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Abstract

Underground mines are faced with economic and health challenges that urge them to move away
from diesel equipment and towards electric equipment. However, the effects of such a transition
in the design of the underground mine ventilation are yet to be thoroughly understood. The current
study underlines how the full replacement of a diesel fleet with an electric fleet will affect
ventilation, cooling demand, and relative costs in a conceptual underground metal mine situated
in the Northern hemisphere. It focuses on the significance of heat generating mechanisms which
contribute to the overall heat load of the mining operation. The study differentiates the significance
of heat from auto-compression, machinery, and strata in full transition scenarios. The study
includes the simulation of the heating load emitted from auto-compression, diesel, and electric
equipment at a conceptual mine site in the Northern hemisphere by the software VentSIM, and
ClimSIM. The assessment of the resulting cooling demand is carried out in two steps. The first
step is a heating load simulation of the materials handling system of the mine required to reach the
maximum daily production rate that has been carried out for two types of scenarios including sole
diesel, and solely electric engines. The second step is a simulation of the associated cooling
demands of the ventilation network for these two scenarios. The results of the study show that
shifting from a diesel fleet to an electric equipment can have moderate to significant impacts,
depending on the intensity of equipment utilization, surface conditions, depth and extent of the

operations, and geothermal gradient.

Keywords: Underground mining, ventilation, electric equipment, heat load
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Résumé

Les mines souterraines sont de plus en plus confrontées a des situations économiques difficiles, et
a des restrictions strictes en matiere de santé et de sécurité qui les poussent a restreindre I'utilisation
des machines diésels aux bénéfices des machines électriques. En revanche, les effets d'une telle
transition sur la conception de la ventilation mini¢res doivent encore étre étudiés. Cette these
souligne comment le remplacement complet de la machinerie miniére diesel par un une flotte
¢lectrique affectera la ventilation, la demande en refroidissement et les cofits relatifs dans une mine
de métaux souterraine typique de I'hémisphere Nord de 1’ Amérique. Cette thése met l'accent sur
l'importance des mécanismes de production de chaleur qui contribuent a la charge thermique
globale de l'exploitation miniere. L'étude différencie l'importance de la chaleur de I'auto-
compression, des machines et des strates géologiques dans les scénarios de transition compléte.
L'é¢tude comprend la simulation de la charge thermique émise par I'auto-compression et émise par
des équipements diesel et électrique sur un site minier sélectionné dans 1'hémisphére nord de

I’ Amériques par les logiciels VentSIM et ClimSIM.

L'évaluation des demandes de refroidissement qui en résultent est réalisée en deux étapes. La
premicre étape est la simulation de la charge thermique émise afin de produire le taux de
production journalier maximal qui a été réalisé pour deux types de scénarios incluant la machinerie
avec moteurs diesel uniquement, et la machinerie avec moteurs électriques uniquement. La
deuxiéme étape consiste a simuler les demandes de refroidissement associées au réseau de

ventilation pour ces deux scénarios.

Les résultats de 1'étude montrent que le passage de la flotte diesel a la flotte électrique peut avoir
des impacts modérés a significatifs, selon l'intensité de l'utilisation de 1'équipement, les conditions

de surface, la profondeur, 1'étendue des opérations et le gradient géothermique.

Mots clés : Mine souterraines, ventilation, équipement électrique, charge thermique
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Chapter 1
Background

1.1 Purpose and Importance of Mine Ventilation

As astronauts need fresh air and artificial atmosphere in their spacecraft, miners need air to breathe
in an underground mine (Howard L. Hartman; Jan M. Mutmansky; Raja V. Ramani; Y.J. Wang
1997). Ventilation of air is responsible for the circulation, quality, and the direction of the air flow
(Anon 1993) (McPherson 1993). Having a good quality and sufficient quantity of air in
underground mines increases the productivity by allowing comfortable and safe working
conditions. The underground air ventilation system is the key to providing a safe working
environment for personnel required to work or travel, by diluting air transported particulates
created by mechanical equipment, blasting fumes, as well heat created by different sources of heat
generation (produced by either the machines or the mine itself) in underground mines (McPherson
1993). For a long time, mining equipment was mostly operated by diesel engines. This popularity
of diesel engines is mostly due to their reliability and flexibility, especially in underground

environments.

