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Abstract

Al bertads surface mining sorsumng industriesanne o f
Canada, ando oil sands mining equipmemterformancehasa significant impact on the
economy.To achievemoresustainable oil sands minimroductionin Alberta one of the
influential factors is the improvemeiff the reliability of mining equipment Through

these reliability improvementgosts energy consuption, and greenhouse gas (GHG)
emissions can be mitigated Energy consumption and equipment reliability have
considerable risk associated with some main subsystems, and this risk must be determined
in order to calculate theffect on expected operatingpst. When mining equipment
reliability improves, not only cancosts associated with maintenar@ereduced, but also
energy consumptionAs well, emissions qualitycan be improved through better
maintenancewhich in turn mitigates GHG emissions.

The objetive of this research is to develop a demand, ttee reliability modelingor oil

sands mining equipment, and make a link between energy consumption and relidbility.
determine how much energy, cost, and GHG emissions can be reduced through improving
equipment reliability techniques of equipment risk assessnagtreliability were studid.

In addition,i r e f esceaanias &or improving the reliabilityin mining equipmentvere
identified and developed\ probabilistic Bayesian belief network (BBN) thed was used

for the reliability analysisThe integrated energgliability (E-R) model developed for oil
sands mining equipment provides a detailed reliabditgrgy analysis. This model helps

to understand the relationship between energy and reljatdhd clarifies the amount of
energy consumption and energy savipgssible through improving the reliability of

equipment.
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The ER model was developed for four discrastates of reliability:State 1 the mining
equipment is fully operational (reliakyl equals 1) State 2the equipment operates under
expected reliability (as defined by manufactur&fate 3 the equipment operates under
low or limited reliability (also known as partial reliability and State 4 the equipment
fails.

Partial reliabiity was calculated for the o subsystems of thaining equipmenused in
surface mining of bituminous san@sd their associatezhergy consumptigribased on the
Markov degraded muklstate model under three statedich are described as: Statele
system operates under expected reliabil@yate 2 the system operates under low or
limited reliability; this is also known as partial reliabititagnd State 3 the system fails.
LEAP software was used to calculate final energy consumption by eaclsufmystem

for the study period diorty years It was assumed that the emissions changed only due to
change in energy consumption, although partially reliable equipment may have higher

specific emissions as well.

The ER model outcomes suggest that enedggnand for equipmeratt current production
rateswill be reduced by an average @03.5million GJ, 1,151.40million GJ, 1,125.53
million GJ, and1,732.73million GJ by year2050for states 1, 2, 3, and 4, respectively.
Average annuahsspentcost savigs of60 Billion Canadian Dollars/8 Billion Canadian
Dollars, 99 Billion Canadian Dollarsand158 Billion Canadian Dollarsiere obtainedy
year 2050for operating instates 1, 2, 3, and 4. In addition, GHG emissions will be
mitigated by an average a7 million Metric Tons CQ equivalent 77 million Metric Tons
CO; equivalent 75million Metric Tons CQ equivalentand105million Metric Tons CQ

equivalent by year 2050r states 1, 2, 3 and 4.
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Chapter 1: Introduction

1.1 Overview

Al bertads oil reserves are an important
naturally occurring mixture of quartz sand, clay, water, and bitumen. Bitumen is a heavy
and extremely viscous oil that has to be upgraded before it can be useduocepusable

fuels (i.e., gasoline and diesel). Bitumen can be extracted through surface mining when oil
sands ords close to the surfagewith a stripping ratio of approximately ldver the
lifetime of the mining plant. New technologies are being dewsld enhance bitumen
recovery efficiency and treatment methods. There are other countries in the world that
have large resources of oil sands deposits, suctheadJnited States, Venezuela and
Russia; however, the Athabasca region in Canada has the @itgasds resources.

Even withoutnewp i pel i ne s, it is anticipated that
will increase by 4% annually over the next 15 yeaEnergy consumption intensity and
equipment reliability play an important role in thestoassociated with oil production in
surface mining oil sands operatigiis

The effects of reliability on costs and emissioren be simulated through modeling the
relationship between a change in equipment reliability due to a minor fault and a change in

equipment emissions, whighthe main focus of this research.

Oil sands deposits are located far from urban areas, and this raekess to mining
equipment more complex, particularly with respect to maintaining efficiency and
controlling costs. It is costly to provide service, repair, and maintenance for unscheduled
equipment shutdowns during oil sands mining operations. A rglyadtudy, an equipment

and system failure assessment, and an analysis of energy consumption related to machine

condition are the main objectives in this research.

Reliability is the probability that a system or component will work over a specific pariod
time (2). Statistical methods are used to analyze and determine the reliability from
observed failure data; furthermore, a suitable model of the reliability assessment can be

applied to create a relatisimip between equipment performance and improvement.

par

oi
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Reliability and availability of equipment are two appropriate metrics for quantitative
evaluation and analysis of a system. Availability is a parameter that defines the probability

of a component operatimat a specific timé2).

The current work aimed to estimate reliability related to mining equipment (i.e., hydraulic
and electrical shovels, haul trucks, crushers, conveyer belts, and slurry pumps) using a
Bayesian Belief Network. A Bayesian Belief Network analyzes the reliability and
availability of equipment components based on nodes and related links, even with

uncertainty of parameters and lack of sufficient data.

The results from this research can beduby operating companies to understand how to
mitigate unpredictable mining equipment failures and allodustriesto formulate a
guantitative approacto probabilistic modeling (as opposed to qualitative assessment of
reliability), improve equipment relbility, determine optimal energy use over the lifetime

of a piece of equipment, and reduce energy costs. In this aadifigial failure data are

used to estimate unexpected failures, and energy consumption data are used to calculate
emission and energiemand rates, which are input into the maintenance program.

1.2 Statement of the problem and gap in knowledge

Unpredictability in energy demand, its associated costs, and the importance of mitigating
greenhouse gas emissions are increasing; theredarejnderstanding of how to save
energy through life cycle assessment of specific equipment is an important approach for
more sustainable development in industry. Energy saving can be partially achieved by
improving equipment reliability. Oil sands mininguepment has a vital role in energy
consumption and surface mining costs, and a comprehensive reliability assessment can

lead to considerable reductions in cost and enesggumption

1.3 Research Objective

The main objective of this thesis is to combaeliability analysis ofequipment in amil
sandssurfacemining processand energy modeling to understand how to reduce energy

demand emissions and cosia reliability improvementThe outcomes from this research
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allow the oil sands industry to und&nd how to improve the reliability of the components

In mining equipment, will affect the energy efficiency of an oil sands mining operation. As
historical data from actual mining operations were not available for this study, a Bayesian
Belief Network (BBN) is used to model component failure for each piece of mining

equipment for an EnergiReliability (E-R) model.

This project focuses on the impact of equipment reliability, operation costs, and energy
demands on mining equipment. Equipment failure podiyg which leads to low
reliability or unreliability condition depends ora number of variables suchs local
weather, environmental circumstances, hun@ror, uncertain degree of equipment

deterioration, and uncertainty in material and equipment.

In addition, this study assesses a reliability model for the main subsystem of oil sands
mining equipment to determinalue ofenergy demand over the remaining service life of

equipment. The objectives of this research are as follows:

1 To identify the variales and components that most affect oil sands mining
equipment productivity;
To calculate reliability of oil sands surface mining equipment;
To identify the final energy demand for the selected oil sands mining equipment;
To develop the base year enedpmand for oil sands mining equipment based on
reliability;

1 To identify probability density functions (PDFs) for failure data of the selected oil
sands mining equipment, which allow us to determine the final reliability function;

1 To identify risk associad with equipment used in oil sands surface mining
operations;

1 To develop the base year energy demand and supply scenario in Theahgag
Energy Alternatives Planning System (LEAP) software for oil sands surface mining
equipment;

1 To develop a scenariorfamproving reliability of mining equipment;
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To estimate the total possible energy demand and emissions for oil sands surface
mining equipment in Alberta over the study period through the development of
reliability scenarios using LEAP software; and

To creaate relationships between reliability, emissions and energy demand to
calculate the amount of energy that can be saved in Alberta on oil sands surface

mining equipment.

1.4 ResearchAssumptions

Theassumptionsf this research are:

|l

Oil sands mining operiain conditionis atsteady state;

Expert evaluation of the data collected is required for the reliability of the main
components based on true and false states (true is the scenario in which the failure
mode is occurring, and false is the scenario in wiieh failure mode is not
occurring); and

Reliability modeling is a benchmark study.

1.5 Scope of the Current Study

The scope of this research includes the following:

l

Reliability modeling of oil sands surface mining equipment in Alberta, Canada
including hydraulic and electrical shovels, haul trucks, crushers, conveyer belts,
and slurry pumg along with calculation of their probability of failure based on a
Bayesian Belief Network (BBN);

Calculation of energy demand rates in oil sands mining equipment loamsed
selected components that impact emissions using LEAP software;

Development of a surface mining framework in the industrial demand modules
using LEAP software;

Performance of sensitivity analysis for slurry pumps and haul truck engines and
tires in tems of total energy consumption througtREmodeling;

Use of the ER model to conduct an analysis of oil sands surface mining equipment

over the course of 40 years startimgminally from 2010 to 2050. The-R model
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is used to forecast how much energy ambtccan be saved by improving

equipment reliability.
1.6 Limitations of the study
Data collection on reliability modeling

Reliability assessment waserformedbased ora Bayesian belief network fagach main
component (of equipment) based on a ffalse sate for each failure modeThe total
reliability value andorobability densityfunctionwerecalculated foreachequipmentusing
BBN model Synthetic data were created based on qualitative inpby industry
benchmarking and expert judgment.

Data collectiom on finarcial impact

Financial data are collected and analyzed u#iiregE-R model to determine the cost of
each main component for the selected equipnt@osis were estimated based on expert

opinion.
Data collection on energy demand and supply

Fuel andelectricity consumption data are collected and interpreted to calculate the energy

demand of each component for the selected equipment.

Baseline data for a period of 40 years were developed using outlook data found in various

published reports and fromatural Resources Canada.

1.7 Methodology

In this research, muistate reliability formulations are used to study the reliability of olil
sands mining haul truck, which influences production capacity and operation costs. In
addition, parallel and seriesliability assessments are used to calculate total productivity
probability in a specific productive time (one year). Production reliability of critical oil
sands mining equipment was assessed by considering equipment failure ahedes

main componeniThe developed reliability model provides a novel way to address system

reliability challenges in terms of cost and energy demand.
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After calculating the failure probability for each mechanical subsystem of each piece of
mining equipment, based on the Bsigm Belief Network (BBN), risk associated with

each main component was assessed
Strategies and methodologies used in this research are as follows:

1 Identification of the list of failure modes related to the main components of the
selected oil sands minireguipment;

9 Calculation of the probability of failure for each component based on the Bayesian
Belief Network (BBN);

9 Calculation of the reliability of each component of the selected oil sands mining
equipment;
Calculation of thdailure rateof selected ibsands mining equipment;
Calculation of the consequence for each failure mode based on cost according to
research reviews and reports;

9 Calculation of the risk associated with each component of the selected oil sands
mining equipment;

1 Development of a basyear energy demand and supply scenario in LEAP for the
oil sands surface mining equipment in Alberta;

i Estimation of final energy demand of each component that directly influence
energy efficiency;

1 Development of an R model based on the reliability assment and energy

demand of surface mining equipment using LEAP over the study period.

1.8 Thesis Organization

This thesis is organized in the form of five chapters with a table of contents, a list of tables,

a list of figures, a list of abbreviationsfegences, and an appendix.

Chapter 1 (this chapter) includes the overview of this study, research objectives, research
hypothesis, scope of the current structure, limitation of the study, methodology, and an

outline of the thesisd organization.



Seif, A 8

Chapter 2 mvides a literature review on reliability, reliability of mining equipment, the
Bayesian Belief Network and its application in industry, the Monte Carlo simulation,

energy modelingpproachandthe concept oénergyreliability intensity.

Chapter 3 corentrates on failure, cost, risk, and details of the developed reliability model
for oil sands mining equipment (hydraulic and electrical shovels, haul trucks, crushers,

conveyer belts, and slurry pumps) using the Bayesian Belief Network.

In Chapter 4 deveps the EnergyReliability (E-R) model in detail and provides a
sensitivity analysis along with information of the system energy. Using LEAP software,

the energy demand of each component was determined and developed

Chapter 5 discusses the conclusiagisgineering significance, and recommendations for

future work based on this research.
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Chapter 2: Literature Review

This chapter presents a review of the literature on reliability and its application in mining
equipment, theBayesian belief network method and its application in industry, and
reliability and energy intensity. Reliability studies and energy intensity modelling in

various industries including oil sands mining industry are discussed.

2.1 Reliability

Reliability is defined as a probability of the components working in a system under
specific conditiongor a period of timeReliability studies allow us to predict, prevent, and
reduce the likelihood or frequency of equipment fail@s One of the popular methods

to evaluate reliability of the system is k out of n system reliability. However, in the real
world, most of the systems haveora than two states to perform their function, which is
called multi states. The mulstatek-out-of-n. G system model, is defined as the system
working under differenk values with respect to different states. In this section, multi
states kout-of-n ard Markov structures, two kinds of multtate reliability modelling, are

discussed4).

Zhigang et al. 2007, used meudfiate kout-of-n systems to evaluate the oil supply system.
They proposed a model of mutiiate koutof-n system, which allocates various
conditions @ the number of components for different state levels. , and, very importantly,
more practical engineering systems can fit into this magdeéWMlu-st at eo i n t hi
stands for multiple capacity level. To calculate the reliability of nutétte kout-of-n
systems, a recursive algorithm was used. The results show that this algorithm is an

efficient way to assess reliability of a systéfh

Tian et al. 2009, offered a method for the joint reliakiligdundancy optimization of
multi-state seridgarallel systems. The best redundancy level for each parallel subsystem
was obtained by considering theirtsta s 6 i nfl uence of component
includes the technical and organization performance of a-state component and the
accessibility of the system. Their model find out the numbers of components as well as the
best technical and orgamaitional actions for each subsystem of a nsitite seridgarallel

system, to minimize the cost of system through availability of the sy&em

o
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Yi Ding et al. 2010, also developed a modet feliability estimation of multstate
weighted koutof-n systems. They developed fuzzy recursive and fuzzy universal
generating function (UGF) algorithms to assess the +state k-outof-n system In
addition, they calculated fuzzy weights based an ¢hlustering technique and the curve
fitting method. They developed a framework to estimate the reliability of -stalie
weighted kout-of n systems as well as improve the fuzzy recursive methods and fuzzy
UGF techniques to evaluate thelt-of n systers. To find the weights of fuzzy numbers

of recursive algorithm, UGF techniques, and probabilities of states in this model, clustering
technique, and curve fitting method were used. Their model allows the user to make

timely calculations and generate a@aeroutcomegs).

Lipsett et al, used the Markov method to estimate the reliability of a system under multi
state conditions. In their model, the probabilities and costsiassd with a risk function

were assessed, when the related component operates in a particular state. The Markov
formulations used in their study show a range of functioning, fault, and repair states. Risk
calculations were determined in terms of a suncast estimates for a product working
under different statgg).

Yang Dongpeng et al, 2008, implemented reliability studies in industry for various devices
and equipment. For example, reliability has beesdu®r ventilation networks, used in

coal mining to provide fresh air underground. They studied the reliability of ventilation
networks using Boolean calculations and the Shannon formula. The results indicate that if
this model is used to calculate reliltlgiin coal mining ventilation networks, the highest
efficiency for the ventilation network as well as of the entire operational system can be
achieved8).

Some network systems can operate with partial damage inattentission, which known
as a partial reliability. Lien et al, 2015 conducted research on computer network systems.
They proposed a patrtial reliability model on Transmission Control Protocol (TCP) that

describes the part of system works with partial réltsix(9).

Donckers et al, made a link between energy intensity to partial reliability. They studied the

effect of partial reliability and energy intensity in a mobile system. Their model controls
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the loss of capacity and delaysghich leads to use lower energy intensity. They model can

save about 0.57% of the energy consumptid).
2.2 Reliability in mining equipment

Equipment reliability is a key factor in mining operations performance.yMamds of
equipment are used in oil sands mining operations, and down time are costly. Shovels,
mining haul trucks, crushers, conveyor belts, and slurry pumps are widely used in oil sands
mining in Alberta. Various methods and reliability distributions ased to find the best
distribution function to fit the failure data. Some techniques are used in industry to assess
reliability, including Pareto analysis, Failure Modes, Effects and Criticality Analysis
(FMECA), and the Bayesian belief network (BBN).€Ble techniques are used both to
estimate the best reliability distribution to meet industry requirements and to improve
reliability. The outcomes from these assessments generate clear operational and
maintenance strategies to reduce cost while maintainigly performance. Reliability
assessments found in the literature can be categorized into two distinct groups: assessments

done on the entire operational mining system and those done on particular equipment.

Mining Systems

Nuzialea et al, 2007, used aliability analysis to predict mining equipment failure rate
using RelSoft software in order to expedite the maintenance assessment and reliability
analysis of mining equipment. The authors used two approaches. They first calculated
mining equipment failw trends using a maintenance analysis and then predicted failure
trends using statistical reliability models. The authors concluded that using software and
having a basic knowledge of statistics were key to efficiently maintaining mining
equipment(11). Another mining equipment reliabyitassessment was conducted by
Barabady and Kumar. They usadVeibull distribution for their parameter analysis. The
conveyer subsystem and secondary screen subsystem were found to be the most important

equipment in terms of reliability and regular mairstece(12).

Penget al, 2014, analyzed underground mining equipment by using a genetic algorithm
along with several statistical methods. They studied load haul dump (LHD) trucks over

three and sixmonth periods at annderground mine in Ontario. A statistical test was
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performed to validate the data collected with the actual data in the certain time. The
objectives of this case study were to analyze the impacts of the amount of data and of
sequential data on predictimutcomes. The results indicated that genetic algorithms are
successful tools to calculate the maintenance elements of an LHD vehicle over the course
of three and six months with a level of confidence of 5%. Moreover, to estimate an

unexpected failure ratthe timeline of events is not importgdB).

For surface miningequipment evaluation and selection, Hall a@dneshrend, 2003
analyzed reliability using data collected from sensors attached to mobile equipment. The
reliability and maintainability model for surface mining equipment were combined with
discrete models. Aareto analysis was used to find reliability center maintenance (RCM)
regarding Afailure time" and "repair time" T
to their main parts, or stdystems, to determine which parts need urgent maintenance and
repar. The distribution of the equipment life cycle can be categorized as stationary and
nonstationary. Stationary means that the probability of the distribution remains the same
over the lifetime of the equipment. When insufficient data are available reliadility
assessment, then a Failure Modes, Effects and Criticality AndBIECA) can be used

to identify the failure. An FMECA uses expert opinion as a required data input, which is
time consuming. The reliability growth rate obtained by this methdmtween 0.23 and
0.53(14).

These reliability methods can help increase equipment availability in mining operations,
decrease operation and maintenance costs, elevagyn desl maintenance performance,
and improve mining business challenges. This simulation method can be used to manage

equipment selection and maintenance as well.

Mining Equipment

Mining haul trucks have become larger over time and their technology aighdeve
become more complex. Therefore, it is important to assess the reliability of these machines
for maintenance planning schedules and scenarios. Hall et al, 2003 studied reliability and
maintainability of mobile underground haulage equipment. Tisey the reliability model

to help make decisions on maintenance planning using prodysdioning scenarios.
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Pareto, Statistical, and FMECA analyses were used to model reliability. The data was
collected to calculate reliability. The study showed thal wdta from the mine, a user can
analyze reliability and thereby improve mining equipment design, increase of mining

equipment accessibility, and decrease maintenance(ddsts

The mining shovel, an important piece of equipment in mining operations, digs ore from
underground and makes it accessible for further extraction procedures. Having access to
mining shovel reliability modelling is one the main challengesnining operations and

has been considered and investigated by many resea(tbels). Samantha et al, 2003
applied a reliability analysis on shovels in coalmines and concluded that the Weibull
distribution wasthe best fit for the failure characteristics of the shovel. The-feaét
analysis was used to evaluate reliability for the hydraulic shovel, and an algorithm was
developed to find the lowest cut sets and the lowest path sets from the fault tree. Over the
course of 240 operational hours, hydraulic shovel reliability was found to be lower than

expected; however, the reliability of buckets and tracks was very(Tigh

Moghaddam et al, 2008 used fault moring and reliability modeling for hydraulic
shovels were collected and analyzed by. A test was conducted to identify variable failure
rates and to calculate shovel reliability. Reliability was analyzed using the classical
approach. Numerical results showtdt fault observations in the system are achievable
when energy inputs are varied, allowing us to maintain hydraulic shovel performance of at

an acceptable levél?).

Imran Khan 2013, used an overview of reliability and maintenance management for oil

sands rming mobile equipment. In his research, Khan identified some main parts of

mining haul truck and shovels that significantly influenced the reliability of the equipment

as a wholél6). In addition, Chung et al, 2013 used the linear model for surface mining

haul trucks and shovels to determine the minimum number of trucks needed for a set of
shovels. They quantified and drew thearéli onshi p bet ween a shovel 6
the number of truck48). Vaghar et al, 2012 applied reliability modeling to identify faults

on off-road haul truck tires. Road quality and timeye&r were the two main factors in the
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root causefailure analysis for the tires. It was found that road quality (including

conditions) has a major effect on tire reliabiliyd).

Barabady 2005appliedreliability and maintainability analyses of two crushing plants (I &

[I) and their subsystems. They empolyed Weibull, exponential, and lognormal distributions

to assess reliability wael Thegdisiileution auRamed fd s We i &
the downtime data well. Within 10 hours of operation, the reliability of crushing plants |

and Il decreased to 64% and 35%, respectively. These results confirm that the reliability

and maintainability assessments areushle and essential to identify maintenance gaps

and to schedule and arrange maintenépgg

2.3 Energy modelling

An energy model is a simulation tool used to analyze an energy system. An energy model
can help us predict energy demand and current and future energy consumption. Fhe Long
range Energy Alternative Planning $®s (LEAP) model is one kind of computer
simulation software used to model energy systems. LEAP can simulate energy efficiency
and greenhouse gas (GHG) emissions for several Canadian provinces using various models
and techniques. In this section, MARKEthe Bayesian belief network, and a LEAP

model for Al bertads industrial energy demand

One of the models to assess the energy intensity in a system is the MARKAL model.
Seebregts et al, 2010 simulated energyironmental planning using MARKA The

MARKAL (short form for MARKet Allocation) model uses energy and environmental

planning as a linear programminmgodel (LP), focusing on the calculation of energy

systems. Then eergy system was calculated by a nlmear programming

(NLP) technique which mergedt h e Aopdt own t downofit mpdel . Th
MARKAL family of models can predict energy planning MARKAL family related

environmental impacts. It is a powerful tool, the results of which can be used to mitigate

GHG emissions for specific actions and proj¢2ts).

Subramanyam 2010, conducted research on prglicenergyusagein mining. LEAP
software is one of the most accurate and commonly used tools for simulating energy

intensity based on different scenarios for various regions and countries. LEAP can predict
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energy supply and demand over a specific time. LEAP uses energy sugphemand
data to simulate different energy demand scenarios. LEAP is also a powerful tool for
policy- and decisiormakers. It is made up of four modules: demand, transformation,

resources, and the Technology and Environment Database (ZED)

LEAP has been broadly used by different researchers and organiz&tidmnamanyam et

al, 2010developed anreer gy mo de |l for Al bertads mining
types of mining equipment were categorized based on their function, and LEAP was used

to find the energy consumption and GHG emissions of the equipment for scenarios during

the period 2005 to BD. Results show a 35% growth in energy demand over 25 years in

Al bert ads howaverntlys gowtitratein energy demaadh be influenced by

globaloil price, andfuture energy production rate through renewable resources.

