 12 14 Pa 

Inlet Bell 41 45  Inlet Bell 53 59 Pa 

Silencers 125 125  Silencers  - -  Pa 

Steel Duct 1,092 0  Steel Duct 538 494 Pa 

Lay Flat Duct 0 669  Lay Flat Duct 238 2,602 Pa 

Couplings 645 79  Couplings  -  - Pa 

90° Elbow 0 0  90° Elbow 97 84 Pa 

Exit Loss 176 152  Exit Loss 12 73 Pa 

HS 2,090 1,080  HS 951 3,325 Pa 
              

HT 2,778 1,837  HT 1,835 4,303 Pa 

Fan Eff. 79% 75%  Fan Eff. 70% 84% % 

Fan Power 176 101  Fan Power 184 897 kW 

Fan Power 236 136  Fan Power 246 1,202 hp 
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Table 54 – Base case auxiliary fan and main fan sizing calculations (imperial). 

Parameter Ramp Fan Level Fan  Parameter 200L Fan 350L Fan Unit 

Target Flow 95 61  Target Flow 148 371 kcfm 

LengthSteel 1,804 0  LengthRaise 656 1,148 ft 

LengthLay Flat 0 499  LengthRamp 5,047 8,833 ft 

No. of Elbows 0 0  No. of Elbows 2 2 No. 

Leakage 10% 30%  Leakage 0% 0% % 
               

Ø Fan 54 48  Ø Fan 60 92.5 inches 

Ø Duct 72 60  Ø Raise 120 197 inches 

Q at Fan 106 88  Q at Fan 148 371 kcfm 

Q at Exit 95.4 61.5  HV at raise 0.89 0.76 " w.g. 

HV at fan 2.76 3.04  HV at fan 3.55 3.93 " w.g. 
            

Inlet Screen 0.04 0.04  Inlet Screen 0.05 0.06 " w.g. 

Inlet Bell 0.17 0.18  Inlet Bell 0.21 0.24 " w.g. 

Silencers 0.50 0.50       " w.g. 

Steel Duct 4.39 0.00  Steel Duct 2.16 1.98 " w.g. 

Lay Flat Duct 0.00 2.69  Lay Flat Duct 0.96 10.45 " w.g. 

Couplings 2.59 0.32       " w.g. 

90° Elbow 0.00 0.00  90° Elbow 0.39 0.34 " w.g. 

Exit Loss 0.71 0.61  Exit Loss 0.05 0.29 " w.g. 

HS 8.40 4.34  HS 3.82 13.36 " w.g. 
 

     
       

HT 11.16 7.38  HT 7.37 17.29 " w.g. 

Fan Eff. 79% 75%  Fan Eff. 70% 84% % 

Fan Power 176 101  Fan Power 184 897 kW 

Fan Power 236 136  Fan Power 246 1,202 hp 

10.7.3 Fan Selection Cases 2 & 8: Trolley-Electric Haul Trucks & BE-Personnel Carriers 

In Case 2 and Case 8, only haul trucks and personnel carriers are converted to electric alternatives, i.e. 

trolley-electric haul trucks and battery-electric personnel carriers respectively. Conversely, all LHDs 

remain diesel powered in these scenarios. Given these changes to the equipment fleet, the new fan 

selections can be seen in Table 55 and Table 56. 

The halfway transition of the equipment fleet in Cases 2 and 8 was done to evaluate how airflow 

requirements for the project would change even with a significant diesel presence. As was discussed in 

Section 5, only a maximum reduction in total mine airflow of 50% will be targeted even with a fully 

electric mine, and so it is possible that only transitioning haul trucks and personnel carriers (which 

together account for 60% of diesel ventilation requirements as shown in Table 40) will reduce 

ventilation requirements by close to 50%. 

Furthermore, it was stated earlier that no 10 yd capacity tethered eLHDs exist, and so at least for this 

hypothetical operation, it would not be possible to implement tethered eLHDs. It was also stated 

previously that tethered eLHDs may not ever be able to replace all diesel LHDs at an operation due to 
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development and services activities that are not well suited to tethered equipment. Due to these 

limitations it is meaningful to investigate only transitioning personnel carriers and haul trucks. 

Table 55 – Cases 2 and 8 auxiliary fan and main fan sizing calculations (metric). 

Parameter Ramp Fan Level Fan   Parameter 200L Fan 350L Fan Unit 

Target Flow 23 29   Target Flow 35 90 m
3
/s 

LengthSteel 550 0   LengthRaise 200 350 m 

LengthLay Flat 0 152   LengthRamp 1,538 2,692 m 

No. of Elbows 0 0   No. of Elbows 2 2 No. 

Leakage 10% 30%   Leakage 0% 0% % 
                

Ø Fan 48 48   Ø Fan 60 78 inches 

Ø Duct 60 60   Ø Raise 120 197 inches 

Q at Fan 25.6 41.4   Q at Fan 35.0 90.0 m
3
/s 

Q at Exit 23.0 29.0   HV at raise 55 50 m
3
/s 

HV at fan 288 756   HV at fan 221 512 Pa 
                

Inlet Screen 4 11   Inlet Screen 3 7 Pa 

Inlet Bell 17 45   Inlet Bell 13 31 Pa 

Silencers 125 125         Pa 

Steel Duct 710 0   Raise 135 131 Pa 

Lay Flat Duct 0 669   Ramp 53 619 Pa 

Couplings 419 79         Pa 

90° Elbow 0 0   90° Elbow 24 22 Pa 

Exit Loss 95 152   Exit Loss 3 18 Pa 

HS 1,371 1,080   HS 231 827 Pa 
                

HT 1,659 1,837   HT 453 1,339 Pa 

Fan Eff. 73% 75%   Fan Eff. 69% 75% % 

Fan Power 58 101   Fan Power 23 161 kW 

Fan Power 78 136   Fan Power 31 215 hp 

Given the partial transition of the equipment fleet, total mine airflow requirements worked out to 

almost exactly a 50% reduction compared to the original airflows. And, as can be seen in Table 55 and 

Table 56, the reduced airflow requirements had a significant impact on fan size and power. 

The size of the ramp fan was reduced from 54” (137.16 cm) to 48” (121.92 cm), the size of its ducting 

was reduced from 72” (182.88 cm) to 60” (152.40 cm) and its power draw was reduced from 176 kW 

(236 hp) to 58 kW (78 hp). Similarly, the power draw of each 200L fan was reduced from 184 kW (246 

hp) to 23 kW (31 hp) and each 350L fan was reduced from 897 kW (1,202 hp) to 161 kW (215 hp). 

However, given that the level fans in these scenarios still need to be sized to provide enough air for a 

7.65 m3 (10 yd3) diesel LHD, the size of the level fans remains unchanged. The new fans and their 

operating points can be found in Appendix I. 
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Table 56 - Cases 2 and 8 auxiliary fan and main fan sizing calculations (imperial). 

Parameter Ramp Fan Level Fan   Parameter 200L Fan 350L Fan Unit 

Target Flow 49 61   Target Flow 74 191 kcfm 

LengthSteel 1,804 0   LengthRaise 656 1,148 ft 

LengthLay Flat 0 499   LengthRamp 5,047 8,833 ft 

No. of Elbows 0 0   No. of Elbows 2 2 No. 

Leakage 10% 30%   Leakage 0% 0% % 
                

Ø Fan 48 48   Ø Fan 60 78 inches 

Ø Duct 60 60   Ø Raise 120 197 inches 

Q at Fan 54.2 87.8   Q at Fan 74 191 kcfm 

Q at Exit 48.7 61.5   HV at raise 0.22 0.20 kcfm 

HV at fan 1.16 3.04   HV at fan 0.89 2.06 " w.g. 
                

Inlet Screen 0.02 0.04   Inlet Screen 0.01 0.03 " w.g. 

Inlet Bell 0.07 0.18   Inlet Bell 0.05 0.12 " w.g. 

Silencers 0.50 0.50         " w.g. 

Steel Duct 2.85 0.00   Raise 0.54 0.52 " w.g. 

Lay Flat Duct 0.00 2.69   Ramp 0.21 2.49 " w.g. 

Couplings 1.69 0.32         " w.g. 