On the other hand, operating these machines in underground mines has been known to have
adverse health effects on humans since the 1960’s (Jacob 2013). Diesel Particulate Matter which
is known as DPM, is emitted from diesel engines the underground mines as a result of fuel
impurities and incomplete combustion (de la Vergne 2003) (World Health Organization 2012).
These fumes are considered as a Group 1 carcinogen by the World Health Organization. Studies
have shown that the health risk associated with DPM are such that miner’s life are endangered

with the highest DPM concentration emitted from diesel engines (Bugarski, et al. 2004).

Governments of different countries around the world mandate underground mines to provide the
specific minimum airflow to meet quality and temperature-humidity standards. These regulations
account for a minimum threshold of carbon emission at a Total Weight Average (TWA) for a
specific amount of time (8 to 12 hours in a shift). As well, the permissible exposure limit (PLE or
OSHA PEL) or short-term exposure limit (STEL) is usually 16 minutes, as long as the time-
weighted average is not exceeded (OSHA 2013).

14



Regulations should follow along best practices for different mines since each mine requires

different approaches and consideration based on the mining method and mine’s location (Prosser

2016).

1.2 Motivation

Although diesel engines are the most favorable equipment to extract ore from underground mines,
electric engines are now becoming more and more competitive based on their sustainability and
equivalent production rate. Mining companies are now turning towards machinery electrification.
Some advantages are (Chadwick 1992) (McPherson 1993) (Moore 2010) (McCarthy 2011) (Mark
2012) (Paraszczak, Laflamme and Fytas 2013) (Jacob 2013) (Allen and Stachulak 2016):

e Lower heat production: Electric engines produce one third the heat of equivalent diesel
engines

e No fumes

e Lower operating ventilation costs since they require less airflow specifications

e Lower power costs of a reduction on capital costs from smaller raises and fans

e Lower maintenance costs

In Canada, big companies such as Goldcorp and Glencore PLC., are considering the electrification
of their mining fleet. As Goldcorp's vice-president predicts that the rate of adoption of
electrification of diesel fleet is accelerating and expects many underground mining companies will
use Battery Electric Vehicles (BEVs) over a diesel fleet by 5 years (Braul 2018). By shifting diesel
engines to an all-electric underground fleet, a savings of $9 million dollars per year on diesel fuel,
ventilation costs, and carbon footprint costs can be estimated (Braul 2018). Intangible factors of
electrification such as the health of the workforce regarding air quality and level of noise are
priceless. Thus, the future of BEVs is promising and is expected that most of the mining companies

around the world will convert their diesel power to an electric fleet (Moore 2010).
1.3 Issues

There are some issues standing in front of the electrification of diesel power machines. One of the
biggest issues is that there are no specific regulations regarding the ventilation and cooling

demands of underground mines run by electrical equipment (A Halim, M Kerai 2013). For mines
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that already use electric engines rather than diesel engines, there is but only one regulation existing
created by the Australian government, where a minimum air velocity of 0.25 m/s is required in
active faces (Western Australian (WA) Government 1995). Although, the quantity of airflow is
not the same for different dimension of working areas (A Halim, M Kerai 2013), thus making this
regulation not applicable in all situations. Moreover, a more comprehensive design is required to
assess the impact of the mandated velocity for electric engines by the Australian government on

heat dilution as well as dust production levels (Allen and Stachulak 2016).

The second issue is that the BEVs need to be recharged often. Recently, Artisan Vehicle System
launched the world's first 40 tonne battery electric truck to be used by Kirkland Lake mine (Braul
2018). This type of trucks uses batteries, which need to be exchanged with a fully charged battery
at a mechanical shop (Swap Station) in the mine every couple of hours. This method of operation

might not be optimal and repercussion on the cycle time of trucks might be affected.