Al ber t a6 storimasnhe highessemargy demand and GHG emissions of all the
industrial sectors in Canada. Tejas Shah et al. 2013, conducted a study using LEAP on
energy intensity development for mininglatedindustries in Alberta. Different subsectors

and their relad processes for mining equipment were identified and consoli{2®ed

The final energy demands based on the energy consumption of each piece of equipment
were calculated using LEAP for the year 2005sila mining and bitumen upgrading were
found to be the most demanding areas of energy ityeriShergy efficient furnaces,
boilers, and pumps were found to have highest potential to reduce GHG en{i@4jons

LEAP has alsobeen used to simulate energy intensity for diffat industies and

technologies. Phdungsilp and Wuttipornpun conducted a simulation model of energy
development foanindustrial sector in Thailand between the years 2005 and 2030 using

LEAP. Five scenarios were created to assess energy intensity, gnaeire compared

wi t h a reference case. I ndustry -gitediai cy was
decisionmaking model. The outcome from this model clarified how an energy system can

switch from a highly carbonized to a decarbonized energy system. Thopieent of

energy efficiency was the main energy saving scenarios and can also lead to mitigation in

CO, emissiong25).
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The next generation of network operating systems requires large amowléectatity,

and this would have a direct impact on global energy consumption and global warming.
Approximately 210% of global energy is consumed in the Information and
Communication Technology (ICT) sector. Local area networks, data centres, servers, and
fixed and mobile phones are some of the main sources of ICT energy consumption. Data
centres alone account for 23% of overall power consumption. To come up with ways to
reduce power consumption, cost, and,@@issions, Santosh Kumar et al. 2011, carried
out research using a Bayesian belief network to formulate a network management system
(NMS). An energy alert network management system was simulated using a Bayesian
belief networkbased centralized decision management system. Total power savings in a
locd area network were calculated by adding more energy consumption of 0.48 watt. The
outcome of this research showed a@5% saving in power consumption by having a 20
33% sleeping poi26).

2.4 Bayesian belief network

A Bayesian belief network is a model made up of nodes and arcs. Nodes represent
variables; they show the area of interest and influence the reliability of a system or

equipment. Arcs describe the relatioipshof those variables.

Bayesian belief networks are also called belief networks, influence diagrams, and causal
diagrams. These diagrams were developed at Stanford University in the 1970s and were
widely used in the 1980s and 1990s. Bayesian belief nk$vase powerful tools generally

used to illustrate dependence between random variables and to calculate the probabilities
of the failure of random variables as evidence related to their value accunowiatésne

(27, 28)

Bayesian belief networks have been considered a form of artificial intelligence that
incorporates uncertainty through the probability theory and conditional dependency. In
belief networks, nodes represent variables and arrows show conditiopethdéace
relationships between variables in the graph. To develop a Ibeliefork, variables in a
domain and their relationships are defined. To evaluate an entire network, for each node

(variable), probability of failure in positive and negative statgsdénce) can act as an
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input or output to each node. Eventually, for the remaining nodes with unknown states, the

probability for each state is determin€2i7, 29)

Bayesian belief networks make it possible toveotomplex problems; although the
outcomes from BBNs may not be logicddey may be rational. A complex set of problems
can only be analyzed by using a Bayesian network method, which increase the complexity
of the model. The main disadvantage of a Bayes&twork is the time required to conduct

an evaluation. It is predicted that the BBN method will be modified in order to extend its

application in various ared27, 30)

Huang et al. 2006, used the BBN technitpeletermine the reliability of a system when
data are fuzzy. In many applications, it is not easy to calculate the exact related probability;
therefore, many studies were performed to find out the related probability under certain
types of distributionStatistical methods and specific computational simulations were used

to estimate the related parameters of distributir.

A fuzzy BBN method was used to find the reliability for a fiepairable multistate
seriesparallel system. 8mrungsetthapong et al. 2014, used the Markov process to find the
reliability for a nonrepairable multistate(32). They used exponential Zmy numbers to

simulate the model and the mean square to evaluate the model. Error was calculated from

the fuzzy BBN of an NMSS (nerepairable multstate serieparallel system) to

determine the reliability of a fuzzy system. Upper and lower fuzzy BB&e wstimated.

They gave better eval uat i on s-cubwasraseduntlis quar e

reached the value of(B2).

2.5 TheBayesian belief network in industry

The Bayesian belief network has been widely used in industry as an expert method to
calculate the probability of failure. The related failure madesiable)are determined and
labeled as nodes, which influence relia A given variable is either positive or
negative. The relationship of the nodes to the network is determined based on expert
decision anddata collectionreportsfrom mining sites The conditional probability rate

through the Bayesian belief netwarethod is calculated based on the BBN formula. The
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results from a BBN method will allow those in industry to determine and identify the

maintenance problems

Another application for a BBN is in constructioelated sector§30). McCab et al. 1998,

used a BBN fom concert hall construction project. The simulation outcomes provided an
analytical solution to improve and elevate the construction operations. In addition, the
BBN has been used to diagnose automotive electronic systems. The probabilistic
methodology ina BBN uses a multipleDistributed Transaction Coordinator (DT-C)
orientated troubleshooting strategy and optimizes the procedure to troubleshoot failure
cases(33). McCab et al. 2001, used the BBN to validate changes in an analytical
investigation of construction projects. The Bayesian belief network has also been used to
develop a mathematical model to calculate potential risks in softwarelogenent
projects. Results showed that only 61% of software development projects are completed on
schedule. To keep the projects under control in terms of time and budget, the effective
factors are needed to be defined as inputs to the model. The BBNse@$o determine

the dependencies between different risks and their impacts. Kwok et al. 2004, proposed a
mat hemati cal met hod to predict the projectos

at early stages of the project to mitigate the relatda(84).

Barker 2004 employed the BBN to determine the reliability of a food safety system by
calculating the probability of failure. Their model was subjected to uncertainty through
BBN techniques. The Bayesian belief network was found ta pewerful and practical

tool for both business assessm@i).

Smith 2006 presented a model using the Bayesian belief network to compare the
geotechical, hydrological and structural aspects of dam risk by considering dam risk
broadly, The lifting mechanism, gantry crane, electrical winch, and manual winch were
used as the fault treermariables. The BBN was found to be an efficient method to assess
equipment or system risks. The BBN method can deal with the problems associated with

assessing actual rigB6).
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Jeon et al. 2008, applied the BBN to analyze reliability in image processing. They studied
de-connected weight measuring processes. The results showed that the proposed BBN
model could solve many kinds of ig@processing problen37).

Yuriy 2005 modeled event simulation and reliabilityr fanining equipment based on
genetic algorithms. Genetic algorithms are used in reliability assessment as input for a
discreteevent simulation model. The study was aimed to show the impact of equipment
failure on production in mining. The outcome of thadst illustrated that if loadhaul

dump (LHD) machines encountered any failures, the loss in the mining operation would be
28.7%(38).

Gerbec et al, 24, used key performance indicators (KPIs) to control risk in safety
procedures. Equipment failures, human errors, and external causes were their KPIs. The
Bayesian Belief Network was used to connect safety to KPIs. The case study performed for
a tanker sip methanol urdoading operation at a liquid cargo terminal was used to validate
their model . The outcome of Mar ko Gerbec

approach could be used to control 13R).

2.6 Monte Carlo simulation

The Monte Carlo method uses random variables to determine the reliability of a piece of
equipment or a system. The Monte Carlowdation is one the methods that demonstrates

the possible effects of a decistaraking. Mular et al. 2002, used Monte Carlo simulation
assesses the impact of risk and it can also be used to validate the outcome of risk. Specific
software and mathematicalethods are used to conduct a Monte Carlo simul&40)

Gabriele et al. 2012 developed the Monte Carlo and fault tree analyses to calculate
reliability in industry. The advantages of this model is high level modeling interface based
on the fault tree methad1).

Hoseinie et al. 2013, used the KarRaley (K-R) algorithm in Matlab software to conduct
a reliability assessment of a longwall shearer machine based on the Monte Carlo
simulation technique. The reliability results werediso improve shortand longterm of

oil sands extraction froihe mine (42).
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Billinton et al. 2004, used nesequential Monte Carlo model and likelihood calculation
for reliability analysis in power system. These two models have their prone and cons.
likelihood calculations are very easy to solve and generally needs little tairopal
calculations. Although, Monte Carlo simulation is difficult and it requires more complex
computational calculations, it is very flexible to model random performance of
components. By combing these two methods, they get a valuable tool foitestmort

development purpos€43).

2.7 Reliability and energy intensity

Energy intensity and theotentialto save energy are popular subjects in many industries.
One of the major causes of energgste is through leaks. Thus, it is critical to know
whether equipment requires maintenance or is in good working order. This can be
determined by making connections between increasing the reliability of equipment and
energy demand. If equipment or proceshkability is linked to energy intensity, energy
intensity and GHG emissions can be decreased by improving the reliability of the entire
system or equipment. It is important to find out where energy is being lost and how to stop
the loss. There is limitedublished research in this area; however, there are some reports

and articles related to sensor systems, the food industry, and wireless biomedical systems.

Herbert et al. 2009, made a link between efficiency and reliability in a milk powder
processing fetory. They found that energy consumption can be reduced by 15 when
reliability of the plant is improved in the factory. The model results showed a significant

connection between reliability, energy savings and @bt

Abouei et al. 2011, connected energy efficiency to reliability in wireless dumal
implant systems. Frequenshift keying (FSK) was used to model reliability and cost in
small implantable sensors. An FSK schems been widelytilized in energyconstrained
wireless applicationsas a simple and low power structure methddere are several
methods to prevent an increasethie transmit powerand the most applicable method is
employing channel coding scheme€hannel coding is a fundamental approach used to
improve the link reliability using redundant information bits along witd transmitter

energy saving due to the providing of coding gain. An FSK method was very easy and low
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power framework that is broadly used in energstricted wireless applications. By
implementing channel coding schemes to FSK, the transmit power dbdacrease.
Channel coding is a basic approach employed to develop the link between reliability and
energy intensity in Wireless Biomedical Implant Systems by eliminating the unnecessary

information bits in conjunction with the energy source saving becaiuhie adding code.

The results showed that coded FSK were to be more energy efficient than uncoded FSK.
The proposed model showed an energy savings of about 80% compared to the material

layer standard with similar structure used for wireless sensooriet(45).

Francesco et al. 2011, presented a model for reliability and energy efficiency for a data set
on wireless sensor networks for IEEE 802.15.4/ ZigBee standards. Their model contained
an energyalert variation element that completed the purpose of reliability assessment in
order to decrease the power consumption. They presented algorithm called ADaptive
Access Parameters Tuning (ADAPT), which can successfully satisfy the reliability
assessment under a large range of working conditions, for both-smgland multhop
networking scenarios. They combined their result from the algorithm into wireless sens
networks (WSNs) based on IEEE 802.15.4/ZigBee standard with no change to the standard
(46).

Min Chen et al. 2013, used a reliable enegfficient routing (REER) protocol for the
wireless sensor system in order to attain a more energy efficient wireless with a more
reliable system. They combined the reliability assessment andyeeiigiency in their
model. The outputs of this model are as followgh extending the failure rate, distance
between the two nodes needs to adjust emilachievethe properreliability. However,

the distance value should o very small; becausi leads the system to consume more
energy and it cause the deldy. addition REER cannot operates in small interchange
density situationsMoreover, if GPSR and REER are in the reliable situation, reliability
will increase if distance between two nodase. Finally, REER displays more stable with
having bigger reliability and smaller energy consumption value comparing to GPSR when

the situation is unreliabl@?7).
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Chapter 3: Reliability Assessment 00il Sands Mining
Equipment

3.1 Introduction

In this chapter, failure rate probabiliti@gere calculated and a reliability assessmefais

done using Bayesian belief network (BBN) methodology applied to oil sands mining
equipment. Some possible risks associated with critical components of selectegl minin
equipmentwere enumerated from the literature review, benchmark studies, and expert
opinion or related data received from industry sources. Ra&khen calculated based on
the failure rates and the consequence of each failure mode, wéschostly re@ir costs,

but may also include rental of replacement equipment, or opportunity cost of lost
production if there is no redundant processing capability available.

3.2 Reliability Analysis

As previously discussed, reliability is the probability of equiphtanning under specific
conditions for a specified period of time within specified range of perform@&e If
equipment has low reliability, then some of its components may face partial failure
(defined as partial failure rate) and may use more energy and incur higher repair costs. In
this section, different types of equipment used in oil sands surface mining were analyzed
using the BBN method. Due to insufficient historical data on failure rptebabilitiesof
failureswere used with expert inp(23). The process flowchart of the reliability analysis

for the oil sands mining sector is shown in Figuk 3
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Figure 3-1: Reliability diagramfor the oil sands miningector

3.2.1 BayesianBelief Networks

The Bayesian belief network method employs an acyclic directed graph or network
diagram with a series of variables expressed as areas of interest. The BBN method consists
of nodes, which represent variables, and stiditasare eithertrue or false.Variables are
defined by two states, which are either an
false (F)). If failure occurs, then the probability of this failure is shown by the state true

(T), and false (F) is the probability of thailtire not occurringn addition, arcs are used to

show correlations between the varial{43).

3.2.2Cost

Oil sands mining equipmerbsts includecapital (initial and salvage), ongoing operating
costs of production consumables, labor, maintenance, facility rental, infrastragture
equipment pagt, and energyCost valuesare needed toalculatetotal costto determire

financialimpactin therisk model(50). Unless activitybased accounting is used, it may be

difficult for an organization to track accuratestsoof each type of activity. Ithis study,
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cosk associated witlthe components @quipmentare consideredas mainteance,capital
and fuelcost(51).

3.23 Estimating a Failure Rate

Since it assumed that this model is steady state, therefore the reliability function and failure
rate are time independent variabldzailure rate for the selected main pafrtequipment

can be calculatedirectly basedonfailure probability over reliabilityf52).

Figure 32 illustrates the process of reliability modeling for oil sands mining equipment.

Calculate
Using fl?lroba:t;hty of Calculate reliabilityof Calculate
Bayesian alure=for _ each component »| Failure rate
: selectednain
belief
component®f
network )
oil sands
mining
equipment

Figure3-2: Reliability modelingapproactfor oil sands mining equipment

3.24 Reliability Modeling for Oil SandsMining Equipment

Reliability modeling estimatethe reliability of a system or equipment based on lifetime
distribution. In this researchhe systemrefers toall the main componentsf oil sands
mining equipmentThe failure probabilitywascalculated based ahe BBN methodology
with respect tothe useful lifetime of components ithe system (49).. The failure
probability for equipment was calculated using theNBBethodologyby identifying the
most common equipmerfiailures The BBN methoddetermine failure probabilities by
considering different states of variables in the netwdhen, reliability was calculated
based on the failungrobability.

3.2.5 Equipment Reliability Model

An equipment reliability model can provide great quantitative information in mining

management in terms of equipment selection and maintenance decéiory (53). The
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equipment reliabilitymodel in this researctvas focused on equipment used in oil sands

surface mining operations, with the following main goals:

1 Determininga list of the failure mods of the main componentsrom the selected
equipment;

Calculatingthefailure probabilityfor each component based ive BBN method
Calculatingthe reliabilityof eachcomponent

Calculatingafailure ratefor each suksystem of selected minireguipment;

= =4 4 -

Calculating consequenedased on cost$) for each failure according to research

reviews ad reportg54),

=a

Calculating risk associated with each component; and
Calculatingthe partial reliabilityfor eachmain component to link reliability to energy

consumptiorand cost

3.3 Risk Attitude and Expert Opinion

To mode uncertaintyand risk analysispersonal opinions of experts wengedin this
study. Uncertainties of the variables could not be determined without expert opinions
becaus€55)

1 There are no historical data that were made available by operating companies due to
information security concerns;

1 New data gathering would be expensive and-wo@suming;
3.3.1Risk Analysis

An evaluation and risk analysis of the main componentshe equipment helps to
prioritize the level of risk against a set of standards according to target risk levels or other
criteria(56). Risk is a direct functioof probability of failure and costn other words, the
risk associated with each component is directly linked to the energy demand and cost of
that component. Therefore, it can be concluded that energy demand and cost will have a

similar decreasing trenghen reliability increases and vice versa.
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To convert a qualitativeapproach to a quantitativapproach, data can come from a
companyds maintenance records, operational r
discussion. In this study, data frompext opinions were used for the risk analysis. The

following steps for risk assessment were considered for the proposed model:

After calculatingfailure probabiliies usinga Bayesianbelief networkmethodologyalong
with estimatingthe severity of consagences, riskvas determinedThis analysis predicts
the probability of failure based on the component failure modes and calcudddtsd
reliability. The risk analysisanticipats at what time and to what exteagjuipmentmay
fail. This result willhelpdecideif early replacement at component is requirdd prevent
extra costor if it is more affordable in terms of energy and cos$t continueoperating
equipmenunderpartialfailure.

3.3.2 Risk Calculation

Risk can be calculated based on equatichsand 12.

Risk ($/yr) = Consequence of event (cost) x Rate of occurrence (/yr) (1-1)
Risk (J/yr) = Consequence of event (energy demand) x Rate of occurrence({A#)

It can be interpreted from above formulas that risk is the rate of occurringseve
mul tiplied by the eventds <cost or energy de

event happens during a specific period.

In this study, reliability is calculated for otyear. Risk can also be defined according to

the probability of failure [2]. Tis is illustrated in equations3.and 14s:

Risk ($/yr) =Consequenceb] x (Number of chances to fail [/yr] x probability of failure)
(1-3)

Risk (J/yr) = Consequence (J) x (Number of chances to fail [/yr] x probability of failure)
(1-4)

The number of chances to fail is the number of failure chances that may happen to a
component (in equipment) in a egiear time interval; and the probability of failure is the

probability that the event of failure may happen. Risk values rangee&et® and 1,



Seif, A 29

indicating minimum and maximum possibility of component failure. The risk, which

applies to equipment, can be calculated based on equattoasd 16:

Risk ($/yr) = Consequence of failure ($) x (Number of chances to fail [/yr] ¥ [1
Reliabiity])

(1-5)
Risk (J/yr) = Consequence of failure (J) x (Number of chances to fail [/yr] ¥ [1

Reliability])
(1-6)

Probability of failure= 11 Reliability

3.3.3 Risk Identification Goals
In this research, theagdiction of riskis done with the following in mind

It provides earlknowledgeo f a component 0s potential f ai
It predicts life cycle costs for a compongapiece okquipmentandthewhole system;
It helps users decidehetherit is worth continung to useequipment to prevent extra
cost;
1 It helps users decidehich components havéhe mostimpact on unreliability and
failure;
1 It helps users decidehich componentsavethe mostmpacton emissios and energy
efficiency,
1 It helps users decidé it is worth consumingmore energy and money tse partially
failing components or not; and

1 It provides a link betweeprobability of failuresandcost

3.3.4 Risk Analysisthrough the BayesianBelief Networks Method

Risks associated with equipment and probabilitieshefr occurrence were determined.
Then they were calculated based on their probability and consequence, and finally risks
were ranked as per their value. Getting appropriate data to perform risk analysis was one of

the challenges in this research. To @eene this problem, a Bayesian belief network
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(BBN) methodology was used to perform risk assessment for oil sands mining equipment
reliability (39).

3.4 Equipment Selection

In this section oil sands mining haul trucks, shovels, crushers, conveyor belts, and slurry
pumps used iface mnindg sector weete studeialle 31 show the types and
number of tis mining equipmentwhich are not necessarily accurately representative of

actual equipment used in a given operation

Table3-1: Oil sands mining equipmensedin themodel

) Capacity of eachequipment o )
Machinery Number of mining equipment
(tons per hour)

Shovels 70 2
Trucks 500 10
Crushes 450 1
Conveyer bel 10,000 1
Slurry pumps 10,000 1

3.5 Oil Sands Mining Haul Trucks

Oil sands mining &ul trucks transport oil sandse from the mining site to bitumen
extraction facilities Haul trucksare divided into two dagories electricdrive and
mechanicadrive. The mining haul truck studied in this research was the Caterpillar 797.
(16). It was assumed thag¢rt haul trucksvere operating in two groups difve, in which
each groupvorks undemulti-stae system reliability The fleet of five truck®peratein a
serieswith a shovel(two shovelperaten paralleland five truckoperatein a series with

one shovél Trucking capacityon a short hauvasassumed to bB00tons per hourand if

two trucks (k) out of five trucks (n) work, then the systemcan operateg(G: Good
operation) Truck reliability can becalculatedwvith equation3-4 (57):

a20
k outd n: G 2 out of 5: G:E%Q (3-4)

3.5.1Identification of Potential Risks Associated With Haul Trucks
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This process identifies risks associated with o0il sands mining haul tr{&ks
Brainstormng and interviewing experts (mining engineers, reliability engineers, risk
analysts, project managers) and reviewing the literahekped to determine failure modes
and rates (refer to chaptej. Based on expert opinisn thereliability for trucks was

assumedo be0.85 over a yearthereforetruck failureis 0.15 over a year

3.5.2Main MechanicalParts of Oil Sands Mining Haul Trucks

The maincomponerg of oil sands minindhaul trucks, whosefailurescanlead to thdoss

of thetruck, are

1 Cab/contol, fuel system, engine, transmission, brakes, suspension, tires, dispatch
system/GPS/radio, pneumatics/hydraulics, structure, and final drives (wheel sets)
In this chapter, major possible failure modes for each component were investigated and

their failure probabilities were calculated based on the BBN method.

3.5.2.1 Cab/Control

The weather in Alberta sometimes drops bel8®C, which may induce cracks in the cab.
If a level gauge shows a low air warning because of the cold, the truck cannot beyproperl
controlled from the cab. This may cause excess airflow through the intake system, which
may lead to the failure of the dilter and the loss of the control system. Oil and air gauges
monitor air and oil pressure in the control system and are reqoiredctonf i r m t he
condition. When the ambient temperature is so low that the oil pressure drops below its
normal level the control system fails. Besides cold, human error can cause cal{Xailure
16, 59)
Assumptiors.

1 The parametersf weather {V), humanerror (HE), and site condition (SO are

independent
9 Cab/control cracks (CC), low air warning (LA), oil pressure drop (OP), and human

error (HE) are independent.

t

r
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05]05 ' OP=T | OP=F

SC=T| 0.8 0.002
SC=F | 0.03 | 0.08

Site
condition
poor=SC

Extreme cold
(below-30 C)
=W

Low glr_ oil T =
CC=T[ CC=F warning=LA pressure 0.2 108
W=T 109 |0.002 dropped=0
W=F | 0.01 0.09
Cab/Control
crack=CC
Cab/Control
fails=CF
HE | LA | OP | CC | CF=True| CF=False
T T T T 0.085 0.002
T T T F 0.001 0.03
T T F T 0.0025 0.075
T E T |'T 0.002 0.035 Figure 33: BBN model forhaul truckcab/control failires
F T T T 0.001 0.005
T F T F 0.02 0.0025
T T F F 0.005 0.0035
F T F T 0.002 0.001 W | SC | LA=T | LA=F
F F F T 0.001 0.002 T|T 0.7 0.002
F F T T 0.002 0.0aL T |F 0.01 0.09
F T F F 0.035 0.015 F|T 0.02 0.08
F F T F 0.005 0.005 F |F 0.04 0.001
T F F F 0.02 0.03
F F F F 0.06 0.006

Theprobability of falure andthereliability for cab/contrad werecalculatedbased on
Figure 34 andfrom theformulas below.