90° Elbow 0.00 0.00   90° Elbow 0.10 0.09 " w.g. 

Exit Loss 0.38 0.61   Exit Loss 0.01 0.07 " w.g. 

HS 5.51 4.34   HS 0.93 3.32 " w.g. 
                

HT 6.67 7.38   HT 1.82 5.38 " w.g. 

Fan Eff. 73% 75%   Fan Eff. 69% 75% % 

Fan Power 58 101   Fan Power 23 161 kW 

Fan Power 78 136   Fan Power 31 215 hp 

 

10.7.3 Fan Selection Cases 3 to 6 and 9 to 12: All Electric Haul Trucks, LHDs & Personnel 

Carriers. 

For all other cases evaluated in Section 10 all three main equipment categories were electric, though the 

SSS-Equipment and OS-Equipment categories are diesel in all cases. In Cases 3 and 9, the electric LHDs 

were tethered, even though this may not be achievable in practice. In Cases 4 to 6 and 10 to 12, all three 

main equipment categories were battery-electric. 

As can be seen in Table 57 and Table 58, the ramp fan for these cases is the same as for the previous 

selection. However, given all electric equipment for the three main equipment categories the size of the 

level fan can be reduced by 6” (15.24 cm) and the size of its ventilation tubing can be reduced by 12” 

(30.48 cm). The power of the level fan can also be reduced from 101 kW (136 hp) to 32 kW (43 hp) and 

the 200L raise, fan house and main fans can be eliminated altogether. The fan curve for the new level 

fan and its operating point can be found in Appendix J. 
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Table 57 - Cases 3 to 6 & 9 to 12 auxiliary fan and main fan sizing calculations (metric). 

Parameter Ramp Fan Level Fan   Parameter 200L Fan 350L Fan Unit 

Target Flow 23 15.5   Target Flow 0 90 m
3
/s 

LengthSteel 550 0   LengthRaise 200 350 m 

LengthLay Flat 0 152   LengthRamp 1,538 2,692 m 

No. of Elbows 0 0   No. of Elbows 2 2 No. 

Leakage 10% 20%   Leakage 0% 0% % 
                

Ø Fan 48 42   Ø Fan 60 78 inches 

Ø Duct 60 48   Ø Raise 120 197 inches 

Q at Fan 25.6 19.4   Q at Fan 0.0 90.0 m
3
/s 

Q at Exit 23.0 15.5   HV at raise 0 50 Pa 

HV at fan 288 282   HV at fan 0 512 Pa 
                

Inlet Screen 4 4   Inlet Screen 0 7 Pa 

Inlet Bell 17 17   Inlet Bell 0 31 Pa 

Silencers 125 125           

Steel Duct 710 0   Raise 0 131 Pa 

Lay Flat Duct 0 510   Ramp 0 619 Pa 

Couplings 419 60           

90° Elbow 0 0   90° Elbow 0 22 Pa 

Exit Loss 95 106   Exit Loss 0 18 Pa 

HS 1,371 822   HS 0 827 Pa 
                

HT 1,659 1,104   HT 0 1,339 Pa 

Fan Eff. 73% 66%   Fan Eff. 69% 75% % 

Fan Power 58 32   Fan Power 0 161 kW 

Fan Power 78 43   Fan Power 0 215 hp 
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Table 58 - Cases 3 to 6 & 9 to 12 auxiliary fan and main fan sizing calculations (imperial). 

Parameter Ramp Fan Level Fan   Parameter 200L Fan 350L Fan Unit 

Target Flow 49 33   Target Flow 0 191 kcfm 

LengthSteel 1,804 0   LengthRaise 656 1,148 ft 

LengthLay Flat 0 499   LengthRamp 5,047 8,833 ft 

No. of Elbows 0 0   No. of Elbows 2 2 No. 

Leakage 10% 20%   Leakage 0% 0% % 
                

Ø Fan 48 42   Ø Fan 60 78 inches 

Ø Duct 60 48   Ø Raise 120 197 inches 

Q at Fan 54.2 41.1   Q at Fan 0 191 kcfm 

Q at Exit 48.7 32.8   HV at raise 0.00 0.20 kcfm 

HV at fan 1.16 1.13   HV at fan 0.00 2.06 " w.g. 
                

Inlet Screen 0.02 0.02   Inlet Screen 0.00 0.03 " w.g. 

Inlet Bell 0.07 0.07   Inlet Bell 0.00 0.12 " w.g. 

Silencers 0.50 0.50         " w.g. 

Steel Duct 2.85 0.00   Raise 0.00 0.52 " w.g. 

Lay Flat Duct 0.00 2.05   Ramp 0.00 2.49 " w.g. 

Couplings 1.69 0.24         " w.g. 

90° Elbow 0.00 0.00   90° Elbow 0.00 0.09 " w.g. 

Exit Loss 0.38 0.43   Exit Loss 0.00 0.07 " w.g. 

HS 5.51 3.30   HS 0.00 3.32 " w.g. 
                

HT 6.67 4.44   HT 0.00 5.38 " w.g. 

Fan Eff. 73% 66%   Fan Eff. 69% 75% % 

Fan Power 58 32   Fan Power 0 161 kW 

Fan Power 78 43   Fan Power 0 215 Hp 

 

10.8 Results of the Economic Evaluation 
Economic models were built for each of the twelve scenarios using the parameters discussed above in 

Sections 10.3 through 10.7. The main metric used to compare economic outcomes between scenarios 

was Net Present Value (NPV) which was calculated using discounted cash-flow analysis (DCF). In this 

case, annual expenses (i.e. cash-flows) were calculated over a ten year period and then discounted at an 

annual compounded rate of 8% (i.e. the cost of capital) in order to determine the present value of each 

cash flow. Each series of discounted cash flows was then summed to calculate the NPV. 

Other metrics used to evaluate each case were Total Investment, CO2 Emissions, Drop in Cash Costs and 

IRR. All metrics for each case are summarized in Table 59. Although in theory an IRR can only be 

calculated given negative and positive cash flows, in this evaluation the reductions in spending were 

assumed to be positive cash flows. Even still, it is apparent from the IRR values in the table that they 

struggle to provide a meaningful representation of the economics in each case. 

Based on the remaining metrics, it can be seen from the table that Case 1 and Case 2 are similar except 

Case 2 results in a small 1% savings in present value and a considerable 45% reduction in CO2 emissions.  
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Table 59 – Net present value and CO2 emissions of each case. A hypothetical reduction in cash costs & IRR are also calculated. 
Cases 2-7 are relative to Case 1 and Cases 8-12 are relative to Case 7. Cost increases (relative to each respective base case) 
are shown in red. 

 

In comparison Case 3, which represents a full shift to electric equipment (albeit using the more limited 

existing technologies), shows a more significant 5% savings in present value and a more substantial 69% 

reduction in CO2 emissions. This demonstrates both the economic benefit to implementing electric LHDs 

instead of foregoing them, and how savings can be limited (e.g. Case 2) given the high cost of trolley-

electric haul trucks. Despite the positive economic results of Case 3, unfortunately it may not be possible 

to realize this scenario in practice due to the difficulty of implementing tethered eLHDs on a wide scale. 

Case 4 is the most conservative evaluation of implementing battery-electric equipment because it 

ignores two important benefits of battery-electric equipment anticipated by manufacturers: lower 

maintenance costs, and longer equipment lives. Instead, Case 4 assumes that maintenance costs for 

battery-electric equipment are 25% higher than the cost of maintaining diesel equipment and it also 

assumes electric equipment will wear out at the same rate as diesel equipment. Despite these 

conservative assumptions Case 4 still demonstrates a 7% savings in present value, which is roughly 

equivalent to $24 per ounce of gold over the 10 years of the project. Case 4 also maintains 

approximately the 70% reduction in CO2 emissions seen in Case 3. 

Case 5 and Case 6 examine how the economics of electric equipment change based on different 

assumptions about the cost of their annual maintenance. Case 5 assumes maintenance costs for battery-

electric equipment equal to the costs of maintaining diesel equipment. Case 6 goes one step further and 

assumes maintenance costs for battery-electric equipment are 30% lower than the cost of maintaining 

diesel equipment. However, neither case takes into account longer equipment lifetimes which are only 

considered in Cases 7-12. 
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The large impact of these assumptions can be seen in the economic metrics summarizing these cases. 