However, the mining equipment company Sandvik has committed to produce a 40-tonne truck to
be used by the Borden mine by 2020 which has the ability of on-board charging (Braul 2018).
Although it saves loading and unloading time and increases the productivity rate, it needs an

infrastructure in the mine to plug into which increase costs.

Choosing the right combination of batteries and motors is mentioned as another issue concerning

BEVs, which needs to be properly designed (Braul 2018).
1.4 Objective

The objective of this thesis is to compare the ventilation design and cooling demand for
conventional diesel engines and electric engines. A case study is presented on a conceptual mine

in the northern hemisphere.

This analysis seeks to quantify a realistic baseline (costs, savings, and environmental impacts) as

well as energy savings. The analysis was restricted to the following parameters:

e The analysis was based on the maximum production rate during the life of the mine as a
worst-case scenario for the ventilation design
e The materials handling data extracted from the mine is to meet the maximum production

rate allowable at the mine
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e A critical loop design was constructed in Auto-CAD and imported to VentSIM. A
ClimSIM model was built for thermal simulation analysis.

e Surface climate condition used for cooling analysis is considered as summer condition
(Worst case scenario).

e All design annotations on drawings and calculation outputs are to be in the SI units
1.5 Contribution to Mining Engineering Knowledge

In this thesis, the original contribution is designing the ventilation and cooling requirement for two
different scenarios diesel, and electric machineries in underground mines compared to costs and

carbon footprint.
1.6 Thesis Outline

The thesis outline is as follows:

1.6.1 Chapter 2

Chapter 2 presents a literature review on electric and diesel engines in underground mines.

1.6.2 Chapter 3

Chapter 3 presents the major theories of mine ventilation relating to cooling and heating in

underground mines.

1.6.3 Chapter 4

In the chapter 4, a case study on ventilation modeling for both diesel and electric scenario will be

done.

1.6.4 Chapter 5

Chapter 5 presents the main results for both scenarios presented in chapter 4. The cooling analysis

and heat calculation for the two scenarios is presented and explained.

1.6.5 Chapter 6

Chapter 6 is the discussion, conclusion and future work.
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Chapter 2

Literature Review

2.1 Health Issues in Underground Mines

Nowadays, one of the most important concerns in all industries is the health and safety of workers.
Due to the confined environment of underground mines, the workers are exposed to a greater level
of diesel exhaust fumes than other work groups (Fernandez 2015). The underground mine workers

are exposed to diesel fumes 3 to 10 times more than surface mine workers (Scheepers, et al. 2003).

Thirty years of research have established diesel fumes as a carcinogenic gas (Moench 2011). Diesel
exhaust increases lung cancer among the miners who are exposed to diesel emissions (Attfield, et
al. 2011). At 2005, a study estimated that 21,000 people in the United States, who were exposed
to diesel particle matters, have a shorter life span (Schneider and Hill 2005).

Also, it has been reported that people who are exposed to diesel fumes, even during a short period
of time (less than 1 hour), experience negative effects on the immune system, particularly for
people who have allergies or asthma (Hedges, Djukic and Irving 2007). NIOSH (National Institute
of Occupational Safety and Health) estimated that 1.4 million workers in the United States were
exposed to diesel exhaust between the years of 1981 to 1983 (NIOSH 1983). Pronk et al. estimated
that 3 million workers were exposed to diesel exhaust fumes between 1990 and 1993 which is
more than over different time periods (Pronk, Clobe and Stewart 2009). This means that the use
of diesel engines will continue to increase due to their flexibility and performance in industries

(Environmental Protection Agency (EPA) 2002) (Friesen, et al. 2013).