P(CF)=& ccopiane P (CFICC, OP, LA, HE) P (CC,OP, LA, HE) (1)

P (CF) P (CF | CC, OP, LA, HE) P (CC)*P (OP){BA)*P (HE)

)

-a CC,OP,LAHE
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P(CC)=g, P(CC|W)P W) 3
P (OP) =8 (. P (OP|SC)P (SC) 4
P(LA)=Q¢. PLA[SC)P (LA) (5)
P (HE) = P (HE/T)*P (T) +P (HE/ Not True) P (Nbtue) (6)
P (SC) = P (SCIT)*P (T) +P (SC/ Not True) P (Not True) 7
P (W) =P (WI/T)*P (T) +P (W/ Not True) P (Not True) (8

The probability ofcab controfailure was calculated as followsingequatiors 1 to 8 and
ExcelMS softwareas

P (CF) = 0.05, Probability of failure forcab contrad

R (CF) = 095, Reliability forcab contrad

35.2.11 Cab/Control Cost

The parameterC ¢, ($)" wasusedfor thecab/control cost in modeling equations. The

actual cost can be substituted in the equatiaakoulaterisk.

3.5.2.2 Fuel System

The fuelsystem in a diesel engine injects fuel iatoengine cylinderThe fuelsystem is

one of main components ahoil sands mining haul trucknd hasome subcomponents in

its motor that send fuel to an engi(@d, 61) The major components of a fuel systdmat

helpafuel system to be reliable atlee fuel tank, fueltransfer pump, fuel filters, injection

pump, and injection nozzleRkegular problems related to a fuel system are leakage,

pressure loss because of a broken fuel pump, wrong valve timing, and injectoiTiaepts.

can cause power loss and increase exhaast emissiongl6). Some of &ilure modes

associated witla fuel systemwere identified asnternal leakage and lack afel injection

indicator.Somecauses of internal leakages

1 Damaged injectoiball seat,leaking feed tubes blown internal highpressure seal,
incorrectnozzle needle clearan@mdcrackednozzle bodyor injectorbody.

Somecauses of injection indicatéawult are

1 A loss of cylinder compressiofallowing fuel wash) and injector failureare also

possiblefailure modesin the injection indicator of fuel stem (61, 62)
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The urbochargers aturbinethatincreasegngineefficiencyand poweby giving extra air
into a combustion chambeiurbochargers can raisa engine's output resultsy forcing
more air, and proportionately more fuel, imtoombustion chaiver (63).
Assumptiors for fuel system failure mode
1 No injection indicators(NI), turbocharger(TU), and internal leakage (Il) are
independent
1 Injector seat damag@SD), leaking cross feed tubef.T), blown internal high
pressure sealPL), incorrectnozzle pressuréNP), and crackedbody (BC) are
independent
Rust in the injecto(RI), stuckinjector (N), andlossof cylinder compressio(LC)

are independent
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P — 0.03] 0.97

0.04| 0.96

Turbochar
ger
fails=TU

Leaking cross

Blown internal

feed

T F hi
gh-pressure Incorrect
tubes+ T
0.05] 0.95 ubes sealPL nozzle
ressureNP .
. P Rust in the Stuck Loss of
Injector seat injector=RI | cylinder
nozzle
damagetSD needle=N compression=

Cracked LC

Body =CB

Il | NI | FS=True| FS=False

T[T [0093 0.02

T | F [0.001 0.03

F|T |0.0025 |0.075 o
F | F | 0.002 0.035 No Injection

Internal

IndicatorsN|

leakage=ll

Fuel system
fails=FS

TU | LC=True | LC=False
T 0.3 0.02
F 0.001 0.03

Figure3-4: BBN model forhaul truckfuel systenfailures



Seif, A 36

ISD | LT | PL | NP | BC | lI=True | Il =False RI | N | LC | NI=True | DS=False
T T | T | T T 0.8 0.02 T I|T|T 0.90 0.02

T T | T |T F 0.001 0.03 T |T|F 0.001 0.05

T T | T |F T 0.0025 | 0.075 TIF|T 0.06 0.008
T T F | T T 0.002 0.035 T|F|F 0.01 0.009
T F T |T T 0.001 0.005 F |F|T 0.0001 | 0.025
T T | T |F F 0.003 0.01 F |T|F 0.02 0.0013
T T F F F 0.004 0.004 F |T|T 0.002 0.02

T F F F F 0.0035 | 0.0015 F |F|F 0.00015 | 0.3

F T | T | T T 0.002 0.025

F F T |T T 0.005 0.035

F F F | T T 0.002 0.1

F F F F T 0.01 0.2

F F T |F F 0.03 0.006

F T F | T F 0.04 0.009

F F T |T F 0.007 0.02

F F F F F 0.0025 | 0.003

The probability of failure and the reliability for the haul truck's fuel system were calculated
baswd on Figure & and from the formulas below:
P (FS)=a i P (FSTHLND P (I, NI) 9)

P(FS)=&, ,, P FSIILN)P ()P (N) (10)

P ()= & .y uoero P (Il CB, NP, R, LT, ISD) P (CB) P (NPP (RL) P (LT) P (ISD)

(11)
PND=8 y.c PNIRN,LC)P(R)P(N)P (LC) (12)
P CB) =P CB)*P (T) +P CB/ Not True) P (Not True) (13
P (NP) =P NP)*P (T) +P (NP/ Not True) P (Not True) (19
P PL)=P @L)*P (T) +P (PL/ Not True) P (Not True) (15)
P(LT)=P(LT)*P (T) +P LT/ Not True) P (Not True) (16)
P (SD) = P (SD)*P (T) +P (SD/ Not True) P (Not True) (17)
P RIl) =P R)*P (T) +P RI/ Not True) P (Not True) (14)
P (N) =P (N)*P (T) +P (N/ Not True) P (Not True) (18)
P (LC) = é_TU P (LC|TU) P (TU) (29)
P (TU) =P (TU)*P (T) +P (TU/ Not True) P (Not True) (20)
P (II) =0.015
P (LC) =0.0®
P (NI) =0.268

The failure probability fofuel systemsvas calculated usg equation9 to 20 and Excel as:
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P (FS) =0.05 Probability of failure forfuel systens
R (FS) =0.95, Reliability for fuel systens

3.5.2.21 Fuel SystemCost
It wasassumed thahefuel systentostaroundCAN $79,000(64).

3.5.23 Engine

A dieselenginewas consideredn this researchThe main causes of failure an engine

are shown in Figure-8.

Leakage of pisto and low quality of fuel are some of the failure mode of endme.
addition if cooling and lubrication system, intake and exhaust system and engine block

system fails then engine will fail.

Assumptiors.

1 Low quality fuel (LQ),cooling(COL), lubrication system LS), intakeandexhaust
system(IS), fuel system ES),engineblock (EB), andpistonring leakage (PRLare
independent

1 Fan andoulley (FP),radiator(R), thermostat{TH), andcoolingpumpfailure (CP)

are independent
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T [F
0.03] 0.97
T [F T F T F
0.1 Fan and pulley 00| 0.5 0.051395| 0.948605
fails=FP T_|F L
0.03] 0.97 02]08

fails=TH

0.05

0.95

Cooling

pump
fails=CP

Thermostat

0.07

Radiator
fails=R

Cooling
fails=COL

Low quality

fuel=LQ

Lubrication
system
fails=LS

Fuel system
Intake and fails= FS
exhaust

fails=IS

Engne
block fails=
EB

Piston ring
leakage=PR
L

Engine fails= E

Figure 35: BBN model for haul truck engine failures
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LQ|COL |LS|IS|FS|EB|PRL | E=True E =False
CP| FP| TH | R | COL=True | COL=False = I o 6.06
T |T T |T|T |T |F 0.001 0.006
T |T |T |[T]093 0.02
T |T T I|T|T |F |T 0.001 0.03
T |T |T |F]|0.001 0.03
T |T TITIF T |T 0.0025 0.075
T |T |F |T]0.0025 0.075
T |[F | T |T]0.002 0.035 T S o 6076
T 0-21 0-004 T |T F [T|T |T |T 0.004 0.02865
T TE e 0.06 0-02 T |F T |T|]T |T|T 0.002 0.4822
: : F | T T |T|]T |T|T 0.007 0.8411
T |[F |F | F|0.0005 0.006
T |T T |T|T |F |F 0.001 0.7491
T |[F | T |F|0.0035 0.002
T[T T |T|F |F |F 0.002 0.4552
F |T |F |T|0.005 0.035
T |T F |F|F |F |F 0.09 0.004
F |F | T |T]|0.002 0.1
T E e T oot 0 T |F F |[F|F |F |F 0.03 0.06
e e TR 0-0025 0-003 T |T TI|TJ|F |F |T 0.0030 0.01
: : F |T T I|T|F |F |F 0.084 0.0740
F | T TI|FI|IF |F |T 0.004 0.004
E T T |E|E |F [E 0.048 0.003
F | T F|T|F T |F 0.0035 0.0015
F | F T |T|]T |T|T 0.0176 0.008
F |F F T[T |T |T 0.002 0.025
F |F F |[F|T T |F 0.093 0.002
F |F F |[F|F |T |T 0.0050 0.014
F |F F |[F|F |F |T 0.074 0.0094
F F T |T|F |F T 0.004 0.009
T |F F|TI|F |F |F 0.002 0.0086
T |F F [T|T |T |T 0.005 0.035
T |F F |T|T |T |F 0.821 0.07
T |F F |F|T |T |T 0.1766 0.05
T |F F |F|F |T |T 0.1338 0.0332
F |F F |F|F |F |F 0.0025 0.003
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The probability of failure anthereliability for haul truck enginewerecalculatedbased
on Figure 36 andfrom the formulas below:

P E) = 8 gconsisrsesm P EILQ, COL, LS, 1S, FS, EBPRL) P (LQ)P (COL) P (S)
P(S)P FS P EB) P (PRL) (21)

P(COD=& prpryn P(COLICP, FP, THR)P (CPIP FAP(TH)P R) (22

P (CP) = P (CP)*P (T) +P (CP/ Not True) P (Not True) (23
P FP) =P FP*P (T) +P FP Not True) P (Not True) (29
P (TH) = P (TH)*P (T) +P (TH/ Not True) P (Not True) (25)
PR) =P ®R*P (T) +P R/ Not True) P (Not True) (26)
P (LQ) =P (LQ)*P (T) +P (LQ/ Not True) P (Not True) (27)
P LS) =P LS)*P (T) +P LS/ Not True) P (Not Tra) (28)
P (S) =P (S)*P (T) +P (S/ Not True) P (Not True) (29
P (FS) =P (FS)*P (T) +P (FS/ Not True) P (Not True) (30)
P (EB) = P EB)*P (T) +P EB/ Not True) P (Not True) (31)
P (PRL) = P (EB)*P (T) +P (EB/ Not True) P (Not True) (32

Enginefailure probabilitywascalculatedusing equations 21 to 32 and Exasl
P (QOL)=0.01

P (E) = 001, Probability of failure forengine

R (E) =099, Reliability for engine

3.5.2.31 Engine Cost
It wasassumed thahe engine coSTAN $18,242(65).

3.5.24 Transmission

The transmissiontransfes power from the engine tothe wheels. It usually ha an
efficiency of over 90% for the full transmissiocapacity of the haul truck The
transmission consists dhe gearbox, connectiondearing, clutchuniversal joint, and
wheels.Inefficienciesoccur throughlosses fromthe clutch, universaljoint, and wheels
from transmission oil in gears arndisting force converters as well asdissipation of

energy by sliding friction irthe gearbox and bearisd5, 61) The majorpossible failure

40
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modes forthe transmission with their failurgorobability rates based on positive and

negative modem theBBN methodfor this studyare shown below

0.03] 0.97

Gearbox

fails= G

Connections and
bearing fail= G
B

0.03| 0.97 0.02| 0.08

Clutch fails=C Universal joirt

fails= UJ

Gearbox
subsystem
fails=GS

G | C-B | GS=True| GS=False .
T|T 0.93 0.02 Wheels fail=
T|F [o0.001 0.03 WH
F|T [0.0025 [0.075

F|[F [0.002 0.035

Transmission fails= T

Figure 36: BBN model for haul truck transmission failure
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GS | C|UJ| WH | T=True | T =False
T T[T | T 0.8 0.02

T T|T |F 0.001 | 0.03

T T|F | T 0.0025 | 0.075
T FI|T | T 0.002 0.035
F T|T | T 0.001 | 0.005
T T|F |F 0.003 | 0.01

T FIF |F 0.004 | 0.004
T F|T |F 0.0098 | 0.078
F T|F | T 0.004 | 0.0002
F FIT | T 0.002 | 0.1

F FIF | T 0.01 0.2

F FIF |F 0.0025 | 0.003

The probability of failure anthereliability for haul truck transmgons werecalculated

based on Figure-3 andfrom the formulas below:
Assumptiors.
1 Gearbox subsystens@), clutch(C), universaljoint (UJ), andwheels(WH) are
independent

1 Gearbox G), andconnections and beariri§-B) are independent.

PM)= é-GS,C,UJ,WH PGS, C,UJ, WHP GS P C)P UJ P WH) (33
PGS = aG]C_B P GS|G,CGB)P G) P (C-B) (39
P@G) =P G)*P (T) +P G/ Not True) P (Not True) (35)
P C-B)=P C-B)*P (T) +P C-B/ Not True) P (Not True) (36)
PC) =P C)*P (T) +P C/ Not True) P (Not True) (37)
PUJ) =P UI*P (T) +P UJ/ Not True) P (Not True) (38
P WH) = P WH)*P (T) +P WH / Not True) P (Not True) (39)
Transmissiorfailure probabilitywas calculatedfom equatiors 33 to 39 and Excel as:
P (GS) =0.05

P (T) =0.1, Probability of failure fotransmissioa

R (T) =0.9, Reliability for transmission
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3.5.2.41 Transmission Cost
The parameter "Gansmissio® Wasusedfor the capital cost of transmissiels a cause of

transmision failure,in modelingrisk. Thepresumedaost can be substituted Trable 32

to calculate risk.

3.5.2.5 Brakes
Brakes convert kinetic energy to thermal energy and raakehiclestop.A brakesystem
includes actuators, bearings, housings, sealsctifsh linings, and springs Some of

problems associated with brakes failuaes(6, 16, 61)

1 Improper loading, which may cause brakeeverteat andreak down
1 Missing or broken mechanical components
1 Air leakagein abrake chamber
1 A defectivebrake
For this studysomepossible failure modes related to brakath their failureprobability

rates based on positive and negative moutethe BBN methodareshown below

43
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Seif, A
T |F
T F 0.03] 0.97
0.03] 0.97 T F
0.03 | 0.97
Contamination Lack of
=C Lubrication=
Aged=AG L
T F
0.01| 0.99
Leaking Sticking
from pistor=SP
cylinder=L
T F
0.03] 0.97
Housing
cracked=
HO
Actuators - Sear
fail=ACT Springs ; riction f ?ﬁ”ngs
brake=SB inings are ail=B
deteriorated=

Brakes fail=BF

Figure3-7: BBN model forhaul truckbrakefailures
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ACT | SB | FL | B | HO | BF=True | BF =False
T T | T |T|T 0.97 0.02

T T |T |T|F 0.01 0.03

T T | T |F|T 0.025 0.075
T T F | T[T 0.02 0.035
T F | T |T|T 0.001 0.005
T T |T |F|F 0.03 0.01

T T F |F|F 0.04 0.004
T F F |F|F 0.035 0.0015
F T | T | T|T 0.002 0.025
F F | T |T|T 0.05 0.035
F F F |T|T 0.002 0.1

F F F |F|T 0.01 0.02

F F | T |F|F 0.03 0.006
F T F |T|F 0.04 0.009
F F | T |T]|F 0.07 0.02

F F F |[F|F 0.025 0.003

The probability of failure anthereliability for haul truck brakewerecalculatedbased on
Figure 38 andfrom the formulas below:
Assumptions:

1 Actuators (ACT) springs brake (SB), deteriorated friction linings (FL), bearings

(B), and housings (8) are independent.
PBF) = & ,crsarono P BFIACT, B, FL, B, HO) P (ACT, SB, FL, B, HO) (40)

P (BF) =& ,;cam oro P (BF |ACT, 8, FL, B, HO) P (ACT) P (SB) P (FL) P (B) P

(HO) (41
PACT)=8Q so P ACT|L,SPPL)PSP (42)
PL=a, PLIC)P(C) (43)
P(SP)=&. PSPIC)P (C) (44)
P(8B)=4a, P(BIAG)P AQG) (45)
PFL)=a, PFLIW) P W) (46)
PW=84 aoro P (W | AG, HD) P (AG) P (HD) (47
P AG) =P AG/T)*P (T) +P AG/ Not True) P (Not True) (48)
P HO) =P HO/T)*P (T) +P HO/ Not True) P (Not True) (49)

45
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P (C) = P CIT)*P (T) +P C/ Not True) P (Not True) (50)
P®B)=a, P(@BIW)P (W) (51)
P(HO) =&, P (HO|W)P (W) (52)
PW=a, PWI|L)P(L) (53)
P (L) = P (L/T)*P (T) +P (L/ Not True) P (Not True) (54)

Brakefailure probabilityis calculated fronequatiors 40to 54 and Excehbs:
P (BF) =0.12 Probability of failure for brakes
R (BF) =0.88, Reliability for brakes

35.2.51 Brake Cost

The parameter "Grakes($)" Wasusedfor thecostof brakesas a cause of brake failure
modelingrisk. The actual cost can be substitutedable 32 to calculate risk.

3.5.2.6 Suspension
The suspensiois the system thatttachesa truck to its wheelsand makes appropriate

movemens betweenthe tire andthe wheels(7). The mainmechanical components tife
suspensiomare(8, 9, 61)

Solid beam axle

Trailing link;

Shocks and struts

Short andong arm

The majorpossible failure modes related to susperswith their failureprobability rates
based on positive and negative modeswn in theBBN methodfor this studyareshown

below
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0,051 0.95 0.03] 0.97 51103

Solid beam
axle fails=SBA

Trailing arm
suspension
fall=TAS

Shocks and
struts
fail=SHS

0.04 | 0.96

Shortand
long arm
fail=SHLA

Leaf spring
fails=LFS

Suspension
fails= SUS

Figure3-8: BBN graphicalmodel forhaul trucksuspensioffailures

LFS | SBA | TAS | SHS | SHLS | SUS=True| SUS =False
T T T T T 0.8 0.02
T T T T F 0.1 0.03
T T T F T 0.25 0.075
T T F T T 0.02 0.035
T F T T T 0.1 0.005
F T T T T 0.2 0.006
T T T F F 0.3 0.01
T T F F F 0.004 0.004
T F F F F 0.7 0.001
T F F T T 0.002 0.1
T F T F T 0.08 0.004
F F T T T 0.09 0.08
F F F F T 0.01 0.2
F F F F F 0.025 0.003

The probability of failure andhe reliability for haul truck suspensisrwere calculated
based on Figure-8 andfrom the formulas below:
Assumptiors:
1 Leaf spring(LFS), solid beam axl€SBA), trailing arm suspensio (TAS), shocks
and strutgSHS andshortandlong arm(SHLA) are independent

a7
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P (SUS = & .« commmssssin P SUSILFS, SBA, TAS, SHS, SHLAP (LFS, SBA, TAS,

SHS, SHLA (55)
P (SUS) =§ T (SUS | ES, SBA, TAS, SHS, SHLAP (LFS) P (SBA) P
(TAS) P (SHS) P(SHLA) (56)
P LFS) =P LFST)*P (T) +P LFS/ Not True) P (Not True) (57)
P (SBA) = P (M/T)*P (T) +P (M/ Not True) P (Not True) (58)
P (TAS) =P TAS/T)*P (T) +P (TAS/ Not True) P (Not True) (59
P SHS =P SHS/T)*P (T) +P SHS/ Not True) P (Not True) (60)
P (SHLA) = P SHLA /T)*P (T) +P GHLA / Not True) P (Not True) (61)

Suspension failurprobability was calculated froequatiors 55 to 61 and Excel as:
P (SUS) #6©.08 Probability of failure fotthe suspension
R (SUS) .92, Reliability for the suspension

3.5.2.6.1 Suspension Cost
The parameter "Guspensiok$)" Wasusedfor thesuspension cost in modeling equations.

The actual cost can be substituted in the equation to calculate risk.

3.5.2.7 Dispatch system/GPS/Radio

The dispatchsystem is anothemportant haul truck component since coss associated
with material transportatioare about 60% of operating costs in settir{§6). A dispatch
systemcan optimize a transportatiormodel for a giverunloaddesignof truck hauling A

dispatchsystemallows truck drivers to trackhe location oftruck and enterthe location

andotherinformation into field control unités7).
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0.02| 0.98 0.05 0.95 T TEF

0.03| 0.97

Failure to report to
assigned
dispatcher= DIS

Failure to register
in check statiorF
RG

Erroneous
information=IN

Dispatch system
fails= DI

Figure 39: BBN graphical model fohaul tuck dispatch system failuse

RG | DIS | IN | DI=True | DI =False
T T T 0.95 0.02

T T F 0.5 0.03

T F T 0.25 0.075

F T T | 0.02 0.035

T F F | 0.3 0.01

F F T 0.1 0.2

F T F 0.01 0.05

F F F | 0.025 0.03

Some of the failure modes associated with hagktdispatch systems af&l):

Failure b register in and out of check stations.

Failure to report to an assigned dispatcher at a specific time when the driver needs
to do so; and

1 Display of incorrect information from a dispatcher.

Some possible failure modes related to a dispatch systenmhwitHdilure probability rates

based on positive and negative modes in the BBN method are shévwgure 310.

Assumptiors.

1 Erroneous informatior(IN), failure to report to assigned dispatch@IS) and
failureto register in check statiqiRG) are ind@endent
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PDl)=8§ RGDISIN P OI |[RG, DIS, IN P RG, DIS, IN (62)
P{DH=§ RGDISIN P (DI | RG, DIS, INP (IN) P DIS) P RG) (63)
P (IN) = P (N/T)*P (T) +P (IN/ Not True) P (Not True) (64)
P DIS) = P QIS/T)*P (T) +P(DIS/ Not True) P (Not True) (65)
P RG) =P RG/T)*P (T) +P RG/ Not True) P (Not True) (66)

Dispatch system failure probability was calculated usimpgatiors 62 to 66 and Excel as:
P (DI) =0.15, Probability of failure fodispatchsystens
R (DI) =0.85, Reliability for dispatchsystens

3.5.2.7.1 DispatchSystemGPSRadio Cost

The parameter "Gispatch systen($)" Wasusedfor thedispatch system coas a cause of
dispatch systerfailurein modelingrisk. The actual cost can be substituted inThiele 3

2 to calculate risk

3.5.2.8 Pneumatics/Hydraulics

A pneumatics/hydraulic systeoonsiss of steeringbrakes, and hydraulicslf any of these
parts fails, the pneumatidhydraulic system will fail(16). All possible failure modes
related to hydraulgwith the failureprobability rate based on positive and negative modes
from theBBN methodfor this studyare shownbelow.

0.06] 0.94

0.01

Brake fails=
BR

Steering
fails=ST

ST | B | H=True | H=False
T |T]0093 0.02
. T |F|0001 |0.03
Hydraulics ) F [T 00025 | 0075
system fails= F | F 0002 |0.035

HY

Figure3-10: BBN graphical model fohaul truckhydraulicsystentailures
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The probability of failure andthe reliability for haul truck hydraulic systesnwere

calculatedbased on Figure-31 andfrom the formulas below:

Assumptiors.

1 Steering §T) andbrake(BR) are independent
P(HY)= § ., P (HY[ST,B)P (STBR) (67)
PHY)=3a - P(HY | ST,BR) P (ST) PBR) (68)
P (@ST) =P ST/T)*P (T) +P ST/ Not True) P (Not True) (69)
P BR) = P BR/T)*P (T) +P BR/ Not True) P (Not True) (70)

Hydraulic systentfailure probabilitywas calculated froraquatiors 67 to 70 and Excel as:
P (HY) =0.1, Probability of failure fohydraulic systers
R (HY) =0.9, Reliability for hydraulic systers

3.5.2.81 Pneumatics/Hydraulics Cost
The parameter "Gydrauic($)" Wasusedfor the pneumatic/hydraulic system cest a cause
of pneumatic/hydrauli€ailure in modelingrisk. Thepresumedaost can be substituted in

Table 32 to calculate risk.