Savings for Case 5 work out to a 12% reduction in present value, which is almost double the savings of 

Case 4. The savings for Case 6 work out to a very large 18% of present value, or almost 3 times the 

savings expected in Case 4. When considering the total investment (undiscounted cash flow), Case 6 

saves $79 million over 10 years, or about $61 per ounce of gold production projected for that period. 

In looking at Cases 7-12 it is somewhat surprising that on a percentage basis similar economic savings 

are achieved even when factoring in the potential for extended equipment lifetimes, although these do 

appear to improve savings in each scenario by an additional 2 to 3 percent. It also appears that on a 

percentage basis there is only a marginal difference in savings when comparing total investment 

spending to the present value of the project’s expenditures. 

The best case scenario (Case 12) results in a 21% savings in total investment spending, or $96 million, 

over 10 years. These savings are roughly equivalent to a $74 per ounce of gold reduction in cash costs 

over 10 years given the amount of gold the project is expected to produce during that time. In present 

value terms the overall savings equate to 20% of expenditures, or $62 million. Finally, the best case 

scenario yields a reduction in CO2 emissions of 71%, or 93 kt over the ten year life of the project. 

Cost savings from a reduction is CO2 emissions (assuming a carbon tax) were not considered because a 

preliminary estimate showed them to be modest relative to all other savings. For example, assuming a 

simple carbon tax of $20 per tonne of CO2 emitted and a total reduction in CO2 of 93 kt over ten years 

then the total undiscounted savings would be $1.86 million. This works out to $186,000 for each year of 

operation before discounting future cash flows. For now these savings can be considered insignificant, 

but as carbon taxes increase they could begin to have a more noticeable impact. 

10.8.1 Diesel Fuel Price Sensitivity 

The sensitivity of each scenario to the price of diesel fuel was also investigated and it was found that it 

had a modest impact on diesel intensive scenarios, and little or no impact on scenarios with electric 

equipment. Varying the price of diesel fuel between 65 cents per liter and 105 cents per liter altered the 

Net Present Value of the base case scenario by a maximum of 2 percent, as seen in Table 60. 

Table 60 - Fuel price sensitivity of select scenarios; $0.75/L is the base case assumption. 

Percent change in NPV 

 Fuel Cost $0.65/L $0.75/L $0.85/L $0.95/L $1.05/L 

Case 1 -1% $285.6M +1% +1% +2% 

Case 2 -0% $283.4M +0% +1% +1% 

Case 3 -0% $264.4M +0% +0% +0% 

Case 5 -0% $233.0M +0% +0% +0% 

However, because the base case becomes more expensive given higher fuel prices, it still increases the 

savings of subsequent scenarios as they are compared to the base case. For cases 3 and 4, even a 2% 

addition to their overall savings is a significant increase. Alternatively, for Case 6 for example, a 2% 

increase in savings does not significantly improve its economics. 
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10.9 How the Main Components of the NPV Change in Each Case 
For each scenario, the main cost categories contributing to the NPV were Drift Development, Other Cost 

Drivers (from the model in Section 9), Capital Costs and Maintenance and Labour costs. The impacts of 

these component costs on the NPV of each scenario are summarized in Table 61. 

In Table 61 it can be seen that one of the main differences between Case 1 and Case 2 is the significant 

increase in capital costs for Case 2. This is due entirely to the substantial cost of the trolley-electric haul 

trucks and their support infrastructure. The other cost increase is in drift development, which is due to 

the larger size of the 50t trolley-electric haul truck compared to the 45t diesel truck. Despite these large 

cost increases, the other cost drivers (from the model in Section 9; these include fan power, diesel fuel 

and propane, but exclude development) decrease by 37% due to reduced airflow requirements and 

labour and maintenance costs decrease because fewer trolley-electric haul trucks are needed due to 

their higher speeds. As stated previously, the large cost increases offset the potential for savings and 

overall limit them to 1% of the present value of expenditures. 

Table 61 – How the main components of the NPV are affected in each scenario. Cases 2-7 are relative to Case 1 and Cases 8-
12 are relative to Case 7. Cost increases (relative to each respective base case) are shown in red. 

 

Interested readers can find the component costs of the other cost drivers category in Table 62. 

Table 62 - Breakdown of other cost drivers for all cases. 

  Main Fan Aux. Fan Fuel Heating 

Cases 1 and 7 $4.8M $11.0M $14.6M $8.2M 

Cases 2 and 8 $0.8M $9.6M $9.9M $4.1M 

Cases 3-6 and 9-12 $0.8M $3.8M $6.6M $4.1M 
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In Case 3 replacing diesel LHDs with tethered eLHDs decreases costs in several ways. Other cost drivers 

(not including development) decrease significantly due to a reduction in total airflow requirements and 

smaller level fans. Capital costs decrease due to the elimination of the 200L raise, fans and fan house 

and development costs decrease slightly because a smaller diameter of ventilation tubing allows for a 

reduction in drift height. Conversely, maintenance and labour savings are worse than in Case 2 due to 

the presumed higher cost of maintaining the tethered eLHDs (16% higher than diesels from Section 6.1). 

In Case 4 it can be seen that additional savings are driven mostly by decreases in development costs and 

capital costs, but these are somewhat offset by an increase in maintenance costs. The decrease in 

development costs can be explained by the size of the battery-electric equipment (equivalent to diesel) 

and smaller ventilation tube diameters due to lower airflow requirements, which result in smaller drift 

cross-sections. The substantial reduction in capital costs result from replacing the trolley-electric haul 

trucks and eliminating the cost of the 200L ventilation infrastructure. Conversely, the increase in 

maintenance and labour costs are due to the conservative assumption made in Case 4 that the battery-

electric equipment is 25% more costly to maintain than diesel. 

In Cases 5 and 6 only the maintenance costs for battery-electric equipment are varied. By assuming they 

are equal to the cost of maintaining diesel equipment in Case 5 and then 30% lower than the cost of 

maintaining diesel equipment in Case 6, it can be seen that maintenance and labour costs drop 

significantly. It can be seen that that the best case scenario for Cases 1-6 is a 5% reduction in 

development costs, a 60% reduction in fan power, equipment power and air heating, a 9% reduction in 

capital costs and a 24% reduction in maintenance (none of it is labour related). 

Cases 7-12 are the same as Case 1-6, but with haul trucks and LHDs rebuilt or replaced every two to 3.5 

years as seen in Table 63. These scenarios evaluate an idea put forward by manufacturers that battery-

electric equipment will last longer than diesel equipment and will therefore need to be rebuilt and 

replaced less frequently. In these scenarios, battery-electric equipment is assumed to last 1 year longer 

than diesel equipment before a rebuild or replacement is required. 

Table 63 - Rebuild and replace schedule for diesel and battery-electric equipment. 

  
Years until 
1st Rebuild  

Years until 
2nd Rebuild  

Years until it 
is Replaced 

Diesel Haul Truck 2.5 5.0 7.5 

Diesel LHD 2.0 4.0 6.0 

Diesel Personnel Carrier n/a n/a 5.0 
        

Battery-Electric Haul Truck 3.5 7.0 10.5 

Battery-Electric LHD 3.0 6.0 9.0 

Battery-Electric Personnel Carrier n/a n/a 5.0 

In Case 7 it can be seen that including the replacement cost of diesel equipment increases capital costs 

by 60% compared to Case 1. It can also be seen that the best case scenario for Cases 8-12 is the same as 

the best case scenario for Cases 1-6, except for capital costs. In Case 12 capital costs are 23% lower than 

the base-case scenario (Case 7) which is better than the 9% savings in capital costs realized when 

equipment rebuild and replacement costs are not considered. 
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11.0 Economic Evaluation of Implementing Electric Equipment at an 

Existing Underground Mine 

11.1 Introduction 
Implementing electric equipment at an existing operation should prove to be more challenging than 

designing a mine from scratch to accommodate the technology. This is due to several reasons as 

discussed in Section 5, including whether or not the new equipment will fit in existing workings and how 

well the new technology can accommodate existing practices. Because battery-electric equipment 

avoids most of these issues, only battery-electric equipment will be considered in the following 

scenarios which relate to an existing mine transitioning from diesel to electric equipment. 