It is reported that 10% of all deaths in the industrialised world are due to lung cancer (K. Hedges,
Diesel emission in underground mining 2013). Diesel engines do not only cause negative effects
on human lungs through the fumes. Indeed, another side effect related to diesel engines is high
decibel (dB) noise that can cause hearing loss (Hartman and Novak 1987). It is estimated that
electric engines produce 85 dB while diesel engines produce 105 dB (Moore 2010). Referring to
the OSHA standard, protection against noise must be provided when the sound level exceeds 90

dB (OSHA 2013). However, NIOSH considers 85dB as the occupational noise exposure limit, and
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above that are considered hazardous for employees who work 8 hours TWA (Time Weighted

average) in this situation (Franks, Stephenson and Merry 1996).
2.2 Ventilation in Underground Mines

A critical part of any underground mine is a safe and economical ventilation system (Hartman, et
al. 2012). Ventilation is described as an organic system in underground mines. One could see the
intake airways as being arteries that carry oxygen to the active areas where workers and equipment
are working. The return veins would be considered as the return airways, which exhaust the air
contaminated with dust, diesel equipment emissions, and polluted air to the outside atmosphere.

(McPherson 1993).

Without an effective ventilation system, no underground facility can operate safely (McPherson

1993). Some of the features of underground mine ventilation are (Tuck 2011):

- Providing fresh air for the workers

- Providing oxygen for combustion

- Improving visibility

- Disperse diesel particulate matter (DPM)

- Disperse methane gas from coal mines to avoid explosions

- Disperse dust, heat, and humidity

- Dilute blasting fumes

- Ventilation and cooling of underground mines are two aspects that require high capital cost
and operating cost (CIPEC 2005). Ventilation costs are estimated to be over 30% of
electrical operation costs (de la Vergne 2003) and was even estimated to be over 40%
(Paraszczak, Laflamme and Fytas 2013). A ventilation engineer is supposed to design a
primary mine ventilation system at the lowest cost to determine the required airflow at

work areas in underground mine (Acufia et Lowndes 2014).
2.3 Regulations

Regarding to health and safety issues in underground mines, mine ventilation practices in mining
countries such as Canada, United States of America, South Africa, and Australia are heavily

regulated (Tien 1999). Thus, governments around the world mandate regulations on the specific
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quantity of airflow required to dilute heat, fumes, and airborne dust (Fernandez 2015). The
ventilation rates, which are mandated by the government, will differ in practice due to the type of
diesel engines, mine design and other factors in underground mines (K. Hedges, et al. 2007). The
regulations are different in each country. In Canada, the flow rate ranges from 0.045 m3/s per
kW of diesel engine power to 0.092 m3/s per kW of diesel engine power, with the average

common flow rate at 0.063 m3/s per kW (100 cfm per brake horsepower) (Stinnette 2013).

In the USA, the regulations mandate mines to provide a specific volume of air in order to remain
below a specific maximum exposure level of airborne contaminants (Stinnette 2013). However, in
some regions of Canada, mines are allowed to recirculate a specific amount of air as long as the

maximum level of contaminants is not exceeded (Government of Ontario 2014)

Table 1 states the minimum air volume, mandated by governments, required for the mines running
diesel equipment (Tuck 2011) (Monitoba Government 2014) (Quebec Government Updated to 1
March 2018) (Ministry of Energy and Mines Revised Jun 2017) (Saskatchewan Government 2016)
(Nova Scotia Government 2015) (Alberta Government 2018) (Western Australian (WA)
Government 1995):

Australia 0.06 m3/s per kW

Western Australia 0.05 m3/s per kW

Queensland, Australia None Was 0.04 m3/s per kW

Ontario, Canada 0.06 m3/s per kW

Manitoba, Canada Min of 0.092 m3/s per kW | Ventilation as per CANMET
for non-approved engine approval or MSHA approval.

Min of 0.045 m3/s per kW | Uses 100/75/50 rule
for multi engines

Quebec, Canada Min of 0.092 m3/s per kW | Ventilation as per CANMET

for non-approved engine approval or MSHA approval.