3.5.2.9 Structure

Structurerefers to the physicdramework ofan oil sands mininghaul truck.One of the
major causes dfaul truckfailure is frame crackingAlbertad s f-thaeveyrle damages
roads, which in turncausesconsiderabledamage totruck structure Repairs can take
several days and often requitlee removal of other components to perfothe work.
Effective identification, planningschedulingand execution can significantigecreas¢he
impactof structural damagéliminating damagé&om happening in the first placas well
as havinga true predictive maintenangeocedurewould havethe largest positive impact
on a mine operatiod sutcome The root cause ddtructurefailure isthe combination of
truck speed|oad andbadroad conditionsSince stopping productions not a desirable
option, the main focusof risk eliminationis road conditionsReattime strut pressure data
were receival from a mobile monitoralong withGPS coordinatesyhich provide list of

the sections of roads that are in operationmaintenancerews(13). All possible failure
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modes related ttruck structure with theiprobability failure rats based on positive and

negative modes theBBN methodareshownbelow.

T [F T |F
0.05| 0.95 0.1] 0.9
Martial falls T E
from height= 0.03| 0.97
M
Shock
Cracked absorber
racke fails= SHA
Body=CB
M | W | CB=True | CB=False
T | T |0.93 0.02
T | F | 0.001 0.03
F | T | 0.0025 0.075 CB | SHA | STR=True| STR=False
F|F [0002 [0.035 Structure T[T 0.93 0.02
L T |F 0.01 0.03
fails= STR F |T |00025 |0075
F F 0.002 0.035

Figure3-11: BBN graphical mdel for haul truckstructurefailures

Assumptiors.
1 CrackedBody (CB) andshockabsorber $HA) are independent
1 Material falls from height (M), weather V) and shock absorber $HA) are
independent
The probability of failure andhereliability for haul tuck structure were calculatedased

on Figure 312 andfrom the formulas below:

P (STR) =4 ... P STR|CB, SHA) P (CB, SHA) (79)
P(STR)=4 ... P (STR[CB, SHA) P (CB) P (SHA) (72)
PCB)=4,,, PCBIW,MPW,M (73)
PCB)=4,,, PCBIW, MP WP M (74)
P (W) = P (W/T)*P (T) +P (W/ Not True) P (Not True) (75)
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P (M) =P (M/T)*P (T) +P (M/ Not True) P (Not True) (76)
P (SHA) = P SHA/T)*P (T) +P SHA/ Not True) P (Not True) (77)
Structurefailure probabilitywas calculated ém equatios 71to 77 and Excel as:
P (STR) =0.04, Probability of failure foistructure
R (STR) =0.96 Reliability forstructure
3.5.2.91 Structure Cost
The parameter "Guucure($)" Wasusedfor structure cost in modeling equaticassa cause
of structurefailure in modelingrisk. The actual cost can be substitutedatle 32 to
calculate risk.
3.5.2.10Final Drives (Wheel Sets)
Truck final drives consist ofthe wheek and gearboxand drive failure can have a
significantimpacton the wheel setlf the wheels vearout, eitherthroughdefectsor rust,
they will fail. All possible failure modes related the final drive (wheel set) with their
failure probability rates based on positive and negative modiesBBN methodare given
below. Wheel wears Wheel T TE
out= WW defect or 0.1[09
T [F _
0.03] 0.97 Fust=WR
T [F
0.05 | 0.95
Gearbox fails= Wheel
G fails=WH
WW | W WH=True | WH=False
T [T o093 0.02
T F_|o0.01 0.03
F | T [o0.0025 0075
F F | 0.002 0.035
G| W WS=True | WS=False
T[T |0.73 0.002 Wheel sets
T|F |0.001 0.03 fail=ws
F[T [o0025 0.075
F[F Jo02 0.035
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Assumptions:

1 The wheels (W) andgearboxXG) are independent.

1 Wheel wealWW), wheel defect or rustVR) andgearboxG) are independent.
Theprobability of failure andhereliability for haul truck wheel setsere calculatethased

on Figure 313 andfrom the formulas below:

P WS) = é_G’WH PWS|G, WH) P G, WH) (78)
P (WS) :éG‘WH P (WS | G, W) P(G) P(WH) (79)
P WH) = aWW’WR P W|WW,WR) P (WW, WR) (80
P (WH) = é‘WW’WR P (WH | WW, WR)P (WW) P WR) (81
P (WW) =P (WW/T)*P (T) +P (WW/ Not True) P (Not True) (82
P WR) =P WR/T)*P (T) +P WR/ Not True) A(Not True) (83
P@G) =P GIT)*P (T) +P G/ Not True) P (Not True) (89

Wheel sefailure probabilitywascalculated fom equatios 78 to 84 andExcel as
P (WH) = 0.045

P (WS) =0.05 Probability of failure for final drivéwheelsets)

R (WS) =0.95, Reliability for final drive(wheelsets)

3.5.2.101 Final Drives (Wheel SetsXCost

The parameter "Gna arive ($)" Wasusedfor thefinal drive costas a cause of final drive

failure in modelingrisk. The actual cost can be substitutedable 32 to calculate risk.

3.5.211Tires

Tires can work with partial damag@/hen tirepressuras low or the tire is partially flat,
thetruck can stilloperatebut it consumes more energjyan undenormal operationRoad
hazards, foreign objects, ovaflation, andhigh-speed operation can damage tires. Below

are some failurenodeg16):

1 Heat generation exceedlidue topoor road coditions.
9 Tire breakdows will increasewhentires contactnaterial lying oraroad.

1 Foreign object®n roadsandhigh speednay cause tire breakdown
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Somepossible failure modes related to tires with their failprebability rates based on

positive anchegative modegia BBN methodare showrbelow.

F
0.5
Poor road
conditions=
T |[F
0.1] 0.9
T _|F T [F
PR=T | O. .
0.08 ] 0.93
~SR=F | 0.03 | 0.04 0.03] 0.97
Road hazards, Val\(e Human
because of . leaking error=
foreign Excessive =VL HE
objects=R heat

aeneration=E

Tire under
pressure=
TU

Rubber
fraction=
RB

Overinflation or
contact with

material lying on
the road=0lI

OI=T | OI=F
R=T | 0.95 | 0.002
R=F | 0.01 | 0.09
RB=T | RB=F
EH=T | 0.9 0.02
EH=F | 0.01 | 0.08
Figure3-13: BBN graphical model fonaul trucktire failures
Ol | RB | TU | TF=True | TF =False
T|T | T |0.95 0.02
T |T |F |05 0.03 VL | HE | TU=True | TU=Fal®
T|F |T |0.25 0.075 T |'T (09 0.02
F |T |T |o0.02 0.035 T |F | o001 0.03
T|F |F |0.3 0.01 F | T |0.022 0.005
F|F [T |01 0.2 F | F | 0.002 0.005
F |T |F |o0.01 0.05
F | F F | 0.025 0.03
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The probability of failure anthe reliability for haul truck tire were calculatedased on

Figure 314 andfrom the formulas below:

P (TF) :é-OI,RB,TU P (TF| Ol, RB, TUP (OI) P (RB) P (TU) (85)
P (Ol :aR P(OI|R)P (R) (86)

P (RB)=a., P(RB|EH)P (EH) (87)
P(EH) =3, P (EH|PR)P (PR) (88)
P (TU) = a. e P (TU | VL, HE)P (VL) P (HE)

(89)

P (R) =P (R/T)*P (T) +P (R/ Not True) P (Not True) (90
P (PR) = P (PR/T)*P (T) +P (PR/ Not True) P (Not True) (91)
P (VL) = P (VL/T)*P (T) +P (VL/ Not True) P (Not True) (92
P (HE) =P (HE/T)*P (T) +P (HE/ Not True) P (N®orue) (93)

Tire failure probabilitywas calculatedrdbm equatios 85 to 93 and Excel as:
P (TF) = 017, Probability of failure for tires
R (TF) =0.83, Reliability for tires

35.2.111Tire Cost

The costof each Caterpillar CAT 797ire was assumedo be $75,000 Six tires will
thereforecost$450,000(68).

3.5.3 Calculation of Risk for Oil Sands Haul Truck s

Haul truck @mponent failure modes, rates, and related consequelisissed in the
previous sections are sumnzad in Table 32. The highestprobability of failure was
observed for tirg followed by the dispatch system/GP@dio and brakesThe lowest

probability of failure was observed in cab/contfollowed bytheengine and structure.
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Table 32: Risk associated with haul trufikr a year 2010

No | Description Probabilityof failure | Consequenc{ Risk (CAN$)

1 | Cab/control 0.01 Cca 0.0 C cap

2 | Fuel system 0.1 79,000 0.1*79,000

3 | Engine 0.01 18,242 0.01x18,242

4 | Transmission 01 C transmission | 0.1* C transmission
5 | Brakes 0.12 C Brakes 0.12 C grakes

6 Suspension 0.08 C suspension 0.08° C suspension
7 | Tires 0.17 450,000 0.17*450,000
8 | Dispatch system/GP&dio 0.15 C pispatch system| 0.15* C pispatch system
9 | Pneumaticélydraulics 0.1 C Hydraulic 0.1* C nydraulic
10 | Structure 0.04 C structure 0.04* C structure
11 | Final drives (wheel sets) 0.05 C final drive 0.05* C final drive

3.5.4 Mining Haul Truck Failure Rate

The reliability modelis estimatel to be steadystate;therefore, the failure ratis a time
independent variableTable 33 shows the failure rate for the selected main parts

mining haul truck.

TaHle 3-3: failure rate valuéor some mairsub system of mining haul truck

No | Description Probability of failure| Reliability | Failure rate
1 | Cab/control 0.01 0.99 0.01
2 Fuel system 0.1 0.9 0.11
3 Engine 0.01 0.99 0.01
4 | Transmission 0.1 0.9 0.11
5 | Brakes 0.12 0.88 0.14
6 | Suspension 0.08 0.92 0.09
7 | Tires 0.17 0.83 0.20
8 | Dispatch system/GPS/rad| 0.15 0.85 0.18
9 | Pneumatics/hydraulics 0.1 0.9 0.11
10 | Structure 0.04 0.96 0.04
11 | Final drives (wheel sets) 0.05 0.95 0.05
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3.5.4.2 Discussion Analysis of Root Causes of Failure

Based orthe calculatedeliability modelingresults tires areidentified asoneof the major
causs of mining haultruck failure that significanty affectenergy consumption and GHG
emission Haul rucktires canoperate nderpartial failure however partial failure leads to

more energygonsumptiorand more GHG@missiors.

3.6 Oil Sands Mining Shoveb

Shovels play a key role ithe mining industry.Shovels digoil sandsore fromthe ground
andtransfer it totrucks.Lack of regular maintenance and repair ntayseshovelsto fail
and suspendmining processes, eventually leadingit@reass in cost energyintensity,
and GHG emissiondJnscheduled shutdowrand repas may occur. Simulating realistic
scenarioxanpredictand model shovdhilure and maintenance schedul&kis section is
an attempt to describe how to approach the shomadeling and unexpectedghovel
failures in oil sands mining operat®nTwo typesof shovelsare usedin surface mining
industries, hydnalic and electricCost was calculated based the rate of theCanadian
dollarin May 2015

Shoves havethree main part6l6):

1 The carbody, made up otheengine, fuel, hydraulic pumps, supporting composition for
the attachment aidiesel hydraulishovel, and operator cab.

1 The @aachmentmade up otheboom, stick, and bucket.

3.6.1 Hydraulic Shovels

A hydraulic shovel exoczates the groundto find oil sandsore, coal, and other natural
resourceslts engine consumes diesel fudlhe shovelis controlledby a driver who
managesnd controlsthe shoves in the mining areaThe hydraulicshovelstudiedin this
research was Hitachi 8000, which haa capacityof approximately80-100 tonsand a
capital cost ofapproximately$12 million (69). In this section, the following assumptions

weremadeon themodelhydraulic oil sands mining shovililure probability (70):
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1 Shifts andbreaksare not considered

1 Ore blendings notrequired

1 Theshovelcapacityis 80 tons and

1 The averagéime to fill a500-tons truckis 10 mirutes

All critical

partsthatimposea high hazardrisk wereidentified andusinga BBN method the failure
probabiliies of each critical paniverecalculated. Findy, with thefailure probabilitiesand

theconsequence of ea¢he., cos), associated riskwerecalculated.

3.6.1.1 Main Mechanical Partsof Mining Hydraulic Shovels

The maincomponents ofn oil sandshydraulic shovelwhosefailures canresults in the

loss ofthe shovelare thehydraulic pump shutdown valvefilter assembly ZAKO-rings,
O-rings boom and stick, slew ringolts, cab/control, engineand brakeg16). In this
section major possible failure modes for each component were investigated and their

failure probabilities werealculatedhroughthe BBN method

3.6.1.1.1 Hydraulic Pumps

A hydraulic pump transports oil ta hydraulic systemForeignmaterialsucked intothe
pumpwill causepump pressure to decrease (that is, the materials can prevent the supply of
sufficient oil to the pump. An oil leak will reducethe oil supply to the pumpand the

pump will not be abléo operatg16).

Assumptiors.
1 Foreignmaterials enter pump through suct{®M) andhydraulicoil leaks(HOL)

are independentaviables;
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P (FM) P (HOL) T F
T F ] 0.05] 0.95
0.02] 0.9 : . o
Foreign materials Hydraulic oil
enter pump through leak=HOL
suctionF+M
Insufficient supply Pressure
of hydraulic oil= drops=PD
(INSHO)
P (NSHO)
FM [ HOL NSHO=T NSHOXF
T T 094 0.002 \ P (PD/FM, HOL)
T F 0.001 0.003 '\ = =
F |7 0.005 0.0095 \ il ??}L E_BgT 5,'355
F _[F 0.001 0.043 T |[H 0.001 [ 0.003
F A 0.005 0.0095
P (HP/PD,NSHO) F F 0.001 0.047

NSHO [ PD [ HP=T [ HP=F
T T [0.47 [0.002
T F ]0.001 | 0.003
F T [0.005 [ 0.0095 :
F F | 0.001 | 0.047 Hydraulic pump
fails=HP
Figure3-14: BBN graphical model fotheshoveb s h y d r afaillrdsc p u mp
The probability of failure andhe reliability for the s hov el 0s hywereaul i c

calcubtedbased on Figure-33 andfrom the formulas below:

P (HP|PD, NSHO) = P (PD|NSHO) Q)
Conditionalindependence: Naive Bayes formulatigdraulicoil:

P (HO, NHO,NSHO, PD, HP) = P (HO)* P (NHO)*P NSHO*P (PD)*P (HP|PD,
NSHOYP (NSHO |HO, NHO) RPD|HO, NHO) 2)
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P (HP) =5 pp P (HP INSHO, PD) P (NSHO, PD) ©)
P (HP) =3 \qpp P (HP INSHO, PD) P (NSHO)* P (PD) (4)
P(PD)=& , .. P (PD[FM, HOL)P M) P (HOL) (5)
P FM) = P FM/T)*P (T) +P M/ Not True) P (Not True) (6)
P (HOL) = P (HOL/T)*P (T) +P (HOL/ Not True) P (Not True) @)
P (NSHO) =5 P (NSHO FM, HOL) P FM) P (HOL) (8)

FM HOL
Thehydraulicpump failure probability was calculatedth formulasl to 8 andExcel as:
P (PD) =0.6

P (NSHO)=0.04

P (HP) = 0.8, Probability of failure for hydraulic punsp

R (HP) = 095, Reliability for hydraulic pumg

3.6.1.1.11 Hydraulic Pump Cost

The parameter "Gygrauiic pump($)" Wasusedfor the cost of thénydraulic punp in modeling
equations. The actual cost can be substituted in the equation to calculate risk.

3.6.1.1.2Shutdown Valve

The $wtdown valvecloses the valvéo preventfuel from enteing into an injector. There
aresome root causes of failune a shutdowrvalve. The shutdowrvalve has acoil. The
shutdownvalve locks as soon as itsoil is energized by a pulsation fromshutdown
system.If suspended materials (defecting materials) in the fuel flow reach the shutdown
valve or if the valve has some mechaihifaults, then the coil cannot be magnetized and

the shutdown valve will fai{16).
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P OM) P (IMOV)
T [F T |F
0.02] 0.98 0.03] 0.97

Improper
mechanical

operation of
valve=IMOV

Defective
material=DM

Coil does not
magnetize =CNM

P (CNM/DM,IMOV)

P (SHV/CNM) DM [ IMOV | CNM=T | CNM=F
T [T 0.98 0.025

CNM | SHV=T | SHV=F T |E 0.001 0.003

T 0.98 0.002 E | T 0.005 0.0095

F 0.001 | 0.003 F | F 0.001 0.006

Shutdown valve

fails= SHvV

Figure3-15: BBN graphical model fonydraulic shoveshutdown valvéailures

Assumptons:

1 Defectingmaterial(DM) andimpropermechanical operation of valf{gMOV) are

independent

The probability of failure anthereliability for shovel shut down valgevere calculated

based on Figure-34 andfrom the formulas below:

P(CNM) =3 DM MOV P (CNM | DM, IMOV) P (DM, IMOV) 9

P(CNM) =3 DM MOV P (CNM | DM, IMOV) P (DM) P (IMOV) (10)
P (DM) = P (DM/T)*P (T) +P (DM/ Not True) P (Not True) (11)
P (IMOV) = P (IMOV/T)*P (T) +P (IMOV/ Not True) P (Not True) (12
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P (CVM) was calculatedising equatiosll to 14 as:
P (CNM) =0.008

P©SHV)= 4 . P (SHV|CNM) P (CNM) (13)

CNM
From formula 9 to 13 and Excelthe siutdown valvedailure probabilitywascalculated as:
P (SHV) =0.01, Probability of failre ofthe shutdown valve

R (SHV) = 0.9, Reliability oftheshutdown valve

3.6.1.1.21 ShutdownValve Cost

It was assumed that this valve wad.@", pressureeducingcheck valve withaclass 150

flange operating pressusmndthe cost$1,793(25).

3.6.1.1.2 Filter Assembly

The filter assembly separatessuspended materials frorthe oil coming from the
transportation pumpsome root causef failure associated withhe filter assemblywere
studied For instancewhenindividual componentsare not assembl#according tadesign
requiremenrd or wereinappropriatey assemi®d, there will beexcessive oil leakage the

assembly that will cause it to f4il6).

Inappropriate

P ) assembly=AS

Individual components not
assembled according to
design requirements =D

0.05] 0.95
P (L/D, IAS)

: . D IAS | L=T L=F
E_xcesswe hgraulic T T 0.93 .02
oil leakage=L T |F_ [0001 [003

F T 0.0025 0.075
F F 0.002 0.035
P (F/L)
L FIL=True | FIL=False
L=T 0.98 0.002
Filter Assembly L=F 0.0025 0.0975

fails=HL

Figure3-16: BBN graphical model hydraulic shovdter failures
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Assumptiors:
1 Individual componentarenot assembbaccording talesignrequiremerd (D) and
inappropriateassemblyIAS) are inc&ependent.
The probability of failure andhe reliability for hydraulic shovel filtes were calculated
based on Figure-35 andfrom the formulas below:

P(L)= &,,. P(LIDIS)P(D,AS) (14)
PAL)=g, P@AL|L)P(L) (25)

P (D) =P (D/T)*P (T) +P (D/ Not True) P (Not True) (16)

P (IAS) = P (AS/T)*P (T) +P (AS/ Not True) P (Not True) (17)
From formula 14 to 17 and Excelthe filter assembly failurprobabilitywascalculated as:
P (L)=0.04

P (FIL) =0.14, Probability of failure of filter assembly
R (AL) = 0.86,Reliability of filter assembly

3.6.1.1.21 Filter Assembly Cost

The parameter "Gier assembly ($)" was used for the filter assembly cost in modeling

equations. The actual cost candobstituted in the equation to calculate risk.

3.6.1.1.3ZAKO Rings

ZAKO rings connecta pipe jointto a hydraulic shovelZAKO rings can crack during
operation or assemblif inappropriate care is takeor if they aremade of inflexible
materiat (16).

Assumptiors:
1 Material inflexibility (MI) and inappropriate care during assemblyIC) are
independent;
1 Probabilities describe naom variabls of the model; and

1 Calculations were made in the model ugegichmark data
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P (MI) P (IC)
T |F T |F
0.2)| 08 0.1 0.9

Inappropriate
care during
assembly=IC

Material
inflexibility=M |

P (ZR/M, IC)
. MI IC ZR=T ZR=F
ZAKO rings cracks T T 0.93 0.02
during operation or T F 0.001 0.03
assembly=ZR F T 0.025 0.075
F F 0.02 0.035

Figure 317: BBN graphical model for hydraulic shovel Zako ring cracks

The probability of failure andhe reliability for hydraulic shovel Zako ringsvere
calculatedbased on Figure-36 andfrom the formulas below:

P (ZR) =& P(ZR|M,IC)P (M,IC) (18)
PM)=P M/T)*P (T) +P (MI/ Not True) P (Not True) (29
P (C)=P (IC/T)*P (T) +P (IC/ Not True) P (Not True) (20)

From formula 18 to 20 and Excelthe failureprobability forZAKO rings wascalculated
as:

P (ZR) = 0.07Probability d failure for ZAKO rings
R (ZR) = 0.8, Probability of failure foiZAKO rings

3.6.1.1.31 Cost of ZAKO Rings
ZAKO rings costE161.62(CANS 309.27.

3.6.1.1.40-rings

O-rings provide lealproof joints fora hydraulic shove Some root causes of failurerf

O-rings, including defeote materials and lowgtrength, were found during tegis).
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Assumptiors.
1 Low strength(LST) anddefect with material§DM) are independent

P (LST) T |F T |F

Defects with
materialsHM

strengh=LST

P (OR/LS,DM)

DM | OR=True OR=False
T T 0.93 0.02
. . . T F 0.1 0.03
o rl_ngs fails during S T 0.025 0.075
testing=OR F F |0.02 0.035

Figure3-18: BBN graphical model for hydraulghovelO-rings failure

The probability of failure anthe reliability for hydraulic shovel @ingswere calculated

based on Figure-37 andfrom the formulas below:

P (OR) =3 Lsom P (OR| LY, DM) P (LST,DM) (21)
P (LST) = P (LST/T)*P (T) +P (LST/ Not True) P (Not True) (22)
P OM) = P OM/T)*P (T) +P OM/ Not True) P (Not True) (23)

From formula 21 to 23 and Excelthe O-ring failure probabilitywascalculated as:
P (OR = 0.07, Probability of failure for Grings
R (OP) = 0.93, Rliability for O-rings

3.6.1.1.41 Cost of O-rings

The parameter "G.ings ($)" wasusedfor the cost ofO-ringsin modeling equations. The

actual cost can be substituted in the equation to calculate risk.
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3.6.1.1.5Boomand Stick

A boom and stick lifs a bucketand extendsa shovelarm horizontally. A boomand stick
can fail through cracking caused bycorrosion orfrom beingstruck byfalling materials
(16).

Assumptiors.