From an economic perspective, the greatest challenge will be the need to purchase new equipment. 

When designing a new operation a whole fleet of equipment will need to be purchased regardless of the 

type of equipment selected. Conversely, at an existing operation it is unlikely there would ever be a 

need to replace the whole fleet in a short period of time. Instead, new equipment is purchased only 

when existing equipment wears out, or when the fleet needs to expand to meet the needs of the 

operation. In this case, the cost of replacing diesel equipment with electric equipment will negatively 

impact the economics of the new equipment and erode whatever savings might be had in operating 

costs. 

11.2 Operating Parameters 
For this evaluation, the equipment fleet will be based on the fleet listed in Table 16 instead of the 

hypothetical fleet used in Section 10. There will also be no fan capital costs included in this evaluation, 

as no savings are expected in ventilation infrastructure at the existing operation. 

In order to supply air to the equipment fleet listed in Table 16 each of the following scenarios will have 

61 auxiliary fans and 2 main fans. In the base-case scenario, the auxiliary and main fans will be based on 

the level fan and 350L fans specified in Table 53 which have motor sizes of 100 kW and 900 kW 

respectively. Similarly, their utilizations will be based on the fan operating parameters listed in Table 51, 

which are 65% for the level fans and 100% for the main fans. 

In subsequent scenarios which introduce battery-electric LHDs and haul trucks, a portion of the sixty-

one 100 kW auxiliary fans will be replaced by the smaller level fans specified in Table 57 which have 35 

kW motors; their utilization will remain at 65%. In order to adjust the main fan power in scenarios with 

lower airflow requirements, the power of the main fans will be reduced according to Equation 20, where 

P is power and Q is flow, depending on how the total airflow requirements of the scenario differ from 

the base-case (McPherson, 2009). 

 
𝑃2 =  

𝑃1

(
𝑄1

𝑄2
⁄ )

3 
(20) 
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11.3 Strategy for Phasing in Battery-Electric Equipment 
In order to reduce the economic impact of purchasing battery-electric equipment in the following 

scenarios, it is phased in over several years as the existing diesel fleet goes for rebuilds. Using the capital 

that would have been spent rebuilding the diesel equipment to offset the cost of purchasing the new 

equipment only partially covers their cost. However, waiting until the diesel equipment entirely wears 

out so their entire replacement cost can be used to offset the cost of the new equipment would extend 

the transition period from several years to well beyond the 10 year period under consideration. Instead, 

timing equipment purchases to coincide with the rebuild schedules of the diesel fleet seems to strike the 

right balance between minimizing the capital requirements to purchase the equipment and reducing the 

length of time it takes to implement the new equipment. It also seems like the most realistic approach 

from an operations perspective as the mine could continue to operate with the diesel equipment even 

as it adjusts to the new equipment being phased in. 

In the following scenarios, the number of pieces of equipment that typically would have to be rebuilt in 

any given year were used as a rough guide for how many pieces of electric equipment would be phased 

in each year. The actual schedule for phasing in battery-electric equipment and replacing diesel units 

can be found in Table 64. All scenarios assume that the battery-electric LHDs and haul trucks have 

extended lifetimes as outlined in Table 63. 

Table 64 - Phase-in schedule showing the total number of battery-electric units in operation each year. 

 
Year 1 Year 2 Year 3 Year 4 Year 5 

Battery-Electric Haul Truck 3 6 9 12 16 

Battery-Electric LHD 4 8 12 13 n/a 

Battery-Electric Personnel Carrier 8 16 24 32 42 

11.4 Configurations Tested Using the Model 
Using the model framework from Section 9 and the inputs and schedules outlined in Table 64, seven 

scenarios were formulated and a discounted cash-flow (DCF) model was built for each one as was done 

for the previous evaluation in Section 10. The general configuration and costs considered for each 

scenario are summarized in Table 65. 

Table 65 - A summary of what equipment configurations and costs are evaluated in each Case of the model. 

  

Type of equipment used in each case 
(D = diesel, B = battery)   

Maintenance cost factor 
for BE equipment   

Additional equipment 
costs included 

Heading 
Haul 

Trucks 
LHDs 

Person. 
Carrier 

Support 
Equip.   

25 % 
higher 

Equal 
30 % 
lower   

Cost of Equip. 
Rebuild/Replace 

Cost of 
DPFs 

Case 1 D D D D   - - -   Yes Yes 

Case 2 D D B D   - Yes -   Yes Yes 

Case 3 D B B D   - Yes -   Yes Yes 

Case 4 B B B D   - Yes -   Yes - 
                        

Case 5 D D B D   - - Yes   Yes Yes 

Case 6 D B B D   - - Yes   Yes Yes 

Case 7 B B B D   - - Yes   Yes - 
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As can be seen from the table, the scenarios are divided into two sets of 3 which make different 

assumptions about the cost of maintaining battery-electric equipment. In the first set (Cases 2-4) the 

cost of maintaining battery-electric equipment is assumed to have the same cost as maintaining diesel 

equipment. However, in the second set (Cases 5-7) their maintenance is assumed to be 30% less 

expensive than the cost of maintaining diesel equipment. Other than these assumptions about the cost 

of maintenance, each set of scenarios have the same inputs. 

In the first scenario of each set (Case 2 and Case 5) transitioning only the personnel carriers is 

considered. In the second scenario (Case 3 and 6) personnel carriers and LHDs are both replaced by 

battery-electric equipment. In the third scenario (Case 4 and 7), all three of the main equipment 

categories are replaced with battery-electric equipment. 

In Cases 3 and 6 which have battery-electric LHDs and diesel haul trucks, it is assumed that half of the 

100 kW auxiliary fans can be replaced with the lower powered 35 kW fans, whereas in Cases 4 and 7 

where LHDs and haul trucks are both battery-electric, it is assumed that all of the 100 kW fans can be 

replaced by 35 kW auxiliary fans. As stated previously, the equipment life of the battery powered LHDs 

and haul trucks is assumed to be 1 year longer between rebuilds and replacements than it is for their 

diesel powered equivalents (Table 63). 

11.3 Results of the Economic Evaluation 
As can be seen in Table 66, with a 1% savings in present value it appears that Case 2 does not offer 

substantial savings over the base-case all diesel scenario (Case 1). 

Table 66 - Net present value and CO2 emissions of each case evaluating a transition to be-equipment at an existing mine. 

 

However, despite the low percentage of savings, it is useful to keep in mind that there is no net cost to 

implementing battery-electric personnel carriers in this scenario as the diesel personnel carriers would 

have been replaced regardless and both the diesel and battery-electric units are the same price. As well, 

even though on a percentage basis the savings amount to 1%, in total they have a present value of $6 

million and an undiscounted value of $9 million over 10 years. Furthermore, implementing the battery-

electric personnel carriers results in a 7% reduction in CO2 emissions. 
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In Case 3 it can be seen that on a percentage basis, the savings are still small at 3%, however, in present 

value terms the savings amount to $18 million and in undiscounted cash flow are worth $31 million over 

10 years. And unlike the previous case, a reasonable IRR of 48% can be calculated assuming the savings 

are interpreted as positive cash flows. Finally, it can be seen that implementing battery-electric LHDs 

and personnel carriers results in a 29% reduction in CO2 emissions. 

Unsurprisingly, Case 4 has the greatest savings of the first set of scenarios. A significant savings in the 

present value of expenditures of 7%, or $44 million, translates into a $28 per ounce of gold reduction in 

Cash Costs, or $73 million in undiscounted cash flow over the 10 years of the project. It also results in an 

impressive 61% reduction in CO2 emissions, which approaches the 69% reduction seen in Section 10. 

In the second set of scenarios, it can be seen that savings are all effectively doubled as a result of the 

lower maintenance costs for battery-electric equipment. In these scenarios, implementing only the 

battery-electric personnel carriers results in a present value savings of $10 million and an undiscounted 

savings of $15 million over 10 years. The best case scenario in this set (Case 7) results in a substantial 

present value savings of $81 million and an undiscounted savings of $128 million over 10 years. 