Min of 0.045 m3/s per kW | Uses 100/75/50 rule

for multi engines
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British Columbia, Canada

0.06 m3/s per kW

Ventilation as CSA

Standard

per

Saskatchewan, Canada

0.063 m3/s per kW

Ventilation as per CANMET

approval

Alberta, Canada

1.9 m3/s at active headings,

and air velocity of 0.3 m/s

Ventilation as per CSA

Standard for coal mines

New Brunswick, Canada

0.067 m3/s per kW

Engine approval is required

for engines above 75 kW.

Nova Scotia, Canada

Min air velocity of 0.33 m/s

for coal mines

Engine approval is required.

Newfoundland & Labrador,

0.047 m3/s per kW

Engine approval is required.

Canada

Northwest &  Nunavut, | 0.06 m3/s per kW Engine approval is required.

Canada Ventilation as per CANMET
or MSHA engine approval

Yukon, Canada 0.06 m3/s per kW

United Kingdom None

United States

0.032 to 0.094 m3 /s per kW

Chile 0.067 m3/s per kW
South Africa 0.067 m3/s per kW Based on best practice
Indonesia 0.063 m3/s per kW
China 0.067 m3/s per kW

Table 1) Diesel Engine Ventilation Requirement

2.4 Mine Ventilation - Diesel Engines in Underground Mines

2.4.1 History of Diesel Engines

Rudolf Diesel introduced a new heat engine in 1892 (Mollenhauer and Schreiner 2010). Diesel

engines are internal combustion engines that convert chemical energy from diesel fuel to

mechanical energy (US Department of Energy 2003). Diesel engines have been playing a vital role

in different industries, particularly for heavy-duty functions such as transport, construction,
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agriculture, and industrial machineries for 50 years (Fernandez 2015). This popularity stems from

the high fuel efficiency, capacity and durability (Knothe, Krahl and Gerpen 2010).

The diesel engine was introduced to underground mines in Germany during the year 1927. 12 years
later, in 1939, diesel engine machines were being utilized in an underground metal mine in
Pennsylvania, USA. However, diesel engine machines had not been adapted to the underground

situation until 1960’s (Kenzy and Ramani 1980).

Table 2 shows a timeline of diesel equipment utilized in underground mines (Kenzy and Ramani

1980).

1882 Diesel Engine Invented

1886 First Gasoline Locomotive in an Underground Mine (Germany)
1897 Diesel Engine Reduced to a Practical Size

1906 First Gasoline Engine in a U.S. Mine

1915 Most States in the U.S. Outlaw Gasoline Engines Underground
1927 First Diesel Engine in an Underground Mine (Germany)

1934 Diesels in Belgian, British, and French Underground Coal Mines
1939 First Diesel Engine in a U.S. Underground Mine (Pennsylvania)
1946 First Diesel Engine in a U.S. Underground Coal mine

1950 Development of the first Diesel-Powered LHD

Table 2) History of Diesel Engines in Underground Mines (Kenzy and Ramani 1980)
Diesel engines are more popular in underground mines than gasoline engines. This popularity
comes from the higher efficiency and energy density of diesel fuel compared to gasoline
(Varaschin 2016). The heat production of diesel engines is approximately 36 MJ /L rather than
32 M] /L heating values for gasoline engines. This makes 12% more energy dense than gasoline
by volume (Varaschin 2016). Thus, diesel engines provide higher torque at greater efficiency with
less carbon monoxide emissions than gasoline engines (Stinnette 2013). Peak operation of diesel

engine efficiency is estimated to be 32%, however, they have 20% to 25% efficiency in reality

(Smill 2010).

22



2.4.2 Classification of Diesel Engines Based on Governmental Regulations

(U.S EPA: Tier 1 to 4)
In the USA and North America, the Mine Safety and Health Administration (MSHA) supervise

and specify the acceptable level of diesel emissions in underground mines. However, diesel

emission standards are also set by the US EPA (United States Environmental Protection Agency)

(Varaschin 2016).

The US EPA regulation categorizes the non-road diesel engine emissions from Tier I through Tier
IV standards (Stinnette 2013). The merged U.S-European standards introduced by the EPA and
the US government have resulted in reduced emission levels in underground situations where

diesel engines run (DieselNet 2016).