9 Link stressduring operationSO), hit by falling rocks (FR) andcorrosion COR)

are independent P (FR) P (COR)
P (SO)
T |E
T E 0208 T |F
0.03| 0.97 0.1]0.9

Interaction with falling
rock=FR

Link stress
during
operations=SO

Corrosion=C

Cracking of boom and

. P (CBS/SO.FR.COR)
stick=CBS

SO FR | COR | CBS=True CBS=False
T T T 0.93 0.02

T T F 0.01 0.03

T F T 0.025 0.075

F T T 0.002 0.035

F F T 0.001 0.005

T F F 0.02 0.0025

T F T 0.05 0.0035

F F F 0.002 0.01

Figure 319: BBN graphical model for hydraulic shovel boom and stick cracking

The probability of failure anthe reliability for the hydraulic shovel boom and stiekere

calculatedbased on Figure-38 andfrom the formulas below:

P (CBS) =43 SQFRCOR P (CBS | SOFR, QOR) P (SO,FR, COR) (24)
P (SO) =P (SO/T)*P (T) +P (SO/ Not True) P (Not True) (25)
P FR)=P FR/T)*P (T) +P ER/ Not True) P (Not True) (26)
P (QOR) = P (OR/M)*P (T) +P (COR/ Not True) P (Not True) (27)
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With equatios 24 to 27 and Excelthe boom and stick failurprobability was calculated

as:
P (CBS) = 0.01, Probability of failure ftine boomandstick
R (CBS) = 0.9, Reliability for the boomandstick

3.6.1.1.51 Boomand Stick Cost
The parameter "Goom and siick($)" was usedfor the boomand stick cost in modeling

equations. The actual cost can be substituted in the equatialcutate risk.

3.6.1.1.6SlewRing Bolts

Slewring bolts hold a machine housat the boonof shovel, whichis moved bycrawler
tracks.Bolt fracturing through pitting corrosion (local corrosion) will caussvsring bolt
to fail (16).

P (PC)

Pitting

. T F
corrosion=PC 0.02 0.98

v P (BF/PC)

Bolt fracture=BF BE=True | BE=False
PC=T| 0.8 0.002
PC=F | 0.03 0.08

P (SR/F)

SR=True| SR=False
BF=T | 0.98 0.002
BF=F | 0.025 0.09

Slew ring bolts
fail=SR

Figure3-20: BBN graphical model fohydraulic shoveslewring bolt failures

The probability of failure anthereliability for the hydraulic shovel slew ringboltswere

calculatedbased on Figure-39 andfrom the formulas below:
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P (SR) 33 ar P (SR | BF) P (BF) (28)
P (BF) =3 I (BF | PC) P (PC) (29
P (PC) =P (PC/T)*P (T) +P (PC/ Not True) P (Not True) (30)
Slew ringbolt failure probability was calculataging equation28 to 30 andExcel as
P (BF)=0.12

P (SR) = 022, Probability of failure foslew ring bolts
R (SR) = 0.8, Reliability forslewring bolts

3.6.1.1.61 SlewRing Bolt Cost
Thecostof slew ringbolt was calculaté based on following assumptioinsTable3-4
(26).

Table 34: Slewringbolt specifications

Maximum Maximum Maximum Maximum Weight Price
permitted permitted permitted application temprature
static static dynamic
overturningtorque load rating load rating
radial radial
Nm N N °C kg CANS$
120 4000 1000 60 0.45 124.28

3.6.1.1.7Shovel Cab/Control

The weather in Alberta sometimesds below-30°C, which may induce cracks in the cab.

If a level gauge shows a low air warning because of the colghtheslcannotbe properly
controlled from the cab. This may cause excess airflow through the intake system, which
may lead to the failuref the air cleaner and the loss of the control system. Oil and air
gauges monitor air and oil pressure in the control system and are required to confirm the
When the
below its ormal leve] the control system fails. Besides cold, human error can cause
cabcontrolfailure (11, 59)

shovel 6s condition. ambient temper

Assumptiors.
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1 Weather V), humanerror HE), andsite conditiors (SC) are independent;
9 Cabkontrolcracks (CC), low air warning LA), oil pressure ©@P), andhuman error

(HE) are independent

OP=T | OP=F
SC=T| 0.8 | 0.002
SC=F| 0.03 | 0.08

—

o|m
©
N
o
o]

Poor site
condition
=SC

Extreme
cold (below
-30 C) =W

Oil pressure

] dropped=0OP T |F
Low air 0.2] 0.8
warning=LA
Human
Cab/control error= HE

crack=CC

Cabl/control fails=CF

Figure3-21: BBN graphical model fonydraulic shovetab/control failure

W | SC| LA=T | LA=F
T|T 0.7 0.002
T |F 0.01 0.09
F | T 0.02 0.08
F | F 0.04 | 0.001

HE | LA | OP | CC | CF=True| CF=False

T T T T 0.085 0.002

T T T F 0.001 0.03

T T F T 0.0025 0.075

T F T T 0.002 0.035

F T T T 0.001 0.005

T F T F 0.02 0.0025

T T F F 0.005 0.0035

F T F T 0.002 0.001

F F F T 0.001 0.002

F F T T 0.002 0.001

F T F F 0.035 0.015

F F T F 0.005 0.005

T F F F 0.02 0.03

F F F F 0.06 0.006
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The probability of failure andhe reliability for the hydraulic shove sab/controlwere
calculatedbased on Figure-30 andfrom the formulas below:
P (CF) :aCC,OP,LA,HE P (CF | CC, OP, LA, HE) P (CC, OP, LA, HE) (32)

P(CF) =& copare P (CF1CC, OP, LA, HE) P (CC)*P (OP)*P (LA)*P (HE)

(32)
P (CC) =aW P(CC|W)P (W) (33)
P (OP) =34 <c P(OP|SC)P (SC) (34)
P(LA)=Q s P (LA | SC) P (LA) (35)
P (HE) = P (HE/T)*P (T) +P (HE/ Not True) P (Not True) (36)
P (SC) =P (SC/T)*P (T) +P (SC/ Not True) P (Not True) (37)
P (W) =P (WIT)*P (T) +P (W/ Notrue) P (Not True) (38)

The cab control failure probability was calculatesing equatiosn31 to 38 and Excel as:
P (CF) = 0.0, Probability of failure forcaldcontrok
R (CF) = 0.9, Reliability forcab/controk

3.6.1.1.71 Shovel Cab/Control Cost

The parameter "Gap /control($)" Wasusedfor theshovel cab/control cost in modeling
equations. The actual cost can be substituted in the equation to calculate risk.

3.6.1.1.8Engine
An enginecan fail when any one of the following fa{lg1):

1 Lubricationsystemengineblock, or intakeandexhaust

Assumptiors:
1 The lubricatiorsystem (LS), engine block (EBInd intake and exhaust syst(tt)

are independent
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0.07 | 0.93

Lubrication
system
fails=LS

0.03

0.97

Engine block
fails= EB

Engine fails=EF

0.03 | 0.97

Intake and
exhaust system
fails=IS

Figure3-22: BBN graphical model fohydraulic shoveéngine failure

LS EB IS EF=True EF=False
T T T 0.93 0.02

T T F 0.001 0.03

T F T 0.0025 0.075

F T T 0.002 0.035

F F T 0.001 0.005

T F F 0.02 0.0025

T F T 0.005 0.0035

F F F 0.002 0.1

The probability of failure anthereliability for the hydraulic shovel engineere

calculatechasedn Figure 331 andfrom the formuas below:

P(EF) =3 LSEBIS P (EF LS, EB, IS P (S, EB, IS

P(EF) =4 o, P (EF LS, EB, IS P (LS)*P (EB)*P (IS)

P (LS) =P (LS/T)*P (T) +P (LS/ Not True) P (Not True)

P (EB) = P (EB/T)*P (T) +P (B/ Not True) P (Not True)

P (1S) =P (IS/T)*P (T) +P (IS/ Not True) P (Not True)

Engine failure probability wasalculated usingquatiors 39to 43 and Excels
P (EF) =0.09, Probability of failure fotheengine

R (EF) = 0.91 Reliability for theengine

S

(39
(40)

(41)
(42
(43
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3.6.1.1.81 Engine Cost

Engine price was calculatedded orthe specificatiors givenin Table3-5. An S&S cycle
9 3dhjovelheadmyine witha astgearcovercosts CAN$ §&669.20

Table 35: Engine specification@7

Alternatoror generator alternator

Compressiomatio:8.5:1

DisplacemensizeCC: 1524

DisplacemensizeCl: 93

Finish: natural

Ignition: yes

Singleor dualplugs single

Stroke:41 / 2 nj

3.6.1.1.9Brakes

The brakesare another importantshovel component Brakes can fail in many
circumstancesnd be costly. h this chapter, onlyhree possibleausesare considered:
weather (W), speed (S), amdproperinspection (NS).

T F 0.02 | 0.98 T F
0.5]0.5 0.03 | 0.97

Excessive
speed=S

Extremecold
weather 30 Q=W

Brakes not
inspected
properly=NS

Brake fails=BR

Figure3-23: BBN graphical model fonydraulic shovebrake failure
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W S INS BR=True BR=False

T T T 0.93 0.02

T T F 0.001 0.03

T F T 0.0025 0.075

F T T 0.002 0.035

F F T 0.001 0.005

T F F 0.02 0.005

T F T 0.005 0.0035

F F F 0.002 0.1
Assumptiors.

1 Weather V), speed §), andinspection(INS) are independent
Theprobability of failure andhereliability for the hydraulic shovel brakevere calculated

based on Figure-32 andfrom the formuhs below:

P (BR) = A sims P (BR|W,S, NS) P (W)*P (S)*P (NS) (44)
P (W) = P (W/T)*P (T) +P (W/ Not True) P (Not True) (45)
P (S) =P (S/T)*P (T) +P (S/ Not True) P (Not True) (46)
P (INS) = P (NST)*P (T) +P (NS/ Not True) P Kot True) (47

Brakeprobability failure was calculated widguatiors 44 to 47 and Excel as:
P (BR) =0.06,Probability of failure for brake

R (BR) = 0.94, Reliability for brake

3.6.1.1.91 Brake Cost

The parameter "Grake ($)" Wasusedfor thebrake ost in modeling equations. The actual

cost can be substituted in the equation to calculate risk.

3.6.1.1.10 Risk Calculations for Hydraulic Shovels

Risks are generallymeasured in terms of likelihood and consequentable 3-6
summarzes commonprobabilties of failure modes and their causes in hydraulic shovels.
The highestprobability of failure was observed fatew ring bolts, followed byfilter
assemblieand enging The lowest probability of failure was observiedthe boom and

stick, followed bythe shutdown valve and cab/control.
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Table 36: Risk associated with hydraulic shovels

No Description Prog;l;)dlrl;yof Co(rg:&;)ence Risk (CAN $)
1 Cab/control 0.01 700,000 7,000
2 Hydraulic pump 0.05 130,886 6,544.30
3 Brakes 0.06 78532 4,711.92
4 Boom and stick 0.01 104,709 1047.1
5 Engine 0.09 8,569 771.21
6 Slew ring bolts 0.22 124 27.3
7 ZAKO rings 0.07 309 21.63
8 Shutdown valve 0.01 1,793 17.93
9 Filter assembly 0.14 70 9.8
10 O-rings 0.07 7 0.49

3.6.1.2Hydraulic Shovel FailureRate

As the reliabilityfunctionin this researclassumedo be steady stafer hydraulic shovel
therefore, the failure ratm time independentTable 37 shows the failure rate for the

selected main parts of tidraulic shovel

Table3-7: failure rate value for some masnb system of hydraulic shovel

No Description Prog;mlr'éy of Reliability Failure Rate
1 Cab/control 0.01 0.99 0.01
2 Hydraulic pump 0.05 0.95 0.05
3 Brakes 0.06 0.94 0.06
4 Boom and stick 0.01 0.99 0.0l
5 Engine 0.09 0.91 0.10
6 Slew ring bolts 0.22 0.78 0.28
7 ZAKO rings 0.07 0.93 0.08
8 Shutdown valve 0.01 0.99 0.01
9 Filter assembly 0.14 0.86 0.16
10 O-rings 0.07 0.93 0.08
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3.6.2 Electric Shovebk

Electric shoved use electricity asan energy sourceAn electric shovel with the same
capacity as a hydraulic shovel is usually larger than its hydraulic countd@ipartapacity
of the electric shovels approximately 100 to 115 tomsmdthe capital costs $15 million
(16, 72)

3.6.2.1Reliability
The relidility block diagram (RBD) foran electric shovel is shown iRigure 3-39. This
RBD shows that electro mo®hoistropes buckes, teeth and crawles operate in @eries

from theelectric shovel and if any of these componentstta electric shovel il falil.

Electro Hoist .| Bucket » Teeth || Crawler
motor rope

A\ 4
A

Figure 324: Reliability block diagram for the electric shovel

3.6.2.2PossibleFailure Modes for the Electric Shovel

The main components dhe oil sandselectricshovel,whosefailures can caustneloss of
the shovel,are thehoist ope,bucket, teeth, crawleand electro motgmwhich were shown
in figure 339. All possible failure modes for each component were investigated and their

failure probabilities were calculated based thre BBN.

3.6.2.21 Hoist Ropes

Some of causedf hoist ropefailure are:

1 Parts may wear out when they touch hoist sheaves and taps.

1 Corrosiondue toinsufficient lubricantas well asexposure tamoistureor heat(i.e.,
whenthetemperaturexceed420°C

1 Repeated curvingver thetime.

1 Mechanicalabusethroughcrushing, cuttingor draggingherope.

76



Seif, A

77

1 Twisting due tanappropriate installation.

1 Inappropriate rope installation
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T |F T
. 0.1]09
T F Not having 0.1]0.9
0.03 | 0.97 lubrication=NL
ith hoi T F Impact with crushing,
Contact with hoist 0.07 0.93 cutting or dragging of

sheave and

rope=|

T <15.5°C, Core
rope dries out
and breaks=T

drum=CSHD

Repeated
curving over

time=RC
MA=T | MA=F
W=True | W=False| T 0.8 0.003
CSH=T[ 0.98 0.002 Fl1o02 10007
CSH=F | 0.0025 | 0.097— \ 4 Mechanical : :
Human abuse=M\
Wear on Corrosion=C —HE F
parts=\\O error=
OR 0.02 0.98
\COR=True[ COR=False Inappropriate
T F T=T [ 0.7 0.006 F T=T | M=F rope
0.03 | 0.97 T=F [ ¢.05 0.005 NL=T | 0.85 [/0.02 installation=IIR
NL=F | 0.002/ 0.005

HE=frue | HE=False
Frozen hoist RC=T[0. ¢ 0.02 v
use=FH RC=F | 003 0.008
Twist=TW
TW=True | TW=False
Hoist rope breaks=HR IIR =T | 0.90 0.005
IIR =F | 0.07 0.005

Figure3-25: BBN graphical model foelectric shovehoist rope failurs
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H (@] OR E A W | HR=True | HR =False
0.8 0.02
0.001 0.03

0.0025 0.075

0.002 0.035

0.001 0.005

0.02 0.006
0.01 0.007
0.003 0.01
0.006 0.01

0.004 0.004

0.0035 0.0015

0.002 0.025

0.005 0.0

0.002 0.1
0.01 0.2
0.03 0.006
0.04 0.009
0.007 0.02

0.008 0.001

||| ||| A== A=A = A= A o
aul R T a a al a IR e R T BT T T B P
= ||| n|n|m| =A== == === =] o
R T s R R Rl e e R R T R I B e
||| || || 4|4 ||| n|=| =A== [ =
||| A== A= === =] ==

0.0025 0.003

Assumptions:
1 Frozen hoist (FH), wear out (@), human error (HE), mechecal abuse (M),

inappropriate rope installation (lIR), and twist (TW) are independent.
The probability of failure anthereliability for electric shovel hoist rogevere calculated
based on Figure-80 andfrom the formulas below:

P (HR) =& . wocommemmmy P (HR | FH, VO, COR, HE, MA, IR, TW) P (FH, WO,
COR, HE, MA, IR, TW) Q)
P (HR) = & 1 wocomHE MAR Tw P (HR | FH, VO, COR, HE, MA, IIR, TW) P (FH)*P
(WO)*P (COR)*P (HE)*P (MA)*P (lIR) *P (TW) )
P (FH) = P (FH/T)*P (T) +P (FH/ Nokrue) P (Not True) 3)
P (WO) = acsm) P (WO | CSHD) P (CSHD) 4
P (CSHD) =P CSHD /T)*P (T) +P CSHD / Not True) P (Not True) (5)
P(@R =g, P(@OR|T)P ) (6)
P(M=4&,, P(TINL)PML) (7)
P (NL) = P (NL/T)*P (T) +P (NL/ Not True) P (Not True) (8)
P(M=a., P(TICOR) P COR) 9
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P (QOR) = P (WR/T)*P (T) +P (COR/ Not True) P (Not True) (10)

P(MA)=g, P(MA[)P() (11)
P (MA) = P (MA/T)*P (T) +P (MA/ Not True) P (Not True) (12)
P(MW)=§ . P(TW[IR)P(IR) (13)
P (IIR) = P (IIR/T)*P (T) +P (IIR/ Not True) P (Not True) (14)

P (HE) :aRC P (HE |RC) P RC)
P (RC) = P (RC/T)*P (T) +P (RC/ Not True) P (Not True)
Hoist rope break failurprobability was calculatedsing eqations 1 to 14 and Excel as:

P (HR) =0.02, Probability of failure fothoist ropebreaks
R (HR) = 0.98 Reliability for hoist ropebreaks

3.6.2.2.11 Hoist Ropes BreakCost

The parameter "Gyist rope ($)" Was usedfor the hoist ropes break cost in modeling

equations. The actuabstcan be substituted in the equation to calculate risk.

3.6.2.22 Buckets

Bucketare one ofthe man compnend of electric shoveto fail whenoil sandsore is so
hardto excavateor other matials are mixed withthe ore and it can ealy crack. Teeth
wear predictably, but teeth and adapters can beltosiddition if the bucketis not usel

properly(i.e., if there ismechanical abusg} cansuffer sudden structurédilure.

Mechanical
abuse=MA

Worn
Teeth=TF

P (TF)

Bucket
fails=BFA

P (BFA/MA)

BFA=True | BF=False
MA=T | 0.9 0.02
MA=F | 0.03 0.001

Figure3-26: BBN graphical model foelectric shovebucket failurs
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The probability of failure andhe reliability for electric shovel buckstwere calculated

based on Figure-81 andfrom the formulas below:

P(BFA):aNIA P (BFA |MA,C, TH P MA) (15)
P (MA) = P (MA/T)*P (T) +P (MA/ Not True) P (NotrTie) (16)
Bucket failure probabilities were calculatesingequationsl5and16 and Excel as:

P (BF) =0.®, Probability of failure fobuckes
R (BF) = 0.94 Reliability for buckes

3.6.2.2.21 Bucket Cost
Pricewas assumetb beUS $37,46(q(CAN$ 46,55585) (30).

3.6.2.2.3Teeth

Teethare important components of electric shavelnd can weaout over time. Teeth
reliability is low and teethneed tobe replaced regularly; thereforéne coss associated

with teeth maintenancareconsiderable

Teeth wear out
over time=TWO 05105

\ 4

Teeth fail=TF TE=T | TE=E

TWO=T | 0.99 | 0.002
TWO=F | 0.03 | 0.8

Figure3-27: BBN graphical model foelectric shoveteeth failure

The probability of failure anthereliability for electric shovel teetvere calculatedbased

on Figure 342 andfrom the fomulas below:

P(TF) =4 P (TF |TWO) P (TWO) a7

TWO

P (TWO) = P (TWOIT)*P (T) +P (TWO/ Not True) P (Not True) (18)
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Teeth failure pobability wascalculatedusingequationsl7 to 18 andExcel:
P (TF) = 0.9] Probability of failure ér teeth
R (TF) = 0.0, Reliability teeth

3.6.2.2.3.1 Teeth Cost
Pricewas assumetb beUS $5,468 CAN$ 6,795.7) (30)

3.6.2.2.4Electric Drive Motor

An electricdrive motor will fail if the followinghappeng73):
1 Themotoris corroded
1 Themotor has fractures;

1 A cablecannot transmit electricity

Assumptiors.
1 Corrosion (OR), cables fail to transmit electricity(CF), and fractures (FF) are
independent
T [F
0109 T _|F
T |F 0.05] 0.95
0.2

Cables fail to
transmit
electricity=CH

Cormrosion
=COR

P (EF | COR, CFT, AF

COR CFT | FF EF=True EF=False
Electric drive motor T T T 0.90 0.02
fails=EF T T F 0.001 0.05
al T F T 0.06 0.008

T F F 0.01 0.009

F F T 0.0001 0.025

F T F 0.02 0.0013

F T T 0.002 0.02

F F F 0.00015 0.3

Figure3-28: BBN graphical model foelectric shoveélectric drive motor failure
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The probability of failure anthereliability for electric shovel drive motavere calculated
based on Fige 343 and fom the formulas below:

P (EF) =& corcrr i P (EF | ©R, CFT, FF) P (©OR, CFT, FF) (29)
P (EF) =& corcrr i P (EF | ©R, CFT, FF) P (©OR) P (CH) P (FF) (20)
P (QOR) = P (WR/T)*P (T) +P (COR/ Not True) P (Not True) (21)
P (CF) =P (CH/T)*P (T) +P (CH/ Not True) P (Not True) (22)
P (FF) = P (FF/T)*P (T) +P (FF/ Not True) P (Not True) (23)

Electric drive motor failurgrobability wascalculatedusingequationsl9 to 23 and Excel
as

P (EF) = 0.2, Probabilityof failure forelectricdrive motos

R (EF) = 0.79, Reliability for electricdrive motos

3.6.2.24.1 Electric Drive Motor Cost

The price of the electridrive motoris US $345,0000CANS$ 428,77} (31).

3.6.2.25 Crawler

If acrawlerberch becomes soft or there ilssufficient supply of hydraulic oiinsufficient
lubrication available the crawler will fail. Furthermore, ithe structure is damagedhe
crawlerwill fail.

Assumptions:

1 Soft benchSOF), lubrication(L), and structure (Spare independent;

1 Abuse(AB) and poor quality (PQ) are independent.
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Soft bench=9F

T F
0.03] 0.9/ Abuse=AB
T F
T F
0.02] 0.98 0.07] 0.93

No lubrication=L

A4

Crawler fails=CF

Structure
damage=SD

(cold weather

Poor weld quality

resistancés low)

:PQ

Figure3-29: BBN graphical model forelectric shovetrawler failure

SOF L SD CF=True CF=False
T T T 0.90 0.02

T T F 0.001 0.05

T F T 0.06 0.008

T F F 0.01 0.009

F F T 0.0001 0.025

F T F 0.02 0.0013

F T T 0.002 0.02

F F F 0.015 0.3

T [F
0.15] 0.85

AB [ PQ [ SD=T | SD=F

T |T [07 [o0.002

T |F 001 [0.09

F [T [002 [0.08

F |F [004 |0.001

The probability of failue andthe reliability for electric shovetrawlers were calculated
based on Figure-84 andfrom the formulas below:

P(CF) =&, ., P(CF|®F L SD)P (®F L, SD) (24)
P(CF) =&, ., P(CF|®F L SD)P (®F P (L)P (SD) (25)
P(SD)=4,,,. P(SDPQ,AB P PQ P (AB) (26)
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P (AB) = P (AB/T)*P (T) +P (AB/ Not True) P (Not True) 27)

P (PQ) =P (PQ/T)*P (T) +P (PQ/ Not True) P (Not True) (28)
P (SD)=0.6

P (L) =P UT)*P (T) +P (L/ Noffrue) P (Not True) (29)
P (0F) = P (DOHT)*P (T) +P (SOF Not True) P (Not True) (30)

Crawler failure probability was calculateding equatiosn19 to 23 and Excels
P (CF) = 0.@, Probability of failure foccrawlers
R (CF) = 0.98 Reliability for crawles

3.6.2.25.1 Crawler Cost

The parameter "Gawier ($)" Wasused ashe crawlercost in modeling equations. The actual
cost can be substituted in the equation to calculate risk.