As in the previous evaluation, cost savings from a reduction is CO2 emissions (assuming a carbon tax) 

were not considered as they are modest relative to all other savings. Taking the best case from this 

evaluation which resulted in a reduction in CO2 emissions of 177.1 kt over ten years and applying a $20/t 

carbon tax results in undiscounted savings of $3.54 million, or $354,000 per year of operation. At a tax 

rate of $20/t the savings appear insignificant, but at higher tax rates they could become more 

substantial. 

11.3.1 Diesel Fuel Price Sensitivity 

It was found that the price of diesel fuel had a small impact on diesel intensive scenarios, and a modest 

impact on scenarios with electric equipment. Varying the price of diesel fuel between 65 and 105 cents 

per liter altered the NPV of the base case scenario by a maximum of 2 percent, as seen in Table 67. 

Table 67 - Fuel price sensitivity of select scenarios; $0.75/L is the base case assumption. 

Percent change in NPV 

 Fuel Cost $0.65/L $0.75/L $0.85/L $0.95/L $1.05/L 

Case 1 -1% $858M +1% +2% +2% 

Case 2 -1% $827M +1% +2% +2% 

Case 3 -1% $827M +1% +1% +2% 

Case 4 -0% $785M +0% +1% +1% 

Case 7 -0% $730M +0% +1% +1% 

For cases 3 and 4 a 2% increase in savings compared to the base case improves their economics 

substantially. Alternatively, for Case 7 a 2% increase in savings has a much smaller impact on its 

economics because significant savings are already realized. In general the cases representing a transition 

to battery-electric equipment at an existing mine appear to be more sensitive to the price of diesel than 

the cases evaluated in Section 10 due to the smaller potential for savings at an existing mine. 
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11.4 How the Main Components of the NPV Change in Each Case 
As was the case in Section 10 the main components of the NPV in each scenario were Drift 

Development, Other Cost Drivers (from the model in Section 9), Capital Costs and Maintenance and 

Labour costs. In order to observe their impact on the NPV of each scenario, the changes in these 

component costs were calculated for each case and summarized in Table 68. 

Table 68 - How the main components of the NPV change in each scenario relative to Case 1. Cost increases are shown in red. 

 

Interested readers can find the component costs of the other cost drivers category in Table 69. 

Table 69 - Breakdown of other cost drivers for all cases. 

  Main Fan Aux. Fan Fuel Heating 

Case 1 $7.7M $16.9M $37.5M $20.9M 

Cases 2 and 5 $5.1M $16.9M $36.7M $18.1M 

Cases 3 and 6 $3.3M $11.5M $30.5M $15.6M 

Cases 4 and 7 $1.8M $5.9M $21.4M $12.2M 

It can be seen in Table 68 that cost savings in most of the scenarios are due to a reduction in the other 

cost drivers category. Savings in the other cost drivers category are modest when only considering the 

implementation of battery-electric personnel carriers and steadily increase given the implementation of 

battery-electric LHDs and haul trucks. For Cases 2-4, the only other source of savings is from a reduction 

in the size of drift development once a complete transition to battery-electric equipment has been 

completed. 

Offsetting the savings in the main cost drivers are the increased capital costs required to purchase the 

new battery-electric equipment over and above the costs associated with rebuilding the existing diesel 

equipment. In the second set of scenarios, Cases 5-7, it can be seen that the assumption of lower 

maintenance costs has a significant impact on the maintenance and labour cost category which provides 

a considerable boost to the economics of those scenarios. 
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12.0 Case Studies and Real World Applications 

12.1 The Full Scale Implementation of BE-Equipment at New Operations 
Two top-tier mining companies are currently considering the full scale implementation of electric 

equipment at prospective mining projects in Ontario. One is a greenfield project currently in permitting 

and evaluating the implementation of either grid-electric, or battery-electric equipment. The other is a 

brownfield project currently at the feasibility stage and seriously considering battery-electric equipment. 

The brownfield project, which is further along, is located 1.5 km from existing mine workings at a depth 

of between 2,300 m and 2,700 m with a virgin rock temperature of approximately 50 °C. Based on a pre-

feasibility study the project team estimated that by implementing battery-electric equipment the total 

mine airflow could be reduced from 300 m3/s to 176 m3/s, or by 41%. Accordingly, the estimated main 

fan power for the project dropped from a continuous load of 10.5 MW to 5.8 MW, or by 45%. 

Similarly, due to the reduction in airflow and reduced heat emissions from the electric equipment, the 

size of the Bulk Air Cooler could be reduced from 23.7 MW to 13.3 MW and the size of the Condensing 

Spray Chamber could be reduced from 32.5 MW to 18.3 MW. Accordingly it is estimated that the power 

to cool the underground air mass will be reduced from 7.1 MW to 3.4 MW, or a reduction of 52%. 

Also due to the reduction in airflow, it was estimated that both main fresh air intakes could be reduced 

from 6.5 m to 5.0 m in diameter and one exhaust raise could be reduced from 5.0 m to 3.8 m in 

diameter. It was also determined that the cross sectional dimensions of production levels could be 

reduced from 5.0 mH x 5.4 mW to 4.6 mH x 4.9 mW given the size of the electric equipment and a drop 

in ventilation tube diameter from 54” (137.16 cm) to 42” (106.68 cm). 

Given these significant reductions in the project’s infrastructure requirements, it is expected that pre-

production capital spending will be reduced by $41 million. Assuming a 40% premium on the cost of 

electric equipment and accounting for the charging infrastructure separately, it is expected that pre-

production spending will still be $15 million less than if diesel equipment were chosen. Furthermore the 

project estimates annual savings of $7.9 million even without accounting for savings from diesel fuel. 

12.2 The Partial Transition to BE-Equipment at Existing Operations 
As has been previously published (Moore, 2014) one operation in Ontario is already making significant 

use of battery-electric equipment at its operation which was based on a trade-off study comparing the 

cost of the new equipment to the cost of a new ventilation shaft which reportedly was priced out at 

$300 million (Proactive Investors, 2013). Currently they have 25 pieces of battery-electric equipment in 

operation with over 100,000 operating hours on the equipment (McCrae, 2016). 

As well, several operations in Ontario are currently trialling battery-electric personnel carriers which 

have been undergoing rapid development in recent years. One of these operations is in the process of 

building an economic case for transitioning the majority of its underground personnel carrier fleet to the 

new battery-electric carriers. If the economic case is successful, the mine anticipates that the transition 

will begin in 2017 or 2018. This operation is also considering other pieces of battery-electric equipment, 

what benefits they might provide and how they could be successfully integrated into the existing fleet. 
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13.0 Conclusions and Recommendations 
In order to evaluate the economic potential of electric mining equipment and determine what benefits it 

can offer, it is first important to understand how much less heat (its only pollutant) is emitted by electric 

equipment compared to diesels. Regardless of the power source, if a piece of diesel equipment and 

electric equipment are equally capable and complete the same tasks in a shift, they are accomplishing 

the same amount of work. This means that the input energy to accomplish those tasks will depend on 

the efficiency of the vehicle’s power plant (i.e. the diesel engine or electric motor)  and the efficiency of 

the vehicle systems that transform the brake power from the power plant into useful work (e.g. the 

drive train). Assuming that the vehicle systems of diesel and electric equipment are equally efficient 

(which may not be true), then the scale of the input energy depends entirely on the efficiency of the 

power plant. Based on this reasoning and assuming diesel engines are 37% efficient and electric motors 

are 92% efficient, it can be calculated that electric equipment produces only 40% of the heat produced 

by diesel equipment (0.37/0.92 = 0.40) (Section 3). 

Similarly, it must also be recognized that airflow requirements for mitigating heat need to be based not 

only on the nameplate power of the engine or motor and its utilization, but also on the average load 

factor (i.e. the average power output) of the engine or motor while it is in operation (Sections 3 and 4). 

If not, it is possible that airflows based solely on brake power could significantly overestimate the 

amount of air required to mitigate heat emissions. 