Tier I standard regulation was introduced in 1994 and implemented until 2000. In 1998, Tier I
diesel emission standards was adapted to Tier 2 and 3 standards and implemented before 2008

(DieselNet 2012)

In 2004 a new regulation had been placed on the table called Tier 4, for the engines typically found
in construction, mining, farming and forestry. (DieselNet 2012) The main focus of this new
regulation is to mandate the manufacturing diesel companies to design an engine with the lowest
emissions of particulate matter, lower than the reduction planned in Tier 3 standards (Varaschin
2016) (Stinnette 2013) (DieselNet 2012). A summary of current governmental law for non-road

diesel engines can be as shown in Table 3 (Stinnette 2013).

North America & Western Europe

19-37 kW (26-49 | Tier 4 Interim/ Stage | Tier 4 Final/ Stage IIIA
hp) 1A

37-56 kW (50-75 | Tier 4 Interim/ Stage | Tier 4 Final/ Stage II1B

hp) 1A

56-130 kW Tier 4 Interim/ Stage I1IB Tier 4 Final/
(76-174 hp) Stage [V
130-560 kW Tier 4 Interim/ Stage I11B Tier 4 Final/ Stage IV

(175-750 hp)
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+ 560 kW (+751

Tier 4 Interim

Tier 4 Final

hp)

North America

Only

Japan Tier 4 Interim/ Stage I1IB Tier 4 Final/
Stage IV

Mexico Unregulated / Tier 1/ Stage 1

China SEPA Stage II Similar to Tier 2/ Stage 11

India (Large Cities)

Bharat (CEV) Stage III/ Tier 2 — Tier 3/ Stage II — Stage II1IA

Latin America

Unregulated/ Tier 1/ Stage |

(These are proposals for Tier 3/ Stage IIA in Brazil and Chile)

Middle East Unregulated/ Tier 1/ Stage |

Africa Unregulated/ Tier 1/ Stage |

Russia GOST R41 96-99 Similar to Tier 1/ Stage |
Australia Tier 1/ Stage I

Table 3) World Diesel Emissions Regulations (Stinnette 2013)

Table 4 shows the stringent emission standards for each Tier mandated by EPA that the

manufacturer should use according to design their diesel designs.

Tier 1 1999 5.5 (4.1) 9.5 (7.1) 0.8 (0.6)
19-37 kW Tier 2 2004 5.5 (4.1) 7.5 (5.6) 0.6 (0.45)
(26-49 hp) | Tier 3 2006 45(3.4) 0.36 (0.27)
Tier 4 2013 5.5 (4.1) 4.7 (3.5) 0.03 (0.022)
Tier 1 1998 - - -
37-75 kW Tier 2 2004 7.5 (5.6)
. 0.4 (0.3)
(50-100 hp) | Tier 3 2008 5.0 (3.7) 4765)
Tier 4 2013 o 0.03 (0.022)
Tier 1 1997 - - -
75-130 kW :
Tier 2 2003 5.0 (3.7) 6.6 (4.9)
(100-175 hp) 0.3 (0.22)
Tier 3 2007 5.0(3.7) 4.0 (3.0)
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Tier 4 2014 50(3.7) - 0.02 (0.015)

Tier 1 1996 11.4(8.5) - 0.54 (0.4)
130-560 kW | Tier 2 2003 6.6 (4.9)
(175-750 hp) | Tier 3 2006 3.5 (2.6) 4.0 (3.0) 0.2 (013

Tier 4 2014 - 0.02 (0.015)
>560 kW Tier 1 1996 11.4 (8.5) - 0.54 (0.4)
(>750 hp) Tier 2 2001 6.4 (4.8) 0.2 (0.15)
(Except Tier 3 2006 3.5(2.6) 3.8(2.8) 0.12 (0.09)
generator sets) | Tier 4 2015 0.4 (0.3) 0.1 (0.075)