3.6.2.26 Calculation of Risksfor the Electric Shovel

Table 3-8 summarizesrisk associated with each failure mode and its related consequence
in terms offinancial impact for eacbf the main parts ofan electricshovel.As the table
shows,teethhavethe highest probability of failure followed life electric drive moto

The crawler and the hoist rope have thedst probability of failure

Table 38: Risk associated with electric shovels

No Description Probabilityof Failure Consequence (CANS$) Risk(CANS$)
1 | Electric drive motor 0.21 428,771 90,042
2 Teeth 0.91 6,7% 6,184
5 Crawler 0.01 190,000 1,900
3 Bucket 0.06 46,556 2,793
4 Hoist rope 0.02 95,000 1,900
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3.6.2.3Electric Shovel Failure Rate

As the reliability function in this research assumed to be steady state for electric shovel,
therefore, the failure ratis a time independent variabl€able 39 shows the failure rate

for the selected main parts of the hydraulic shovel.

Table 39: failure rate value for some main sub systerale€tric shovel

No Description Probability of Failure Reliability Failure Fate
1 | Electric drive motor 0.21 0.79 0.27
2 Teeth 0.91 0.09 10.11
5 Crawler 0.01 0.99 0.01
3 Bucket 0.06 0.94 0.06
4 Hoist rope 0.02 0.98 0.02

3.7 Oil Sands Mining Crushers

An oil sands miningcrusher reduces large pieces of ore to smaller piegespplying
pressure orthe ore with a metal surfaceCrusher failure leads tonscheduled shutdowns
for repair andsuspendsnining procedurestherebyincreasingcost and energgemand.
Therefore the modelingof crusher failure scenarios is crucial togiot a crusher's failure
rateandto prevent extra fiancal impacs. This section is an attempt to describe how to
approach the modeling of crushers and unexpected failumglssands mining operatien

In this chaptera double roll crusher (fixed crber) and a sizewere considered. Both
crushergdouble roll crusher andhineral sizer) have rolls with horizontal as (74). The
advantageof a double roll crusher (fixed crushere itshigh capabilityto sizeore witha

simple structur@nd its ability to crush the ore to the desired.size
3.7.1 Mineral Sizer Crusher

A mineral sizer haseveralets ® meshing rotors with large teethatdrive atalow speed
on a relatively small shaf mineral sizer crusher has three magomponentslong with
interactingfeatures breaking action, revolving screen effect, and deepll tooth design

The deep goll tooth transports the bigger oretteeend of themachineandhelps toreject
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thelarge ore When the crusher is in operation, teading faces othe opposite rotor teeth
contact the ore. Witlvarious points loading, pressure is applietb the ore © develop
natural faultsNext, the ore is brokerbecause othe tightnessof the threepoint loading
applied bythe front tooth ononerotor andthe rear tooth faces on the other rotbarge
pieces ofore are broken becausige rotors cut ore from sideotsidewith fixed teeth.A
toothedrotor is desigred toallow free-flowing undersizd ore to pass through continuously
shifting gaps created by relativejow-moving shafts.The primary roll passebigger
pieces ofore tothe end ofthe machine andextend a feed across the full length the

rotorsto reject oversize ore (75).

3.7.2 Double Roller Crusher

A double roller crushes usedo crush ore of medium or lowstiffness In adoubleroller
crusher ore drops between twwollers andthe finalore isobtained Some material cannot

be crushednto small piecesTo deal withsuch materiala roller will allow a spring anda
hydraulic actuator to change the gap between two rollers to athbd ore to be crushed

The adjustable roll gap between two rollersaafouble roller crusher can be changed to
make the final or e si z eercruBlerdlatratesitiikelptobe t o | e s
affected by sticky oil sarstbre are usedThe main disadvantage of reflcrushers is their
inability to crush hard ore efficientifhe double roller crusher has roller bodies equipped
with crushing rings and segments. Theawllare locked with figd bolts and disks or with
screws(76). The drive consists of electric motors with couplings and gear motors. The
drive allows reverse operation in case of overload to incetemavailability. Figure3-

52 showsthelocation ofthe crusheiin theoil sands extraction process train
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Trucks

v

Hopper

v

Apron feeder

v

Sizer or double crusher

v

Conveyor

v

Screening of weoil sands

Figure 330: Crusher position in oil sands mining operations

3.7.3 Description of Each Failure Mode

In this study, the key failure modes and causes for an oil sands crusher were identified
Then based ona BBN, their failure probabilities were calculated. With the related
probability and consequence of each failtinerisk associated with each failure mosdas
calculatedThe main advantage of using a Bayesian belief netwatg fkexibility, which

allows new nodes tde added In addition,becausédbenchmark datavere not the actual

data, aBBN wasused to deal with the uncertainty and ralseconfidence of the results.

The Bayesian belief network estimates the probability derived fhe dependenci€g7).
3.7.4 Identification of Potential Risksfor Crusher

Risks associated with crusher failungere investigatetbased on benchmark data and

interviews with expertsThe structurgteeth, rolls, drive system, apron feedargcontrol
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system are the mechanical parts of a crusiier wil cause a crusher to fail if they stop

working.
3.7.4.1Structure

The structure is the frame of the crusheh e

structureods

lubrication oil, which will cause the structure to fail.

T F
0.03| 0.97

O-L | WO=T | WO=F

T 0. 95 0.003

F 0.075 | 0.0095
CL-C | WO | SD=True | S-D=False
T T 0.90 0.02
T F 0.001 0.05
F T 0.003 0.008
F F 0.0001 0.025

Not enough oil for
lubrication provided=
O-L

A 4

Wear out parts=WO

Structure damages=3

Figure 331: BBN graphical model for crusher structure damage

The probability of failure anthereliability for the crusher structureverecalculatecbased
on Figure 353 andfrom the formulas below:

P(SD)=§,,, P (SD|WO)P (WO)

P(WO)=4_, P(WO|GL)P (OL)

P (OL) =P (OL/M)*P (T) +P (OL/ Not True) P(Not True)

Crusher structure failure probability was calculated uBinguulas 2 and3 andExcel as

parts

1)
)
®3)
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P (SD) = 0.®, Probability of failure fothe crusher's structure
R (SD) =0.95 Reliability for thecrusher's structure

3.7.4.1.1Structure Cost

The parameter "Grucwre($)" Wasusedfor structure cost in modeling equations. The actual

cost can be substituted in the equation to calculate risk.

3.7.42 Screen Mesh
Screemmeshesre usedo reducehe size of crushed orBifferent mesh sizecanbeused
dependingn the sizerequestedby a company78). Themesh will fail if its parts wear out

or thescreens damage.

Assumption:
1 Screen mesh wear oySW) and screen damage from impa¢tSM) are

independent.

ISM | T F
0.02] 0.98

SW | T F

Screen damage from
impact=ISM

Screening mesh
wears out=SW

P (SF/ISM)

SF=True| SF=False
SW=T | ISM=T | 0.95 0.002
SW=T | ISM=F | 0.0025 | 0.0975
SW=F | ISM=T | 0.03 0.0025
SW=F | ISM=F | 0. 015 0.01

Screening mesh
fails=SF

Figure3-32: BBN graphical model focrusherscreen mesh failuse

The probability of failure anthereliability for crusher screen mesbere calculatedased
on Figure 354 andfrom the formulas below:
P (SF) =8 o\, sw P (SFIISM, SW) P (ISM) P (SW) 4

P (ISM) = P (ISM/T)*P (T) +P (ISM/ Not True) P (Not True) (5)
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P (SW) =P (SW /P (T) +P (ISM/ Not True) P (Not True) (6)

The probabilityfor screen mesh failure was calculated usargiulas 4 to 6 and Excel as:
P (SF) =0.07 Probability of failure forascreen mesh

R (SF) =0.38, Reliability for ascreen mesh

3.7.4.2.1 Screen Mds Cost
The sreenmeshcost abouCAN $3,500(79).

3.7.4.3Teeth
Teeth are important parts of a cruslhiest wear out over time andeedto be replaced
frequently.

TWO | T F
Teeth wear out over 0.90| 0.10
time=TWO
P (TF/TW)
A\ 4

TF=True | TF=False
Teeth fails=TF TW=T | 0.99 0.002
TW=F | 0.0025 0.0975

Figure3-33: BBN graphical model focrushetteeth failurs

The probability of failure andhe reliability for crusher teettwere calculatecased on
Figure 355 andfrom the formulas below:

P(TF) =4 . P (TF|TWO)P (TWO) (7)

P (TWO) = P (TWO/T)*P (T) +P (TWO/ Not True) P (Not True) (8)
Screen mesfailure probability was calculated usifgrmulas 7 and8 and Excel as:

P (TF) = 09, Probability of failure foteeth

R (TF) = 0.1, Reliability for teeth

3.7.4.3.1 TeethCost
The parameter "Gewn ($)" was used for teeth cost in modeling equatidiee actual cost

can be substituted in the equation to calculate risk.
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3.7.44Rolls
Cylindrical rollsareformedby twisting material around a cylinder or by twistimgterial

repeatedlyon itself with no foldingRolls will fail if impact damages the rolls due to tramp

metalor if the roller wears oubver time.

Assumptions:
1 Tramp metal (TM and the wearing out of rollers over time (WR) are independent;

1 Impact damage of rolls (IDM) and wear off roller QR®) are independent.

™ | T F
0.03| 0.97
Tramp
metal=TM
v WOR [ T F
TM=T | TM=F 0.05] 0.95

IDM =T | 0.95 0.03
IDM =F | 0.0015] 0.085

Impact damges
the rolls=IDM

Wear off
roller over
time =WOR

IDM | PM | WOR | RF=Tuue | RF=False

T T T 0.93 0.02

T T F 0.001 0.03

T F T 0.0025 0.075

F T T 0.09 0.87

F F T 0.68 0.003

T
F F F 0.002 0.035

Figure3-34: BBN graphical model focrusherrolls failure

The probability of failue andthe reliability for crusher rollswere calculated basesh

Figure 356 and fom the formulas below:

P(RF) =3, .., P (RF|VWOR, IDM) P (WOR, IDM) 9)

P (RF) =4 ,0000 P (RF|VOR, IDM) P (WOR) P (IDM) (10)
P (WOR) =P (WOR)*P (T) +P (WOR/ Not True) P (Not True) (11)
P(IDM)=§_ P (IDM|TM)P (TM) (12)
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P (TM) =P (TM)*P (T) +P (TM/ Not True) P (Not True)

Roll failure probability was calculated usifarmulas 9 to 13 and Exceds:

P (RF) =0.12,Probability of failure for rolls
R (RF) =0.88, Reliability for rolls
3.7.4.4.1 RollCost

(13)

A roll crusher carcostbetweenCAN $ 17, 636.00, and 21877.0Q depending on the
capacity Capacity is given ifkg per secondavith a typicalminimum @pacityof 1 kg per

secondup toamaximumof 100 kg per second

3.7.4.5Drive System

The drivesystem makes a motoperate The drive system consists of electric motors with

coupling and gear motors and issihned to operate in reverse in case of overload to

increase system availabilitfhe dive systemcanfail if the motor or internalmotor fails

or if the gearbox fai. If the drive system overloadethenthe electricity cablefails ard

causes the motao fail. The gearboxwill fail if there is no proper lubrication tre system

is contaminated.

CON | T F
0.0025] 0.085

undetected

NL

damage=0D

0.03

0.97

Contamination

Not have a
proper
lubrication=NL

=CON

Motor
internal
fault=IF

Geabox fails
=GF

Drive system
fail=DSF

Overloaded or

F]IT [F Y

0.03 | 0.97 R
Electricity
cable fails

-

l_\
Motor fails=MF

obD[T [F
0.05] 0.95

EF=T | EF=F

OD=T | 0.89 | 0.002
OD=F | 0.0025] 0.0975
OD=T | OD=F

EF=T | 0.89 | 0.002

NF=F

0.0025] 0.0975

GF | IF | MF | DSF=True| DSF=False
, , . . T [T T . .02
Figure3-35: BBN graphical model focrusherdrive system failure T 1T 1 F 8 ggl 8 83
T F T 0.0025 0.075
F TI|T 0.09 0.87
GF=True | GF=False F F|T 0.68 0.003
NL=T | C=T | 0.95 0.002 T F | F 0.004 0.002
NL=T | C=F | 0.0025 0.0975 E T I|F 0.02 0.005
NL=F | C=T | 0.03 0.0025 F FE | F 0.002 0.035

NL=F | C=F | 0. 015 0.01
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Assumptiors.
9 Lubrication (NL), contamination (GN), electricity cable (EC), internalmotor
fault (IF), and overload (OD) are independent.
1 Geabox (GF), internal motor fault (F), and motor failure MF) are
independent.
The probability of failure andhe reliability for crusherdrive systema were calculated

based on Figure-87 andfrom the formulas below:

P (DSF) A ar i v P (DSF | GF, IF, MF) P (G (IF) P (MF) (14)
P(MF)=3.. P(MF|E)P (E) (15)
PEC=4, P(EC|OD)P (OD) (16)
P (OD) = P (ODIT)*P (T) +P (OD/ Not True) P (Not True) a7
P (GF) =& \con P (GF | NL, ©N) P(NL). P (CGON) (18)
P (NL) =P (NL/T)*P (T) +P (NL/ Not True) P (Not True) (29)
P (GON) = P (WN/T)*P (T) +P (CGON/ Not True) P (Not True) (20)
P (IF) = P (IF/T)*P (T) +P (IF/ Not True) P (Not True) (22)
P (EC) = 0.09

The probability of failure fo drive system was calculated usifggmulas 14 to 21 and
Excelas:

P (DSF) = 0.17Probability of failure for drive systesn

R (DSF)=0.83, Reliability for drive systems

3.7.4.5.1 Drive SystenCost

The parameterCarive system($)" Wasusedfor the drive systemcost in modeling equations.

The actual cost can be substituted in the equation to calculate risk.

3.7.4.6 Apron Feeder

The feederconsideredn this research is an apron feeder. The feeder is one of the main
mechanical parts of the crusher andpé&formance affectsrusherefficiency. To avoid
weaiing outthe feeder, it is better toperate itat its lowest possiblerate. Someof the

hazardg¢hatdamage a crushare shown as nodé@sthe BBN diagram(80).
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Assumptiors.
1 The apron pan conveyor chgAC), driving maching(DMA), frame hopper
skirt, chutecrack(FHS), overloadsafety device@S), andfeed roller(FRO) are

independent P (OS)
P (DMA T _|F
( ) Driving machine 0.05] 0.95
T F fails=DMA
0.025| 0.975 Overload safety
device fails=0S
P (FHS)
T |[F
P (AC) 01]09
T F
0.05] 0.95 Frame, hopper,
skirt, chute
crack=FF5 P (FRO)

Apron pan

conveyor chain T E

fails=AC 0.19] 0.89
Feed roller
fails=FRO

Apron feeder fails=APF

Figure3-36: BBN graphical model focrusherapron feeder failuse

P (APF | AC, DMA, FHS, OS, FRO)

AC | DMA | FHS | OS | FRO | APF=True | APF =False
T T T T T 0.8 0.02
T T T T F 0.001 0.03
T T T F T 0.0025 0.075
T T F T T 0.002 0.035
T F T T T 0.001 0.005
F T T T T 0.002 0.025
F F T T T 0.005 0.035
F F F T T 0.002 0.1

F F F F T 0.01 0.2

F F F F F 0.0025 0.003

The probability of failure anthe reliability for the crusheé apron feedewere @lculated

based on Figure-38 andfrom the formulas below:
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P (APF) =3 onamsosiro T (APF | AC, DM\, FHS, OS, FRO) P (AC, DMA, FHS, OS,
FRO) (22)
P (APF) = 8 s owarnsosiro (APF | AC, DM\, FHS, OS, FRO) P (AC) P (DMA) P
(FHS) P (OS) P(FRD) (23)
P (AC) =P (AC/T)*P (T) +P (AC/ Not True) P (Not True) (24)
P (DMA) = P (DMA/T)*P (T) +P (DMA/ Not True) P (Not True) (25)
P (FHS) = P (FHB/T)*P (T) +P (FHS/ Not True) P (Not True) (26)
P (OS) = P (OS/T)*P (T) +P (OS/ Notue) P (Not True) (27)
P (FRO) = P (FRO/T)*P (T) +P (FRO/ Not True) P (Not True) (28)

Apron feeder failure probability was calculated udimignulas 22 to 28 and Excels:
P (APF) =0.04, Probability of failure for apron feeder
R (APF) =0.96,Reliability for apron feedexr

3.7.4.6.1Apron Feeder Cost
An goron feeder costaboutCAN$ 58,000(81).
3.7.4.7 Control System

The controlkystemcan fail througthardwae, software, and operator errors
Assumptiors.

1 Hardware H), software 80O erator erras (OE) are independent

Software=®F

Operator
error=0OE

Hardware=H

0.02

Control system
fails=CS

Figure3-37. BBN graphical model focrushercontrol system failure
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H SOF | OE CS=True CS=False
T T T 0.9 0.02

T T F 0.06 0.008
T F T 0.01 0.009
F T T 0.0001 0.025
F F T 0.02 0.0013
T F F 0.015 0.002
T F F 0.06 0.015
F T F 0.01 0.015
F F F 0.00015 0.1

The probability of failure andthe reliability for the crushed scontrol systemwere

calculatedbased on Figure-39 andfrom the formulas below:

P (CS) =&, soror P (CS|H, ®F OE) P (H, ®F, OE) (29)
P (CS) =&, soror P (CS|H, ®F OE) P (H) P (&F P (OE) (30)
P (H) = P (H/T)*P(T) +P (H/ Not True) P (Not True) (31)
P (OF) =P (FC/T)*P (T) +P (OF Not True) P (Not True) (32)
P (OE) =P (A/T)*P (T) +P (OE/ Not True) P (Not True) (33)

Thecontrol systenfailure was calculated usirfigrmulas 29 to 33 and Excels:
P (CS) =0.01, Probability of failure forcontrol systern
R (CS) 0.9, Reliability for control systems

3.7.4.7.1Control System Cost

The parameter "Guiwol system ($)" was used for the control system cost in modeling

equationsThe actual cost can be substitutedhe equation to calculate risk.

3.7.5 Calculation of Failure Probability Based On Associated Risks

Crusher reliability was determined to 88% based on expert opiniofihe consequences
of an occurrencerefer to thefinancial impact of the event. Thannual rate and
consequence @nevent in financiaterms(CAN $) were calculated to fintheannual cost
of risk. The reliability andorobability offailure of a crusherwerecalculatedo be0.90 and
0.1, respectively(82). Table 3-10 illustrates failuremodes and failurgprobability rates
obtainedthrough theBBN mehodfor selectedrushes for the oil sands industry
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Table3-10: Risksand corrective actiofor crusher

No | Description Probgblllty of | Consequence Risk Corrective Action
Failure %)
0.05 . : .
1 Structure C1 0.05C, Maintenance, regular inspection
> | Screen mesh 0.07 co 0.07C, Continuous monitoring, maintenance
regular inspection
3 Teeth 0.90 c3 0.90C; Continuous monlltorlng, _malntenance
regular inspection
4 Rolls 0.12 ca 0.12C, Continuous monl_torlng, _mamtenance
regular inspection
5 | Drive system 0.17 cs 0.17Cs Training, proper supervision, regular
inspection
6 | Apron feeder 0.04 c6 0.04C; Continuous monlltorlng, _malntenance
regular inspection
7 Control 0.10 c7 0.10C, Safety, em_p_loyee training, appropriat
system supervision, regular inspection

3.7.6 Crusher Failure Rate

As the reliability function in this research assumed to be steady state for crusher, therefore,
the failure rate did not change by the time. Tabl&l 3hows the failure rate for the
selected main parts afusher As shown inTable 311, teeth have the highest failure rate

in crusher The screen meshkasfound to be the most reliable component of the crusher.

Table 311. failure rate value for some main sub systeraraher

No Description Probability of Failure Reliability Falure Rate
1 Structure 0.05 0.95 0.05
2 Screen mesh 0.07 0.93 0.08
3 Teeth 0.90 0.1 9.00
4 Rolls 0.12 0.88 0.14
5 Drive system 0.17 0.83 0.20
6 Apron feeder 0.04 0.96 0.04
7 Control system 0.10 0.9 0.11
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3.8 Conveyor Belt

The conveyobelt isa piece of miningequipment thatransfes bulk mine product from
the crusher tothe slurry pump. It isessentiato have a reliable conveydecauseof the
continuoudransfer ofbulk materialstherefore conveyor beltreliability is vital. A lack of
regular maintenance and repagan causeconveyor beltfailure and suspend mining
processesA simulation of reliability for conveyor belts isloneto predict failure. This
section descrilsconveyor beltreliability and unexpected failures in oil sands mining

operatiors.

3.8.1 Identification of Potential Conveyor Belt Risks

A conveyor belhas some main partghosefailureswill causeconveyorbelt failure The
main parts otheconveyor belthatwerestudied are

91 Drive motor, power rollershead pulleytail pulley, return idler,pulley cleaner, and
bett.

3.8.2Drive Motor

The driveunit consiss of the electricmotor, thecoupling (which attaaksthe output shaft
to the pulley), and the gearbox. Ifthe gearbox does not workhe drive motorcan falil.
However there aresome circumstances which the gearbox does not wonsroperly but
thedrive motorcontinues to run, albeit with greatmergy consumptiorin addition when
the electrical powelthe source that produgelectricity) completelyfails, the drive motor
will fail, too. However if the electrical power does not work properls with a poorly

functioning gearbox, more energy is consumed to operate the drive motor.
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Broken chain
between the drive
motor and drive

roll=BCH

0.03| 0.97

0.03| 0.97

BCH | DM =T | DM =F
T 0.05 0.002
F 0.001 | 0.003

Electrical power

Drive motor

fails=EP

becomes

0.02 | 0.98

energized=DM

Gear box
fails=GB

Drive motor
fails=DMF

Figure3-38: BBN graphical model foconveyor beldrive motor failure

EP| GB | DM | DMF =T | DMF =F
T |T T 0.97 0.002

F | T T 0.085 0.0095
T |F T 0.001 0.00252
T |T F 0.0045 | 0.0014
F | F T .002 0.0021
T |F F 0.003 0.0015
F | T F 0.0058 | 0.003

F | F F 0.00001 | 0.01

Assumptiors.

1 Gear box GB), brokenchain between the drive motor and drive (BICH), and
electricalpower EP) are independent;
1 Probabilities describe random variable of the model
The probability of failureand the reliability for the conveyor belt's drive motor were

calculated based on Figures8 and from the formulas below:

P (DMF) = aGB’DM’EP P (GB | GB, DM, P) P (CM) P (DM) P (IP) (2)
P(DM)=gQ BCH P (DM | BCH) P (BCH) (2)
P (BCH) =P (BCH/T)*P (T) +P (BCH/ Not True) P (Not True) (3)
P (GB) =P (GB/T)*P (T) +P (GB/ Not True) P (Not True) (4)
P (BP) =P (BP/T)*P (T) +P (B Not True) P (Not True) (5)
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From equation 1 to 5 and Excel, probability of failuredove motorwasas:

P (DM) = 0.005

P (DMF) = 0.01, Probability of failure fodrive motos
R=1-0.009737=0.99,

R (DMF) =0.99, Reliability for drive motos

3.8.2.1Drive Motor Cost

Theestimated cosof a0.075 metefong, 0.5 mwide drive motorwith a6.4m conveying

distancds CAN $843.

3.8.3 PowerRoller

A power rolleris usedo spreadmechanicapoweralongconveyors.The iming belt is one

of theimportant part®f a power roller If there is any friction or parts are worn alute to

insufficientlubrication,the power rollemayfail. Like thedrive motor, pwer rollerswere

analyzedn anE-R model.Sometimeghetiming belt has some friction big notworn out

completely. In thiscase power rollersmay continue towork but will consume more

eneny.