Based on the calculated heat emissions of diesel and electric mining equipment (accounting for load 

factors), it is possible to conclude that without diesel equipment underground, ventilation requirements 

could be reduced by as much as 40 to 60% (Section 5). Considering that reductions on that scale would 

reduce power requirements for the ventilation system by 70% or more and that lower flowrates could 

be problematic due to issues with respirable dust, blast clearance times and heat, it is likely that airflows 

cannot be reduced further and there would be few incentives to do so. In the end removing diesel 

equipment from the underground does not eliminate the need for ventilation and therefore ventilation 

systems as they are currently designed and operated will remain a necessity for underground mines for 

the foreseeable future. 

In considering the implementation of electric mining equipment at an underground operation, it was 

determined that there would be at least five significant cost drivers positively impacted by the new 

technology, three of which are related to the reduction in airflow discussed above. The relationship of 

these cost drivers to the mine design process and how they would be impacted by electric equipment is 

elaborated in the cost driver model (Section 9) which focuses on: the electrical power required to run 

the main and auxiliary ventilation fans, the cost of heating and cooling the air supplied to the 

underground, the consumption of fuel by the diesel equipment fleet and the size of drift development. 

Although not included in the cost driver model, it is also possible that a reduction in a project’s 

ventilation infrastructure (depending on the project) could result in major capital savings (Section 12). 

These savings, if achievable, would likely be on a large enough scale that they could justify the added 

expense of the electric equipment. 
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The cost driver model and the areas of potential savings it identifies were used to evaluate the 

economics of implementing electric mining equipment at a new project (Section 10) and transitioning to 

electric equipment at an existing operation (Section 11). Following these economic evaluations, real 

world examples of projects which are considering the wide scale implementation of battery electric 

equipment were briefly discussed and some of the expected benefits were listed (Section 12). 

From the economic evaluations it could be seen that, depending on the scenario, the potential savings 

from implementing battery-electric equipment ranged from marginal, to as much as 20% of the 

alternative (diesel equipment). Savings ranged from a few million dollars to as much as $80 million in 

present value terms or $120 million in undiscounted cash flow over 10 years. Savings could be as high as 

$75 per ounce of gold produced. 

It is also apparent from the evaluations that the scale of the savings is related to the size of the project. 

Both evaluations demonstrated similar savings on a percentage basis, however, the larger project 

realized a higher total value in reduced expenditures. Given the scale of the savings at the larger 

operation (a mid-sized gold mine) which was several tens of millions of dollars, it could be argued that a 

global mining company with a number of similar properties could potentially realize hundreds of millions 

of dollars in savings on an annual basis. 

However, despite the scale of the potential savings, a significant portion of the savings in the most 

favourable scenarios were due to assumptions about extended equipment lives and reduced 

maintenance costs for battery-electric equipment. Unfortunately, these sources of cost reductions 

cannot be rigorously backed by operational data and will remain unproven until battery-electric 

equipment is more widely implemented. 

Furthermore, battery-electric LHDs and haul trucks in the economic evaluations are assumed to be 25% 

more expensive than their diesel equivalents. Although this seemed to be a reasonable premium when 

it was chosen based on the known costs of a battery-electric personnel carrier and 3.06 m3 (4 yd3) LHD, 

recent information suggests that there is scope for some battery-electric equipment to cost significantly 

more than what was used in the evaluation (brownfield feasibility study, 2016). 

Despite these areas of concern regarding the economic evaluations in Sections 10 and 11 (i.e. 

equipment capital expenditures and maintenance costs), it is also true that the evaluations only 

included approximately $5 million in infrastructure savings. As was seen in Section 12, the potential 

savings from reduced ventilation infrastructure can be very substantial ($41 million in one example and 

reportedly $300 million in another) and hard to capture in a hypothetical project model. So even if the 

potential maintenance savings are less than desired and the equipment is more expensive than 

expected, it is reasonable that these headwinds could be offset by reductions in infrastructure spending. 

It is perhaps telling that electric equipment has already proven economic for at least one mine in 

Ontario which continues to operate and develop its fleet of battery-electric equipment (Section 12). 

Finally, it can be hoped that over time the cost of battery-electric equipment will decrease while their 

capabilities only improve. 
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In summary, although modern underground hardrock operations can be capital hungry and energy 

intensive, they are also dynamic businesses committed to improving their processes and the impacts 

that they have on their employees, the communities where they are located and the environment. Over 

the last several decades, this commitment to continuous improvement has driven significant 

advancement in health and safety in the workplace and the burden placed on local ecosystems, and 

substantial progress continues to be made to this day. 

Over the same period of time, the challenges inherent to mining have also necessitated that operations 

stay committed to building efficient operations, minimizing waste and growing their application of 

technology to resource recovery. Over the years, advances from many other fields have all been 

incorporated into the mining process, including: mechanization, automation, communications and 

computing. 

Given how well the benefits offered by electric equipment align with the direction of the mining industry 

and the priorities of operators everywhere, there is no doubt that it has the potential to contribute 

significantly to the industry. Battery-electric equipment in particular offers a new field of technology 

that can be explored and applied by the industry in order to improve the safety and efficiency of its 

operations. It has the potential to improve air quality in the workplace, reduce energy consumption and 

greenhouse gas emissions and provided that a deposit is suited to the technology it could significantly 

reduce pre-production capital expenditures and long term operating costs. 

Considering its potential and how well it aligns with the priorities of the industry, electric mining 

equipment should be made a priority by top tier producers and greater efforts should be made to 

consider its implementation going forward. As well, because the main impediments to its 

implementation relate to the higher upfront costs of the equipment and the extra attention needed to 

make the new technology successful, manufacturers and suppliers working on its development should 

continue to focus on lowering the basic cost of the equipment and improving its functionality. If no 

better alternatives make themselves available then given time and experience hopefully the industry 

can make the most of this new technology and all stakeholders can one day benefit from its potential. 
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15.0 Glossary 
AC – Alternating current 

ACGIH - American Conference of Governmental Industrial Hygienists 

AIOH – Australian Institute of Occupational Hygienists 

BE – Battery-electric 

BEV – Battery-electric vehicle 

bhp – brake horsepower 

Brake power – The power output to the crankshaft by a motor or engine 

Brownfield project - a project which recommissions, extends or adds onto a previously existing project 

CAD – Canadian dollars 

Can$ – Canadian dollars 

Ceiling limit – the maximum airborne concentration of a biological or chemical agent to which a worker 

may be exposed at any time 

CEPA 1999 – Canadian Environmental Protection Act 1999 

cfm – Cubic feet per minute 

CI Engine – Compression ignition engine 

CIPEC – Canadian Industry Program for Energy Conservation  

CSA – Canadian Standards Association 

DC – Direct current 

DCF – Discounted cash flow 

DOC – Diesel oxidation catalyst 

DPF – Diesel particulate filter 

DPM – Diesel particulate matter 

EC – Elemental carbon 

EPA – Environmental Protection Agency (US) 

eLHD – Electrically powered load-haul-dump unit 

ePC – Electrically powered personnel carrier 

eTrucks – Electrically powered trucks 

EV – Electric vehicle 

fpm – Feet per minute 

GHG – Greenhouse gas 

Greenfield project – a new project located or constructed where none have existed previously 
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Higher heating value (Oak Ridge National Laboratory, 2011): 

The higher heating value (also known as gross calorific value or gross energy) of a fuel is defined 
as the amount of heat released by a specified quantity (initially at 25°C) once it is combusted and 
the products have returned to a temperature of 25°C, which takes into account the latent heat of 
vaporization of water in the combustion products. 

IARC – International Agency for Research on Cancer 

ICE – Internal combustion engine 

in – inches 

IRR – Internal rate of return 

kcfm – Thousand cubic feet per minute 

kVA – kilovolt-amp 

kWhe – kilowatt-hour-equivalent 

LFP – Lithium iron phosphate, or lithium ferrophosphate (a type of battery chemistry/technology) 

LHD – Load-haul-dump machine aka scoop-tram 

Lower heating value (Oak Ridge National Laboratory, 2011): 

The lower heating value (also known as net calorific value) of a fuel is defined as the amount of 
heat released by combusting a specified quantity (initially at 25°C) and returning the temperature 
of the combustion products to 150°C, which assumes the latent heat of vaporization of water in 
the reaction products is not recovered. The LHV are the useful calorific values in boiler combustion 
plants and are frequently used in Europe. 