Table 4) Non-Road Diesel Engine Emission Standards for Various Tiers, g/kWh (g/bhp.hr) (DieselNet 2017)

2.4.3 Advantages of Diesel Engines in Underground Mines

There are some advantages to running diesel equipment in underground mines compared to electric
engines: (Chadwick 1992) (McPherson 1993) (McCarthy 2011) (Paterson and Knights 2012)
(Jacob 2013) (Paraszczak, Laflamme and Fytas 2013) (Paraszczak, Svedlund, et al. 2014)
(Varaschin 2016):

e Lower capital costs

e More flexibility

e More reliable compared to tethered machines (Trailing cables are not reliable and are more
expensive than diesel fuel)

e Faster tramming speed compared to electric equipment

e Less infrastructure required (The electric equipment needs specific infrastructure such as a

trolley line, electrical grid, swap station, charging station etc.)

2.4.4 Disadvantages and Issues of Diesel Engines in Underground Mines

2.4.4.1 Gaseous Emissions and Diesel Particulate Matter (DPM)

Diesel exhaust is considered as a complex mixture of gases and particles emitted by diesel-fuelled
internal combustion engines (IARC 1989) (Lipsett and Campleman 1999) (Hesterberg, et al. 2005)
(Environmental Protection Agency (EPA) 2002). This complexity of diesel exhaust fumes makes
them difficult and costly to control and monitor regarding health concerns in underground

environments (Fernandez 2015).
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Diesel-powered mining equipment produces three major toxic gaseous emissions consisting of

carbon monoxide (CO), carbon dioxide (CO2), and oxides of nitrogen (NOx) (Stinnette 2013).

Table 5 shows features and the negative impacts of diesel emissions on humans (Stinnette 2013).

Carbon Odourless- Headache, dizziness, | Above 1500 pm, | Yes. Explosive
monoxide Colourless fatigue, nausea death occurs in | in range of
(CO) one hour 12.5% to 74%
Carbon Odourless- Asphyxiation and toxic | Rapid death | No
dioxide (CO7) | Colourless effects such as dizziness, | occurs at 20% or
nausea and a loss of | above
consciousness at | concentration in
concentration of 3% or | the air
above
Oxides of | Slight scent | pulmonary edema in | 90 ppm | No
Nitrogen and Reddish- | concentration as little as | concentration
(NOx) brown in [ 1 ppm causes death in
higher 30 minutes
concentration

Table 5) Gaseous emissions of diesel engines and their impact on humans

Gaseous exposure limits, which are legislated by governments around the world, are shown in
Table 6 (Monitoba Government 2014) (Quebec Government Updated to 1 March 2018) (Ministry
of Energy and Mines Revised Jun 2017) (Saskatchewan Government 2016) (Nova Scotia
Government 2015) (Alberta Government 2018) (Western Australian (WA) Government 1995).
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Ontario 25 5000 25 3 2
Manitoba 20 5000 25 3 -
Quebec 35 5000 25 3 2
British 25 5000 25 3 2
Columbia

Saskatchewan | 25 5000 25 3 2
Alberta 25 5000 25 3 2
New 25 5000 25 3 2
Brunswick

Nova Scotia 25 5000 25 3 -—-
Newfoundland | 25 5000 25 3 2
& Labrador

Northwest & | 25 5000 25 3 2
Nunavut

Yukon 50 5000 25 5 5
United States | 50 5000 25 5 -
South Africa | 35 9000 30 5 ---
Australia 30 5000 25 3 2
China 17 5000 12 3 2
Switzerland 30 5000 30 3 0.5

Table 6) Gaseous Exposure Limits

As diesel engines are the most common equipment ran in underground mines, diesel particulate
matter (DPM) exists in underground workings. DPM contains fine particles with a diameter of less
than 2.5 ym and ultra fine particles with a diameter of less than 0.1 um (Olsen, et al. 2014). Due
to their small size, DPM aerosols stay much longer in a mine atmosphere than