Friction=RR Oil and
| lubrication not
provided=0OL
T F
0.02 | 0.98 T F
v 0.03| 0.97
\ 4
Timing belt
drive fails= Worn out
TBD parts=WO
/] Wo=T | WO=F
FRI | WO | TM=True | TM=False i 8'09755 8'8835
T T 0.95 0.002 : :
T |F |00025 | 00975 Power roller
F T 0.03 0.0025 fails=PRF
F F 0. 015 0.01 TBD | WO | PRF=True| PRF=False
T T 0.90 0.02
T F 0.001 0.05
. _ . . F T |0.003 0.008
Figure3-39: BBN graphical model foconveyor belpower roller failure 3 3 0.0001 0.025

Assumptiors:

1 Timing belt drive failure TBD) andworn-out pars (WO) are independent;
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1 Friction (FRI) andinsufficient oil and lubrication@-L) are independt;
The probability of failure andthe reliability for conveyor belt power rollerwere

calculatedbased on Figure-89 andfrom the formulas below:

P (PRF) =3 P (PRF [TBD, WO) P TBD, WO) (6)
P (PRF) =3 .. P (PRAWO,RI)P (WO)P (RI) @)
P(WO)=§,, P(WO|GL)P(OL) ®)
P (MR =P (RI/T)*P (T) +P (RI/ Not True) P (Not True) (9)
P (OL) =P (OL/T)*P (T) +P (OL/ Not True) P (Not True) (10)

Power rollerfailure probabiliy was calculated usingguatiors 6 to 10 and Excels:
P (WO)=0.11

P (TBD) =0.03

P (PRF) =0.03, Probability of failure fopower rollers

R (PRF) = 0.97, Reliability for power rollers

3.8.3.1Power Roller Cost

There are twdypesof power roller,those with a0.075 mcenterandthose with &.1 m
center Rollers vary in width fron®.3 to0.5 m.In this researcha power roller witha 0.1
m centre 0.5 mwide, anda conveying distancef 7 m was consided The capital cosof
such apower roller was gtimatedto be$586(56).

3.8.4Head and Tail Pulley
The headand tail pulley consistof two bearing, a shaft, shell, and coating (special

materialthatimproves thebelt-pulley contact) The pulley supplieslynamic poweto the
conveyor The headand tail pulley will fail ifthe bearing fail, if the coatingfacecorrodes,

or if parts wear out (througimsufficientoil and lubricatioi.
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CC|T

0.98

Coating
corrosion=
CcC

OfL | WO=T | WO=F
T 0.95 0.003
F 0.075 | 0.0095
A
Pulley
fails=PF

Wear
out=WO

Oil and
lubrication not
provided=0L

Figure3-40: BBN graphical model foconveyor belpulley failure

BFE[T [F 0.02
0.05] 0.95

Bearirg

fails=BF
BF [ CC[WO [ HF=T [HF=F
T [T |T Jo0.97 [0.002
F |T [T [0.085 [0.0095
T [F | T [0.001 |0.00252
T [T |F [0.0045 | 0.0014
F |[F [T [.002 0.0021
T [F |F [0.003 |0.0015
F | T [F ]0.0058 [0.003
F |F | F ] o0.00001] 0.01
Assumptiors.

9 Bearing failure B), coatingcorrosion CC), andwear out YWO) are independent;

0.03

0.97

1 Bearing failure (B)coatingcorrosion (CC)and insufficient lubrication(O-L) are

independent

The probability of failure andhe reliability for the conveyor belt pulleywere calculated

based on Figure-30 andfrom the formulas below:

P(PF)=&_ ... P (PF|B, CC,WO)P (B) P (CC) P(WO)

P(WO)=8 ., P(WO|GL)P(OL)

P (B) =P (B/T)*P (T) +P (B/ Not True) P (Not True)
P (CC)=P (CC/T)*P (T) +P (CC/ Not True) P (Not True)
Pulleyfailure probability has been calculated useggatios 11 to14 and Exceds:

(13)
(12)

(13)
(14)

103




P (WO) =0.11
P (PF) =0.01, Probability of failure fohead and taipulleys
R (PF) =0.99, Reliability for head and taipulleys

3.8.4.1Head and Tail Pulley Cost

The parameter "Gead and Tail pullef$)” Was used as the head and tailggutost in modeling

equationsThe actual cost can be substituted in the equation to calculate risk.

3.8.51dler
The idlersuppors a conveyorbelt andreduce tensionin the belt(83). If a bearingfails

due toexcessive hear the idler is removed frompulley because of a high load, the idler
will fail.
Assumptiors:

1 Excessive hedqEH) andhigh load(HL) are independent

9 Bearing failure B) andidler removalfrom the screenRS) are independent

RNI | T F HL | T [=
Excessive 0.03 | 0.97 0.05 | 0.95
High
heat=EH load=HL
4 A 4 RS=T | RS=F

T | 0.95 0.002
F | 0.0015| 0.0875

Bearin®

B B=T | B=F

removed
from the

IF=False
T 0.02
T 0.03
Idler fails=IF F 0.0025 | 0.075
F 0.002 0.035

Figure3-41: BBN graphical model foconveyor beltdler failure
The probability of failure andhe reliability for the conveyor belt idle were calculated

based on Figure-31 andfrom the formulas below:
P(F)=&a,. P(F|B,RS)P(B)P(RS) (15)
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P(B)=4,, P(B|EH)P (EH) (16)

P (EH) = P (EH/T)*P (T) +P (EH/ Not True) P (Not True) (17)
P(RS)=§,, PRS|HL)P (HL) (18)
P (HL) =P (HL/T)*P (T) +P (HL/ Not True) P (Not True) (29)
P (B) =0.12

P (RS) =0.13

Idler failure probability has been calculated uséiggiatiors 15 to 19 and Excels:
P (IF) = 0.06, Probability of failure foridlers
R (IF) = 0.94 Reliability for idlers

3.8.5.11dler Cost

The parameter " ($)" was used for the idler cost in modeling equatidine actual cost

can be substituted in the equation to calculate risk.

3.8.6 Belt

The Lelt is anotheimportant part ok conveyorsystemA belt can be damaged arear

outover the timadue toinsufficientlubrication.

Assumptiors.
1 Cut (CU), oil and lubrication not provide(DL), andimpact () are independent;
1 Cut (CU), wear out WO), andstructure D) are independent

105



Oil and lubrication
not provided=GL

\ 4

O-L | WO=T | WO=F
T 0. 95 0.003
E 0.075 M Wear out=WO

0.08

Figure3-42: BBN graphical model foconveyor belfailures

Impact=I

Damage the

structure=9%

0.95

SD=T

SD=F

0.95

0.003

0.075

0.0095

C

@)

B=True

B=

False

0.8

0.02

0.001

0.03

0.0025

0.075

0.002

0.035

0.001

0.005

0.002

0.025

0.005

0.035

T|[n|=|m|n|=|4]=|o

|||

Rl e L L R R 1 H )

0.002

0.1

The probability of failure andhe reliability for the conveyorbelt idler were calculated

based on Figure-82 andfrom the formulas below:
PB)=3 P((B|a),WO, D)P (AJ, WO, D)

P (B) = éCU,WO,SD
P(D)=4, P(DINP()

CUWO,SD

PB|4), WO, PD)P (AJ)P WO)P (®)

P (WO) =éo_ . P (WO | QL) P (O-L)

P (OL) =P (OGL/T)*P (T) +P (OL/ Not True) P (Not True)
P (QUJ) =P (QJJ/T)*P (T) +P (QJ/ Not True) P (Not True)
P{=PW/MT)*P (T) +P (I/ Not TrueP (Not True)

(22)

Belt failure probability was calculated usieguation 20 to 26 and Excas:

P (WO)=0.1,P () =0.13
P (B) =0.85, Probability of failure foibelts
R (B) =0.15, Reliability for belts

(20)

(21)

(23)
(24)
(25)
(26)
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3.8.6.1Belt Cost

Belts have threewidth options (0.75, 0.6,and 0.4 n) thatinfluencecost In this study a

0.75 m widebelt with a conveying distancef 5 mwas considereaith a capital costof
CAN $ 14,605(52). Types of bek availableand their relatedcoss are shown inthe

appendix.

3.8.7 Pulley Cleaner

A pulley cleaneris installedat the back ofa conveyor pulley to prevent bitumegsand and

clay from entering and damagirtge pulley. Withoutthe cleaner, bitumebuilds upon the

pulley surfaceand quicklydestroysthe belt(52). A pulley cleanemay fail from repeated

contact 6 the oil sands materials with the pulley cleaner surfacaddition whenrelated

partswear outbecause ohsufficientoil and lubricationthe pulley cleanecan fail

0.03

Oil and
lubrication not
provided=0OL

| | SD=T
T]0.95
F | 0.075

O-L | WO=T | WO=F

0.95

0.003

Damage to the

Worn out

0.075 | 0.0095

structure=9
parts=WO

Pulley PUC=True

PUC=False

cleaner 0.93

0.02

failed=PUC 0.001

0.03

0.0025

0.075

'I'I'I'I—I—|8

m=H|mH|s

0.002

0.035

Figure3-43: BBN graphical model foconveyor belpulley cleaner failure

Assumptiors:

1 Impact () andinsuficient lubrication not provided@L) are independent;

1 Damageo the structure$D) andworn out parts \VO) are independent
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The probability of failure andhe reliability for the conveyor belt pulley cleanexvere
calculatedbased on Figure-33 andfrom the formulas below:

P (RUC) = Auoso P (RUC | WO, ®) P (WO, D) (27)

P (RUC) = Qoso P (RUC | WO, ) P (WO) P (®) (28)
P(®)=a, P@DINP® (29)
P(WO)=a oL P (WO| O-L) P (OL) (30)

P (OL) =P (OL/T)*P (T) +P (OL/ Not True) P (Not True) (31)

P (I) = P (IIT)*P (T) +P (I/ Not True) P (Not True) (32)
Pulley cleanefailure probability was calculated usieguatios 27 to 32 and Excel as:
P (WO) =0.11

P(SD)=0.13

P (PUC) = 0.05,Probability of failure forpulley cleaners
R (PUC) = 0.9, Reliability for pulley cleaners
3.8.7.1 Pulley cleaner cost

The parameter "Guiey ceanek$)" Wasusedfor thepulley cleanecost in modeling

equations. The actuabst can be substituted in the equation to calculate risk.

3.8.8 Conveyor Belt RiskCalculation

Table 312 illustrates commortonveyor beltfailure modeprobabilities along with their
causeandeffect on belt reliability. As seen irthe table theidler andpulley cleanehave
the highesprobability of failureof the conveyor belparts,and thepulley cleaner anttler
show the highest risk
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Table3-12: Risksand corrective actiorfer conveyor belt

No Description Proba_blhty Consegence Risk Corrective Action
of Failure ($)
1 Drive motor 0.01 C 0.01* C Maintenance, regular inspectiof
2 Power Roller 0.03 C, 0.03* G maintenance, Regular inspectio
Head and tail . Continuous monitoring,
3 Pulley 0.01 C 0.01" G maintenance, Regular inspectio
4 Idler 0.06 Cs 0.06* C, _Continuous monitoring,
maintenance, Regular inspectio
5 Belt 0.85 Co 0.85* G _Contlnuous momtqrmg, .
maintenance, Regular inspectio
Fire extinguisher, remove the
6 Pulley cleaner 0.05 Cs 0.05* G potential ignition cause

3.8.8.1 Conveyor BeltFailure Rate

As the reliability function in this research assumsdady state for conveyor belt
therefore, the failure raie a time independent variabl€able 313 shows the failure rate

for the selected main parts @inveyor bé.

Table 313: Failure rate foconveyor beltsnain part

No Description Prob§b|I|ty of Reliability Failure Rate
Failure
1 Drive motor 0.01 0.99 0.01
2 Power Roller 0.03 0.97 0.03
3 Head and tail Pulley 0.01 0.99 0.01
4 Idler 0.06 0.94 0.06
5 Belt 0.85 0.15 5.67
6 Pulley cleaner 0.05 0.95 0.05
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3.8.8.8DiscussionrAnalysis of Root Causes of Failure ofConveyor Belts

Basedon the computedeliability modeling results,the pulley cleaner and idlewere
identified as major causeof conveyor beltfailures that critically influence energy
consumption and GHG emiss®rA preventativeaction can bdrequentpulley cleaner
lubrication, which carreduce the rat@t which the cleaner weamut. In addition the
pulley cleaneistructure must benspectedregulaly for tracking.The preverdtive action
for the pulley cleanemlandidler includes monitoring and inspection fexcessiveheat and
high load.

3.9 Slurry Pump

A slurry pumpis specifically designetb transporta liquid containinga significant amount

of suspended solids. A mixture of water with oil sands ore creates a slurry mixture, which
requiresa slurry pump for transportatiorSlurry pump eliability is one ofthe main
ongoingchallengs in oil sands miningoperatiors, due to unexpectednd frequenslurry
pumpfailures This study investigates risk associated vafh u mp 6 s ¢ oArBBblnent s.
was used to determinéailure probabilites Different types of pungpare usel in the oll
sands indusyrto pumpslurries.One of the most commoonesis the certrifugal pump,
which uses centrifugdbrce generated by a rotating impeller to convey kinetic energy to
theslurry. The sizeand design othe impeller as well as appropriateaterial forthe shaft
sealareimportantconsiderations wheselecing a centriugal slurry pumg84).

3.9.1 Identification of Potential Slurry Pump Risks

There are some riskassociatedvith slurry pumpoperation The following are critical

mechanical pastof the slurry pump without whichit cannot operate

Surface
Motors,
Impellers

Structure and

= == =4 4 -

Casings

It is necessary to determimesks associated with slurry purago prevent unpdictable

failure (82). These risks areliscussed andalculatedn the following sectioa
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3.9.1.1 Surface

The outside part of a slurry pump is called the surface, and it must be monitored regularly

to track

f ai

ur e

modes.

The

col d

weat her

reduce its lifetimeTherefore, the surface should be inspected and monitored regularly for

effects of weather (cold temperature) and whether therdracturesthat need to be

replaced or repaired

T

F

0.05

0.95

Combine nurhers

of fracturessWO

Assumptiors:

1 Wornout parts (VD) andcold weathefCO-W) are independent.

Figure3-44: BBN graphical model foslurry pumpsurface failure

Surface fails=8

0.03

0.97

Cold weather (if
T<design rating)
=COW

WO | CO-W | SU=True | SU=False
T T 0.9 0.02

T F 0.01 0.009

F T 0.0001 0.025

F F 0.02 0.0013

The probability of failure andhe reliability for the slurry pumpsurfacewere calculated

based on Figure-82 andfrom the formulas below:

P ()= &

P ()= 4

WO, CO-W

WO, CO-W

P (U | WO, CO-W) P (WO, CO-W)

P (U | WO, COW) P (WO) P (COW)

P (WO) = P (WOIT)*P (T) +P (WO/ Not True)P (Not True)
P (COW) =P (COQW /T)*P (T) +P (COGW / Not True) P (Not True)

Slurry pump surface failure probability was calculated usopgatios 1 to 4 and Exceds:

P (SU) =0.10, Probability of failure fotheslurry pump's surface

R(SU) =0.90, Reliability for theslurry pump's surface

(1)
(2)

®3)
(4)
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3.9.11.1 SurfaceCost

The parameter "Gurace ($)" was usedfor the cost of the pump surfacén modeling

equations. The actual cost can be substituted in the equation to calculate risk.

3.9.12 Motor

The drivemotor consists of electric motors with coupling well asgear motors. It is
designedto operate in reversm case of overloadg and blockagen orderto increase
availability and functionality of the p u mps§stem. The motoris one of the main
components othe slurry pump,and itsfailure may leadto the failure ofthe pump If the

motor does not work properlyor any reasonthe slurry pump will use more energy to
operateand consequentlemit more GHGs. In addition, insufficient ubrication and

contamination irthe internal parts of motocan result inmotor failure Finally, a motor

may fail if it has aninternal fault or if there are unusual mechanical ilogdonditiors

(85).

0.05 | 0.95

T F 0.03| 0.97
0.1] 0.90

Contamination

—CON Motor
internal T F
fault=MOlI 0.02] 0.98

Improper
lubrication=IL

Unusual
mechanical
load=UM

Motor
fails=MF

Figure3-45: BBN graphical model foslurry pumpmotor failure

IL | CON | MOI | UM | M=True | MF=False
TI|T T T 0.8 0.02
TI|T T F 0.001 0.03
TI|T F T 0.0025 | 0.075

T |F T T 0.002 0.035

F T T T 0.001 0.005
TI|T T T 0.002 0.025

F |F T T 0.002 0.1

F |F F T 0.01 0.2

F |F F F 0.0025 | 0.003
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Assumptiors.
91 Improper lubrication(IL), contamination(CON) , motor internal fault (MOI), and
unusualmechanical loagUM) are ind@endent.
The probability of failure andhe reliability for the slurry pump motomwere calculated

based on Figure-83 andfrom the formulas below:

P (MF) = A\ conmorom T (M| IL, GON, MOI, UM) P (IL). P (GON) P (MOI) P (UM)
(5)
P (IL) = P (IL/T)*P (T) +P (IL/ Not True) P (Not True) (6)
P (CON) = P (QN/T)*P (T) +P (GON/ Not True) P (Not True) 7)
P (MOI) = P (MOI /T)*P (T) +P (MOI / Not True) P (Not True) (8)
P (UM) =P (UM /T)*P (T) +P (UM / Not True) P (Not True) (9)

Motor failure probability was calculated usiaguatiors 5 to 9 and Exceds:
P (MF) = 0.17,Probability of failure foitheslurry pump's motor
R (MF) =0.83, Reliability for theslurry pump's motor

3.9.12.1 Motor Cost

The parameter "Gowor($)" Was used fomotar cost in modeling equationshe actual cost
can be substituted in the equation to calculate risk.

3.9.13Impellers

The mpeller, one ofthe key pars of a slurry pump hasfront lines to send centrifugal
energy to liquid.Closed mpellers are usuallynore efficient Semiopen impellers are
common in smaller pumps, where the shear supplied by an open impeller is a support for
pumping. An additional characteristic of slurry pump impellers is the pump out or ejecting
vanes on the back and front shrouds,olhilecrease pressure and keep solids out of the
gaps between the casing ahdimpeller by centrifugal actioriThe desigrof theimpeller

Is important because daninfluence flow and ultimately the reliability ofthe impeller
depends on itdesignIf thedesign is not approprigtenore stress and vibratiomill result

and candamage the pumprhe impellers will fail if a vane wears out oa shroudis
damagd (84).
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SH[T [F
VW [T [F 0.02] 0.98

Shroud is
damaged= SH

Vane wears
out=vW

IM=True | IM=False
VW=T | SH=T | 0.95 0.002
Impellers VW=T | SH=F | 0.0025 | 0.0975
fails=IM VW=F | SH=T | 0.03 0.0025
VW=F | SH=F | 0. 015 0.01

Figure3-46: BBN graphical modeldr slurry pumpimpeller failure

Assumptiors.
1 Vane wears oufvW) andshrouddamaggSH) are independent

The probability of failure andhe reliability for the slurry pump impeller was calculated

based on Figure-84 andfrom the formulas below:

P(M)= 5, P(M|SH VW) P (SH)P (VW) (10)
P (SH) = P (SH/T)*P (T) +P (SH/ Not True) P (Not True) (11)
P (VW) = P (VW /T)*P (T) +P (VW/ Not True) P (Not True) (12)

Slurry pump impeller failure probability was calculated usggatons 10 to 12 and Excel

as
P (1) =0.07,Probability of failure for slurry pumjmpellers
R (1) =0.93, Reliability for slurry pumpgmpellers

3.9.13.1Impellers Cost

The parameter "fpeiers($)" Was used for thenpellerts cost in modeling equationghe

actual cost can be substituted in the equation to calculate risk.

3.9.14 Structure

The pump Buctureacs as a shelto protect the pumgrherefore it is important to assess
reliability for slurry pumpstructure If the structure wearsut, through instficient oil and

lubricationin theinternal partsthe structurenayfail.
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0.03] 0.97 Oil and lubrication not
provided=0L
\ 4

O-L | WO=T | WO=F Worn out parts=WO

T 0.95 0.003
F 0.075 | 0.0095

WO | WO | SD=True | S-D=False

T T 0.90 0.02

T F 0.001 0.05 Structure damages=3
F T 0.003 0.008

F F 0.0001 0.025

Figure3-47: BBN graphical modefor slurry pumpstructure failure

The probability of failure anthe reliability for the slurry pump structurevere calculated

based on Figure-85 andfrom the formulas below:

P (SD) = awo P (SD | WO) P (WQ (13)
PWO)=g,, PWO|GL)P(OL) (14)
P (OL) =P (OL/T)*P (T) +P (OL/ Not True) P (Not True) (15)

Slurry pump structure failure probability was calculated usipgatiors 13 to 15 and
Excelas:

P (SD) = 0.®, Probaility of failure for slurry pumpstructure

R(S-D) = 0.95 Reliability for slurry pumgstructure

3.9.14.1 Structure Cost

The parameter "&ucure($)" Was used for thetructurecost in modeling equationghe
actual cost can be substituted in the equeitd calculate risk.
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3.9.15 Casings

A casingis acurved funnel that receives the fluid bejmgmpedby the impeller and leads

the flow tothe discharge portThe casi ngods s hedmpetriccung withener al |
large clearance dhe cutwaterarea which is shown in Figure -86. A cutwaterhas aVv

shape, which acts asflaw splinter between cone and eject in a casing. The clearance at

the cutwater raises the effectiveness of slurry pump by reducing the moving fluid flow at

the efficiency point(86). Open casings are legsficient, volute-style casings howe\er,

they wear better Casing wear outover time,andit is necessaryo find out their failure

probability (87).

Cutwater

1-3

Figure 348: Casing shapé7)

Casting wears out

cW 1T E over time=CW
0.90| 0.10
CA=True | CA=False \ 4
CW=T | 0.99 0.002 )
CW=F | 0.0025 | 0.0975 Casting

fails=CA

Figure3-49: BBN graphical model foslurry pumpcasting failure

Assumptiors:
i Probabilities describe random variable of the model; and

1 The model was computed from benchmark data.

The probability of failue andthe reliability for the slurry pump castingvere calculated

based on Figure-87 andfrom the formulas below:
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P(CA)=§,, P(CAICW)PCW) (16)

P (CA) =P (CA/T)*P (T) +P (CA/ Not True) P (Not True) a7)
Slurry pumpcasirg failure probability was calculated usiegjuatiors 13 to 15 and Excel
as:

P (CA) = 0.9, Probability of failure for slurry pump casing

R (CA) = 0.10, Reliability for slurry pump casing

3.9.15.1 CasingCost

The parameter " Gasing($)" Was usedfor casing cost in modeling equations. The actual

cost can be substituted in the equation to calculate risk.

3.9.2Slurry Pump Risk Calculation

Table 332 showscommonfailure mode probabilitieand consequenceén slurry pumgs.
As shown inTable 314, impellershave the highestprobability of failure amongslurry

pumppartsand the surface has tlevest probability of failurgfollowed bythe motor.

Table3-14: RisksAssociated wittSlurry Rumps

No | Description Proba_b|||ty of | Consequence Risk Corrective Action
Failure ($)
1 Surface=8 0.10 C 0.10*C, Maintenance, regular inspection
> | Motors=ME 017 C 0.17*G, Contmupus monitoring, maintenance
regular inspection, proper lubricatior
3 | Impellers=IM 0.07 Cs 0.07*C, Continuous monitoring, maintenance
regular inspction
Continuous monitoring, maintenance
p— * il
4 | Structure=SD 0.05 Cy 0.05*C, regular inspection
5 | Casing=CA 0.90 Cs 0.90:Ce* Continuous monitoring, maintenancs
regular inspection
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3.9.3 Slurry Pump Failure Rate

As the reliability function in this resedr@assumed steady state for slurry puthgrefore,
the failure ratds a time independent variabl&able 315 shows the failure rate for the

selected main parts of slurry pump.