MAC – Mining Association of Canada 

MSHA – Mine Safety and Health Administration (US) 

MTBF – Mean time between failures 

MTTF – Mean time to failure 

MTTR – Mean time to repair 

NPM – Northparkes Mine 

NPV – Net present value 

NRCan – Natural Resources Canada 

OS-Equipment – Other stationary equipment: support equipment which is mobile throughout a shift 

OSHA – Occupational Safety and Health Administration (US) 

PC – Personnel carrier 

PM – Particulate matter 

Root-mean-square voltage and current (WhatIs.com, 2005): 

Root-mean-square (rms) refers to the most common mathematical method of defining the effective 
voltage or current of an AC wave. 

SCR system – Selective catalytic reduction system 
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Service factor (Cowern, 2004): 

(SF) is an indication of how much overload a motor can withstand when operating normally within the 
correct voltage tolerances. For example, the standard SF for open drip-proof (ODP) motors is 1.15. This 
means that a 10-hp motor with a 1.15 SF could provide 11.5 hp when required for short-term use. Some 
fractional horsepower motors have higher service factors, such as 1.25, 1.35, and even 1.50. In general, it's 
not a good practice to size motors to operate continuously above rated load in the service factor area. 
Motors may not provide adequate starting and pull-out torques, and incorrect starter/overload sizing is 
possible. 

Traditionally, totally enclosed fan cooled (TEFC) motors had an SF of 1.0, but most manufacturers 
now offer TEFC motors with service factors of 1.15, the same as on ODP motors. Most hazardous 
location motors are made with an SF of 1.0, but some specialized units are available for Class I 
applications with a service factor of 1.15. 

Shaft power – The power output from the transmission to the drive shaft 

SI – Sampling interval 

SI Engine – Spark ignition engine 

SME – Society for Mining, Metallurgy and Exploration (US) 

SOC – State of charge (of an electric vehicle’s battery pack) 

SSS-Equipment – Semi-stationary support equipment: support equipment which stays put during a shift 

STEL – Short term exposure limit 

TEFC – Totally enclosed, fan cooled 

Tight oil (Schlumberger, 2016): 

Oil found in relatively impermeable reservoir rock. Production of tight oil comes from very low permeability 
rock that must be stimulated using hydraulic fracturing to create sufficient permeability to allow the 
mature oil and/or natural gas liquids to flow at economic rates. 

TLV – Threshold limit value 

TC – Total carbon 

TWA – Time weighted average 

TWAEV – Time weighted average exposure value 

Unconventional oil (IEA, 2016): 

Conventional oil is a category of oil that includes crude oil and natural gas liquids and condensate liquids, 
which are extracted from natural gas production. Unconventional oil consists of a wider variety of liquid 
sources including oil sands, extra heavy oil, gas to liquids and other liquids. In general conventional oil is 
easier and cheaper to produce than unconventional oil. However, the categories “conventional” and 
“unconventional” do not remain fixed, and over time, as economic and technological conditions evolve, 
resources hitherto considered unconventional can migrate into the conventional category. 

USD – US dollars 

w.g. – Water gauge 

WHO – World Health Organization 
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Appendix A: Caterpillar C18 ACERT Engine Specifications & Fuel Consumption 
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Appendix B: Effects of Drift Airflow Velocity on Dust 

Stinnette (2013) and McPherson (2009) state that air velocities between 1 m/s and 3.5 m/s have been 

found to minimize the total amount of dust carried by the air as seen in Figure 39. In the graph -5 micron 

and +10 micron dust particles are emphasized as they correspond to the respective limits for the 

respirable and visible fractions of dust.  

However, Stinnette, McPherson and a third source all give marginally different values for what size of 

dust is considered respirable, and so the transition between respirable and harmless is not well defined, 

but somewhere between 5 and 10 microns. Regardless, all sources agree that the respirable fraction of 

airborne dust is the only portion which can harm the body and put the health of workers at risk. 

Another important difference between respirable and visible dust is that the larger dust particles will 

settle out at lower velocities, whereas the smaller, harmful dust particles will stay suspended for much 

longer periods of time. Indeed, according to McPherson the smallest particles of dust can effectively 

stay suspended indefinitely, regardless of air velocity or turbulence. 

 

Figure 39 – Relative dust concentrations at varying airflow velocities. 

In Figure 39 it can be seen that a flow velocity of approximately 1.5 m/s approaches the minimum for 

airborne (relative) dust concentrations. Similarly, in Figure 40 it can be seen that the same air velocity 

also approaches the maximum possible penetration distance into side drifts. Although the graph below 

shows the optimal air velocity for clearing side drifts is somewhere between 1 and 1.75 m/s, it can also 

be seen that velocities between 0.75 and 2 m/s provide almost as much benefit for clearing side drifts. 
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Figure 40 – Penetration distances of drift airflow into side drifts at varying air velocities. 
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Appendix C: Estimating initial gas concentrations after blasting 

According to Stewart’s (2014) paper, typical powder factors for development rounds range between 0.6 

kg/t and 1.2 kg/t ANFO. Furthermore, the general formulation of ANFO provided is 94% Ammonium 

Nitrate and 6% Fuel Oil which is expected to have a density of 820 kg/m3. Given this formulation, ANFO 

would be expected to produce 1.08 cubic meters of gases (at 25 °C) for each kilogram of explosives 

detonated. In his calculations, this number (1.08 m3/kg) is referred to as yANFO, i.e. the gas yield of ANFO. 

Aside from the complete products of combustion, Stewart also lists NO2, CO and NH3 as noxious gases 

produced by ANFO which could cause harm to people.  Given the above formulation of ANFO, he also 

provides that these noxious gases will be produced in the proportions seen in Table 70, where ygas is the 

yield of the noxious gases per kilogram of explosives detonated and G0 is the initial concentration of that 

gas before it mixes with the air in the drift. 

Table 70 – The volume and concentration of noxious gases produced by the incomplete combustion of ANFO. 

Gas 
ygas 

(L/kg) 
G0 

 (ppm) 

NO2 (nitrogen dioxide) 1.8 1,667 

CO (carbon monoxide) 16 14,815 

NH3 (ammonia) 0.4 370 

Stewart then uses an approach called the “throwback method” to calculate how far back from the face 

the gaseous products of the explosion are thrown by the blast and then uses the volume of drift affected 

by these gases and their initial concentration (G0) to approximate the concentration of gases at the start 

of the clearance process (GC). Throwback distance and volume are calculated according to Equations 14 

through 16 and GC is calculated as follows: 𝐺𝐶 = 1000 ∙ 𝑀 ∙ 𝑦𝑔𝑎𝑠/𝑉, where M is the mass of ANFO in kg. 

Based on the parameters used in Section 5.2.2, including an explosives charge of 257 kg and a throw-

back volume of 3,743 m3, then the initial concentrations of each noxious gas would be 123.6 ppm, 

1,098.6 ppm and 27.5 ppm respectively for NO2, CO and NH3. 

Although NO2 and NH3 will cause greater harm to people at lower concentrations, Stewart notes that 

most people adversely affected by blast gases are injured or killed by CO and so mostly focuses on how 

long it will take to clear CO gas. However, he also warns that the clearance time of each gas should be 

calculated separately to ensure each hazard is properly accounted for. Continuing on with the above 

example, it can be calculated using Equation 13 and Gt values of 3 ppm, 25 ppm and 25 ppm respectively 

for NO2, CO and NH3, that the clearance time for each gas will be approximately 20.7, 21.1 and 0.5 

minutes respectively.  So in this case it seems acceptable to focus on CO given that it is the most 

hazardous and is expected to take the longest to clear. However, all things considered, C.M. Stewart’s 

paper should be read and understood in full before trying to apply these calculations to a clearance 

scenario. 
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Appendix D: Equipment life estimates based on capital recovery data from 2008 Mine 

and Mill Equipment Costs 

Diesel LHD Equipment Life Assumption: 12,000 hours 

Engine/Motor 
Size (hp) 

Bucket 
Size (yd

3
) 

Capital Cost 
($ M) 

Capital Recovery Cost 
per Op. Hour ($) 

Capital Cost Divided by Hourly 
Capital Recovery Cost (hours) 

42 0.5 0.204 17.00 12,000 

55 1.25 0.251 20.92 11,998 

55 1.5 0.251 20.92 11,998 

82 2 0.277 23.08 12,002 

81 2.5 0.356 29.67 11,999 

139 4 0.45 37.50 12,000 

185 6 0.654 54.50 12,000 

231 7 0.67 55.83 12,001 

277 8.5 0.689 57.42 11,999 

400 10 0.911 75.92 11,999 

450 15 1.422 118.5 12,000 

 

Tethered eLHD Equipment Life Assumption: 12,000 hours 

Engine/Motor 
Size (hp) 

Bucket 
Size (yd

3
) 

Capital Cost 
($ M) 

Capital Recovery Cost 
per Op. Hour ($) 

Capital Cost Divided by Hourly 
Capital Recovery Cost (hours) 

30 0.5 0.239 19.92 11,998 

40 1 0.272 22.67 11,998 

75 2 0.4 33.33 12,001 

100 3.5 0.477 39.75 12,000 

175 5.6 0.673 56.08 12,001 

200 8 0.934 77.83 12,001 

 

Diesel Haul Truck Equipment Life Assumption: 37,500 hours 

Engine Size 
(hp) 

Box Size 
(tonnes) 

Capital Cost 
($ M) 

Capital Recovery Cost 
per Op. Hour ($) 

Capital Cost Divided by Hourly 
Capital Recovery Cost (hours) 

82 5 0.10 2.77      37,545  

116 6 0.15 4.08      37,500  

139 10 0.16 4.32      37,500  

112 11 0.19 5.16      37,403  

112 13 0.23 6.13      37,520  

224 20 0.50 13.41      37,509  

298 28 0.61 16.26      37,515  

271 33 0.49 12.96      37,500  

375 39 0.53 14.10      37,518  

475 44 0.62 16.54      37,485  

650 50 1.22 32.60      37,515  
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Appendix E: Capital ratios for the EMT50 and the percentage of capital spent on trucks 

 

 

 

Haul 
Distance 

The percentage of capital spent on only the haul trucks in each scenario 

1,000 tpd 2,000 tpd 3,000 tpd 4,000 tpd 5,000 tpd 6,000 tpd 7,000 tpd 

1.0 km 67% 67% 67% 80% 80% 80% 86% 

2.0 km 50% 50% 67% 67% 75% 75% 80% 

3.0 km 40% 57% 57% 67% 73% 73% 77% 

4.0 km 33% 50% 60% 67% 71% 71% 75% 

5.0 km 29% 44% 54% 61% 67% 71% 74% 

6.0 km 40% 50% 57% 62% 67% 70% 75% 

7.0 km 36% 46% 53% 63% 67% 70% 74% 

 

 

 

  

Haul 
Distance 

Capital ratios for the EMT50 given different haul distances and daily production targets 

1,000 tpd 2,000 tpd 3,000 tpd 4,000 tpd 5,000 tpd 6,000 tpd 7,000 tpd 

1.0 km 3.1 3.1 1.5 2.6 2.6 1.7 2.4 

2.0 km 4.1 2.1 3.1 2.1 2.1 2.1 2.1 

3.0 km 5.2 3.6 2.4 2.3 2.3 1.9 2.2 

4.0 km 3.1 2.8 2.6 2.5 2.4 2.1 2.1 

5.0 km 3.6 3.1 2.8 2.2 2.2 2.2 2.0 

6.0 km 5.2 3.1 2.9 2.4 2.3 2.1 2.3 

7.0 km 5.7 3.4 2.6 2.5 2.4 2.2 2.1 
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Appendix F: Haul truck utilization and fuel consumption data from onboard comp. logs 

 

Truck Days 
Avail. 
Hours 

Op. 
Hours 

Liters of Fuel 
per Hour 

Utilization 
Load 

Factor 
kW/h kW/km 

1 42 756 454 53.3 60% 49% 213 27.2 

1 20 360 248 56.4 69% 52% 226 27.5 

1 34 612 278 54.1 45% 49% 216 27.1 

2 21 378 255 55.9 67% 51% 224 25.1 

2 25 450 317 54.8 70% 50% 219 25.4 

2 39 702 380 52.7 54% 48% 211 25.6 

3 18 324 243 54.5 75% 50% 218 26.0 

3 21 378 298 54.2 79% 49% 217 26.2 

4 26 468 302 53.5 65% 49% 214 26.1 

4 26 468 299 52.9 64% 48% 211 26.4 

4 22 396 268 53.7 68% 49% 215 26.2 

4 55 990 527 51.7 53% 47% 207 26.5 

4 52 936 537 54.5 57% 50% 218 27.4 

4 27 486 249 54.9 51% 50% 220 26.7 

5 22 396 227 53.2 57% 49% 213 25.1 

5 22 396 285 52.0 72% 48% 208 25.7 

5 25 450 276 52.8 61% 48% 211 24.9 

5 25 450 358 54.0 80% 49% 216 25.3 

5 20 360 223 54.7 62% 50% 219 26.6 

5 28 504 324 56.0 64% 51% 224 26.8 

5 23 414 280 57.2 68% 52% 229 26.3 

6 22 396 215 51.8 54% 47% 207 25.4 

6 22 396 261 51.2 66% 47% 205 24.7 

6 45 810 501 49.9 62% 46% 200 24.5 

6 22 396 270 50.0 68% 46% 200 25.3 

7 74 1332 685 55.8 51% 51% 223 27.8 

7 62 1116 566 56.3 51% 51% 225 27.6 

8 21 378 258 54.7 68% 50% 219 25.2 

8 24 432 255 55.4 59% 51% 222 25.7 

8 48 864 529 55.7 61% 51% 223 26.1 

9 23 414 248 56.1 60% 51% 225 25.8 

9 46 828 465 52.4 56% 48% 209 25.7 

9 57 1026 514 54.7 50% 50% 219 26.1 

9 65 1170 362 56.8 31% 52% 227 27.4 

10 19 342 254 60.2 74% 55% 241 27.7 

10 44 792 544 54.1 69% 49% 216 25.1 

10 73 1314 836 55.5 64% 51% 222 26.3 

11 65 1170 800 49.9 68% 46% 200 25.3 

11 29 522 351 49.4 67% 45% 198 25.6 

11 49 882 488 49.7 55% 45% 199 26.0 
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Appendix G: LHD utilization and fuel consumption data from onboard comp. logs 

 

LHD Days 
Avail. 
Hours 

Op. 
Hours 

Liters of Fuel 
per Hour 

Utilization 
Load 

Factor 
kW/h kW/km 

1 25 450 272 53.1 60% 66% 212 58.1 

1 22 396 241 50.3 61% 63% 201 61.6 

1 29 522 278 54.2 53% 68% 217 52.0 

2 50 900 465 50.3 52% 63% 201 47.3 

2 80 1440 720 50.3 50% 63% 201 52.6 

3 26 468 249 54.8 53% 68% 219 52.7 

3 25 450 245 53.0 54% 66% 212 54.4 

3 29 522 295 55.1 57% 69% 220 51.8 

4 24 432 260 
 

60% 
   4 24 432 252 

 
58% 

   4 90 1620 823 
 

51% 
   5 

     
58% 

  6 22 396 236 52.0 60% 65% 208 55.8 

6 22 396 248 54.7 63% 68% 219 54.7 

6 25 450 289 55.8 64% 70% 223 49.9 

6 22 396 268 53.5 68% 67% 214 49.6 
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Appendix H: Fan Curves for Fans Introduced in Tables 52 and 53 

Ramp Fan - Tables 52 & 53 (Case 1 & 7) 
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Level Fan - Tables 52-55 (Case 1-2 & 7-8) 
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200L Fan - Tables 52 & 53 (Case 1 & 7)
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350L Fan - Tables 52 & 53 (Case 1 & 7)
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Appendix I: Fan Curves for Fans Introduced in Tables 54 and 55 

Ramp Fan – Tables 54-57 (Case 2-6 & 8-12) 
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200L Fan - Tables 54 & 55 (Case 2 & 8) 
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350L Fan - Tables 54-57 (Case 2-6 & 8-12) 
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Appendix J: Fan Curve for Fan Introduced in Tables 56 and 57 

Level Fan - Tables 56 & 57 (Case 3-6 & 9-12) 

 