Table 315: Failure rate foslurry pumpmain pars
No | Description | Probabiliy of Failure | Reliability | Failure Rate
1 | Surface=SU 0.10 0.90 0.11
2 Motors=MF 0.17 0.83 0.20
3 | Impellers=IM 0.07 0.93 0.08
4 | Structure=SD 0.05 0.95 0.05
5 Casing=CA 0.90 0.10 9.00

3.9.3.1 Slurry Pump Reliability Analysis

The reliability block diagnm (RBD) for a slurry pump is shown ifrigure3-88. The RBD
showsthat the surface, motors, impellers, structussd casing othe slurry pump work

together Therefore, if any of these components, thié slurry pumpwill likely fail .

Surface | | Motors | Impellers Structure | | Casing

A
A
A 4
A

Figure3-50: Slurry punp reliability block diagram

3.9.35 DiscussionrAnalysis of root causes o$lurry pump failure

Based orthereliability modeling resultand table 3L5, casinghad thegreatestailure
rate Thereforemotorneedto be ested frequentlyor wearoutand damage.
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An Energy-Reliablility (E-R)
Model for Oil Sands Mining
Equipment
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Chapter 4: An Energy-Reliability (E-R) Model for Oil Sands
Mining Equipment

4.1 EnergyReliability (E-R) Model Introduction

An energ-reliability (E-R) mathematicalmodel calculate energy savings based on
improvements irequipment reliability. In this research, the relationship between a change
in equipment reliability due to a minor fault and a change in equipment emissions was
modekd, and the effects on energy demand with respect to partial reliability for mobile
and fixed equipmenwerepresented in an-R model. Partial reliabilitynay bebeneficial

for mining operations because it allows equipment to continue to operate, abert u
more energyconsuming conditions. An-R model allows industrieo evaluatethese
benefitsof postponing the maintenance and continue to openader partial reliability
These benefits can be determined through providing a link between reliabilitgnergy

demand using R model

In this study, the amount of energy wasted durilig operation of engines and equipment
was not taken into accouimt E-R mode] because this wasted energy (fuel) is independent
of mining operation activities.The results obtained in the-R modelwere based on a
Markov discrete multstate modelith four statesThe ability to understand how and why
equipment fails is essential for the development of ereffigient strategies and operation

and maintenance of mimgnequipment. There are many models for analysing energy
demand in different scenarios and conditions. Some of the models are designed to simulate
the energy demand of different equipment or systems in emenggonment and energy
economy interactions, asell as energy systems. There are also various models that
simulate system reliabilit{88). However, to the best of my knowledge, there has not been
a study on reducing energy, cost, @mdenhouse gas (GHG) emissions by improving the
reliability of oil sands mining equipment. iBhchapter is an attempt to bridge gaps in
knowledge in energy demand and reliability challenges in oil sands operations and to
determine available opportunities and capacities for saving energy and reducing GHG
emissions. The main objective in this chapte to develop a model based on energy
consumption and reliability of mining equipment. Thd&kEmodel calculates extra energy
consumption when the equipment operates under-stalis of reliability, that is, states in
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which the reliability of a componeéns influenced by the potential failure modes of the
component or how the system or component wdi®3). The Longrange Energy
Alternatives Planning (LEAP) System software was used to determine divaly

demand ovethe course of 40 years (2010 to 20ff))selected components.

4.2 EnergyReliability (E-R) Model Purpose

The ER model does not consider the opportunity cost of lost production. In other words,
the model does not consider a scenariavinch loss capacity is replaced, but rather a
system operating at low production ratdhe ER model links equipment energy
efficiency, GHG emissions, and reliability to lotgym saved energy and reduced
emissions by developing several scenarios basedudti-state reliability models. Failure
probability and reliability for each equipment component were taken from chapter 3. In
E-R modeling, the reliability of critical mining equipment (CME) in different states is
needed to link the impacts of the ggunent 6 s emi ssi ons and ener g
component failure probabilities and failure consequences were calculated for CME. An
improved reliability strategy will elevate the performance and availability of CME. An
analysis of the relationship betweeniabllity, energy demand, demand cost, and GHG
emissions in multstate reliability for the CME discussed in this thesis can benefit the oil

sands industry, in terms of both reduction of expenditures and increased sustainability.
4.2.1 Energy Model

An enegy model is a simulation and mathematical approach used in this research to
calculate the amount of energy needed by a piece of equipment. Energy model can be used
in oil sands surface mining operations to provide the results in terms of energy and GHG
emission through reference scenario and improving equipment reliability scenario.
Generally,outputs from theenergymodel are energfuel flows requirednvestments and

costs, CQ emissions, and enasser pricing(90). The model developed for this thesis
covers energy development scenarios from 2010 to 205efectednining equipment in

Alberta and takes into account reliability improvement with respect to mining operations,
GHG emissions, energy consumption, aedhénd costdt was observed from the reports

and expert opinion that if reliability of equipment improve, then the costs, energy
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consumption and GHG emissions will decrease. The amounts by which they decrease can
be calculated by LEAP and through th&Enodel(91).

4.2.1.1 Energy Efficiency
Oil sands mining equipment can be more made energy efficient by improving the

equi pment s reliability.

4.2.1.2 Demand Sector Reference Case
The referace case represents energy demand data and consumption for the year 2010, and

energy demand was simulated using thRR Ehodel up to the year 2050. The assumptions
considered for this research are as follows:

Slurry pumps and conveyor belts are in the-sauli e g o r-yo tAinvoen equi pment 0.
use electricity at a rate of 4.488 kWh/barrel and 0.107 kWh/barrel, respectively (based on

the Delphi technique). Haul trucks are in the-suat egory fAmoti ve equi pn
diesel fuel at an average rate of 1.9rétbarrel.Hydraulic shovels and crushers are in the
subcategoryidi ggi ng and crushing equipmentodo and wu
0.48 kWh/barrel, respectively24). Alber t a 6 s mi ning sector i ndust
expected to remain at 3% each yea2@0, based on the past tre(&D).

4.2.2 Partial Reliability in the E-R model

Partial reliability refers to the ability of equipment or components to operate under certain
conditions. Even though the equipment or components are no longer fully reliable, they
can still operate, usuallyt dower capacity, lower efficiency, and higher GHG emission
rates. Partial reliability provides a way for equipment to continue to operate under the
minimum desired reliability and maximum tolerance of component fai(@e To
determine partial reliability in the-R model, all the components of CMEritical Mining
Equipment)that can operate under partial reliability conditions need to be identified. When
a component losesome ofits ability to operate, its new reliability levis calculated, and

if the component is still above the limit at which the equipment is deemed operational, the
equipment may continue to operate.

Loss capacity, also called fraction of loss, can be obtainedecuation 4-1.:

EL®=AL®°p0) 41]

i=1
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Where:

L (t) =fraction loss of capacity from state i at tim@action of possible available time that
equipment is not available for use)

p. () =probability of failure equipment i at time t

Partial reliability was calculated based @Markov degraded system, which has three
states, given below and in Figurel42):

State 1: the system is working under normal duty (with its actual reliability value).

State 2: the system operates under partial failure mode. (Each component may work under

a specific reliability, albeit at higher energy use, cost and GHG emissions)

State 3: the system falils.
State 1: System

working under
normal duty

/1

State 2: System
working under
partial failure

State 3: System
failure

/3

Figure 41: Degraded reliability model for minirgguipment with three sta

Based on the calculated probability density function obtained from chapter 3, the failure
rate of selected components can be calculated; then, with the reliability and probability
density functions for each component from dbaB, the failure rate of each selected

component is calculated based on its probability density functions (as described below).

/ is a failure rate obtained from the calculated probability density function from chapter 3

of this thesis.
Based orR (t) and distribution function, find t

It was assumed that the failure rate relationship between working under normal conditions

and partial failure is to the same as partial failure to full faildse=(/ ;).
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The probabilityof failure under normal working conditions is calculated from Equation 4
2:

p=e (i) [4-2]

The probability of failure when the equipment is operating under partial failure is
calculated from Equation-&:

_# Sls _ ()t
Po) =l e 43

4.3 Simulation

An E-R model was used to simulate equipment performance and energy demand in four
states based on the discrete Markov rratdte model. The 4R model simulates energy,

GHG emissions, and cost based on reference scefraBash state and compared these to
situations in which, in each state, the reliability of mining equipment was improved. These
comparisons show the actual energy, cost, and GHG emission that could be saved. The
results from these simulations can be vaédathrough sensitivity analyses. Simulation

through an ER model includes calculating the failure rate of main components of mining
equipment and finding out if it is better to continue running equipment with partial failure

under more energy consumptionhan t o stop running the equi
energy consumption is obtained from LEAP (the Loagge Energy Alternatives Planning

System)

In this research, LEAP, and Excel software were used to develop-Rhenédel. First,
Excelwasused to calglate theprobability offailure based on the Bayesian belief network
(BBN) method andailure rate respectively. Then, for each of the four states, the reference
case and improving equipment reliability scenavi@se defined. In this thesis, only four
states were reviewedepending on the state, energy demand and operational cost are
added to the reference scenario and need to be calculated. Once this calculation is made,
further calculations are made for equipment based on improved relidbHi\R sdtware
calculated the energy and cost demand for each scenario througiiRth®o#el for every
mining equipment state in order to find savings in energy demand, cost, and GHG
emissions. The surface mining reference scenario was developed based on itaglprev
identified by Subramanyam et 015 (22).
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4.4 EnergyReliability (E-R) Model Analysis

E-R modeling simulation was done using LEAP software. LEAP was used to evaluate data
over mediumto longterm userdefined planning horizons (for 40 years in this stu@y).

The model consists of following:

-Reference ScenarioThis base case scenaviasb ased on Subramanyam
Then itwasdevelopedn each stateegardinghe ER model for the period 2010 to 2050.
-Environmental Impact of Energy Use: The reference and improving mining equipment
reliability scenarios assess g¢@missions based on fuel consumption (diesel and
electricity). The diesdlused for haul trucks) and the electricity (used for shovels, crushers,
conveyer belts, and slurry pumpsgre assessed in terms of GHG emissions and energy
consumption.

-Investment in the Energy Sector:The ER model helps assess whether it is worth
investing in improving equipment reliability.

-Reliability Model: The reliability value of each component from the selected mining
equipment was calculated using the BBN method. Then, the probability density function
for each piece of mining equipment was fdurand from this, a failure rate was

determined. Finally, partial reliability for each state in thR Enodelwas calculated

4.5 Goals to Be Achieved by Implementing an EnergReliability Model

Generally, equipment asset managers, policy decision makauisreliability engineers
encounter challenges in balancing the need to reduce costs with the need to increase
reliability and availability of a system. A reliability and ener{f-R) model is an
analytical tool that effectively assesses the extra eneogguenption costand GHG
emissions from mining equipment when it operates under partial reliability. Oil sands
mining equipment is expensive, and periodic and unpredictable shutdowns have a large
and adverse financial impact on mining operators. Therefasecrucial to find a way to
deal with equipment failures. The main goals in implementing-Rmiodel are:

1 To identify the most influential variables affecting productivity in oil sands mining

equipment;
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1 To create relationships between a piece of mgant's reliability, energy
efficiency, and GHG emissions, and to calculate the amount of energy savings in
equipment used for loading when its reliability is improved;

To determine operational reliability of oil sands surface mining equipraedt;
To cdculate financial impact of mining equipment operating under partial
reliability.
With this model, | developed scenarios in which mining equipment reliabwig
improved in order to find the amount of saved energy, cost, and GHG emissions over a 40

yearperiod.

4.6 Energy Model Structure

Energy demand was developed in LEAP based on electricity and diesel consumption fuel.
Final energy demand obtained from model was linked to energy consumption (diesel and
electric) by equipment.

4.7 Technical Aspects ath Key Assumptions

Here are the technical aspects and key assumptions used in developitig) thedel:

1-Area:Al bert ads oi | §& Sunfatesminng evets 4,800 R@EBD k m

2- Economic growtheconomic growth was assumed to be 3% in the year @20

3- Energy demand and typ# this research, two types of energy (electricity and diesel)

were studied.

4- Reliability model and equipment operatio®everal types of oil sands mining
equipment were considered in thédREmodel. The reliability model used this thesis was

the Markov multi-state discrete model under 4 states. Four states of each identified
componentwerest udi ed in this research Dbased on
reliable, expected reliability, partial reliability, and complegéure. Additional costs and

energy demand related to each state were calculated.
4.8 GHG Emissions

Greenhouse gas (GHG) emissions threaten the environment. GHG emissions include
carbon dioxide, carbon monoxide, methane, nitrous oxide, nitrogen oxitle, diokide,
and noamethane volatile organic component$ere is considerable capacity for GHG

abatement by improving mining equipment reliability.
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4.9 Cost Assumptions

LEAP software analyses cost benefits from a common perspective by adding up all the
costs in the system, including all of the costs associated with subsequent com(@3)ents
Costs are defined as capital and operating expenditures and may includetiadol

1 Capital costs.

1 \Variable operating and maintenance costs.

1 Costs of original resources.

1 Fuel costs.
In this studyoperating costs, which include fuel (diesel or electricity) costs, labour costs,
and fixed costs (the cost of buying equipment,hnits case based on the
present value with a discount rate of 1294), were considered. As LEARalculates the
cost based on oil production, the cost was caledlat this thesis based on CAN&frelof

oil production in one year
4.10 ER Model for Oil Sands Mining Equipment

In this chapter, selected mining equipment (haul trucks, hydraulic ecgielshovels,
crushers, conveyor belts, and slurry pumps) was analyzed througfRtimeoel. Energy
and cost saving opportunities were calculated and plotted throughRhadgtlel over the
40 years between 2010 and 2050.

4.10.1 Oil Sands Mining Haul Tuck - Introduction

In this section, a suitable approach to link reliability and energy demand of the oil sands
mining haul truck was designed and developed. The main objectives were to identify the
failure mode, calculate the probability of failures bagsedhe BBN method, calculate the

failure rate based on the reliability function, and find a relationship between haul truck

energy demand and reliability.

4.10.1.1 The ER Model for the Oil Sands Mining Haul Truck
The scope of the model developed for thmalysis encompasses all the processes of the

specific components or stdomponents of haul trucks that influence energy demand. The

E-R model was developed with the following assumptions:
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1 Only the fuel system, tires, engine, transmission, and suspewsimn studied
(based on Delphi methodhhe Delphi method is a communication process, which is
in a form of gathering response from the expert in the related subject through
guestions in a structureguestionnaire. Finding the best agreed feedback is the
objective of Delphi method95).If these components partially fail, then haul trucks
may continue to operate. However, under partial failure, more energyssroed
and more GHGs are emitted, and energy demand and cost will increase.

1 The scope of this research was limited to haul trucks with diesel engines.

4.10.1.2 Calculating Partial Reliability for Critical Parts of a Haul Truck
In this research, partiakliability is described as a mode in which a component does not

work under its normal duty, therefore a component suffers partial damage. Operating under
partial reliability can damage the haul truck; however, a haul truck still may operate under
a fraction of its original capacity. In order to determine the extra cost and energy, the
probability of failure in each state need to calculate for every part of a mining haul truck
that has an impact on energy demand. Experts using the Delphi method sele&ed thes
components. Therefore, partial reliability can be calculated using Equaliaand Figure

4-1 (9, 96) In this research, mining equipment component failure probability was modeled
through the Markov degraded proce3de resulting model is a discretsulti-state
reliability model that makesome assumptiortzased on three states (shown in Figu 4

(57). Partial reliability for fuel system is calculated as follow:

State 1Fuel
Systenmworking
undernormalduty

State2: Fuel
Systemworking
underpartial fuel
system failure

State3: Fuel
System fails

Figure 42: Degraded reliability model for a haul truck fuel system with three g@jtes
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When the fuel system is in partial failure, it can still operate but it needs to consume more
energy ad emits more GHG. For instance, if there is a little leakage in fuel system
because of the incorrect nozzle pressure, the reliability of fuel system is decreased.
However, if this leakage is small, the fuel system still can operate but it needs moke energ
and GHG emission is going to be increasBde quality of emissions is not assumed to
change when the equipment changes reliability state; however, it is possible for some
faults that emission severity can change between states.

Under State 1, the fuelystem is working under normal conditions with a failure
probability of 011 (calculated in chapter 3). State 2 is the situation in which there is partial
failure of the fuel system; howeverfel system(system) still can operate. State 3 is the
condition in which afuel system(system) fails and cannot work anymore. The failure rate
for thefuel systemwhen it works under normal dutfugl systenreliability is equal 0.9) is
0.11(failure rate (/) is equal t0.11(reliability andprobability of failure ratewere taken

from chapter 3).

A fuel systembs partial failure and partial
below.

The probability of failure for State 1 is calculated from Equati@(@2):

p=e” (/2! [4-2]

R=fuel system reliability under normal duty=0.9 (from chapter 3)

P1=fuel system probability of failure under normal dutys=-9=01

It was assumed in this research that in Alberta a haul truck works for 9 momés u
normal duty and 3 months under partial failure. Therefore, the actual time for a fuel system
working under a reliability of 0.95 is 0.75 and the actual working time under partial failure
is 0.25.

Based on Equation3, /, is calcuhted as:

0 1=e (01#/2)0.75

Ln 0.05=(0.11+/,)*0.75

/,=2.96

The probability of a fuel systembs partial
4-3 (2):
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_/—2 St o ()t
Pz(t)—/l+/2_/3[e e ]

In this state t=0.25.

P> (t) = 2-9i[e- 206025 _ o (206:0.19025)

The truckodés fuel system partial failure prob
P, (t) = 035 (partial probability of failure)

R 2(t) =0.65 (partial reliabilty)

Similar calculations were performed for thegine, transmission, suspension, and tires and

the results are presented in Tablg.4n this research, By and Rew are partial probability

of failure andpatrtial reliability.

Table 41: Calculated paidl reliability for critical parts of a haul truck

Phew (Probability

Haul truck P (Probability R . Rnew (Partial

No. part of failure®)  (Reliability*) /1 /2 fgfilﬂfgf")' reliability** )
1 Fuel system 0.05 0.95 0.11 2.96 0.35 0.65
2 Engine 0.01 0.99 0.01 6.13 0.33 0.67
3  Transmission 0.1 0.9 0.11 2.96 0.35 0.65
4  Suspension 0.08 0.92 0.09 3.28 0.36 0.64
5 Tire 0.03 0.97 0.2 2.16 0.31 0.69

*from chapter 3

**Partial probability of failure and Partial rahility

4.10.1.3 Energy Modeling for Haul Trucks Using LEAP
The energy demand for a haul truck was simulated in LEAP software. In this section

motive transport in Al bertads oi |l sands mi
assumptionsveremade to faciliate energy modeling:

1 A haul truck is suksystem of motive transport.

1 Most diesel fuel, which goes to the fuel system, is burned through the engine.

1 Energy demand for the fuel system was assumed to be 1.9 liter per barrel, and only

1.7 liter per barrel wea to the engin€91).

1 The haul truck is a Caterpillar 797, with a capital cost of CAN $ 5,00¢8%)0

The surface mining sector demand tree was developed for oil sands mining haul trucks

using an endise approach (see Figur&i
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To calculate energy demand through thdk BEnodel, some cenarios based on each

component state need to be defined.

Surface mining

\4

Digging Motive transport Crushing Norn-motive
equipment transport
Haul truck
l v A A Y
Fuel System Transmission Suspension Tire Engine

Figure 43: Haul truck energy demand tree
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4.10.1.4 The ER Model Results for a Haul Truck

By using equation4 to 43, failure loss for each stabé haul truckwascalculated:

State 1: the mining haul truckas fully operational; in other words, its reliabilitywas

equal to 1 (it does not encounter any failure; this is the ideal state)

State 2: haul truckvasworking under expected reliability. Every piece of equipment ha

its own reliability value based on its probability density function and their local situation;
this is known as expected reliabilitih this researchgxpected reliability wasalculated
based on the probability of failure (it was taken from chapter 3).

State3: haul truckwasworking under partial reliability. If some parts of equipmesmetre
damaged but the haul truck still can operate perhaps under lower reliability, this is known
as partial reliability. Partial reliabilitwascalculated in section 4.2.2.

State 4: haul truck fa@d Therefore, haul truck needs the extra cost and energy to be fixed
and to be able to operate a gdihe fraction of loss is defined as the fraction of energy or
cost which is lost during operation due its probability of failudleea

The loss of capacity and its consequenesed orenergyand cost)for a mining haul

truck for each state was calculated as:

Failure losdor state 1=0, Failure log®r state 2=0.05*0.1=0.005

Failure losdor state 3 =0.5*35=0.175, Failure losgor state 4=0

The costs, including capital, maintenance, fuel and labor, for the truck were calculated to
be 0.323 CAN$/barrel of oil production in oneyear. Similar calculatioa were dondor
engine, transmission, suspension andféitdts Then this co$ was added to the extra cost

of eachstateto find the total cost of haul truckables 42 to 4-7 show the fraction of loss

of capacity and the consequence of each loss based on cost and energy for each state.

In E-R model, based on the fraction of losteach state, the extenergy, whichwas
needed to run the equipment, was defined. The total cost of haul truck when it operates
under state 1, was calculatedsed on the type of truck ( truckpacity,working hour per

day, life of tire and oil sandgroductior). Maintenance, material, fuel and labor costs
(operating cost) along with the fixed cost weadculated to find the total cost for a mining
haul truck. Consequence of loss of capaaigs determined as fraction of loss tintles

operating costE-R model calculates the extra energy to run equipment in each state.
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Table 42: Fraction of loss adind extra cost of fuel system underfREmodel for haul truciStates i=1 to 4

Number State Reliability | Loss of | Capacity| Fraction| Consequence Extra cost of fuel| Total cost
capacity| (%)* of loss of EL system haul truck
(%) of (CANS) (CAN$/bbl) (CANS$/bbl)
capacity
(ELD)
Fully
1 . 1 0 100 0 0 0.045 0.325
operation
Expected
2 ) 0.95 10 90 0.01 0 0.0452 0.325
working
Partial
3 o 0.65 50 50 0.025 0.005 0.050 0.330
reliability
4 Failed 0 100 0 1 0.045 0.090 0.370

1 The capacity percentage values are obtained f{@n)

Table 43: Fraction of loss of and extra cost of engine undBrrgodel for haul truciStates i=1 to 4

Numbe State Reliabilit | Loss of | Capacit| Fractio | Consequence of E | Extra cost of engine | Total cost
r y capacit| y (%) n of (CANS) (CAN$/bbI) haul truck
y (%) loss of (CAN$/bb
capacit )
y(EL)
Fully
1 . 1 0 100 0 0 0.042 0.322
operation
Expected
2 ) 0.99 10 90 0.01 0 0.042 0.322
working
Partial
3 o 067 50 50 0.025 0.006 0.048 0.328
reliability
4 Failed 0 100 0 1 0.042 0.084 0.364
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Table 44: Fraction of loss of and extra cost of transmission undemiodel for haul truciStates i=1 to 4

Numbe State Reliabilit | Loss of | Capacit| Fractio | Consequence of E || Extra cost of Total cost
r y capacit| vy (%) n of (CANS) transmission(CAN$/b| (CAN$/bb
y (%) loss of bl) )
capacit
y(ELD
Fully
1 . 1 0 100 0 0 0.020 0.3
operation
Expected
2 ] 0.9 10 90 0.01 0.000 0.0202 0.3
working
Partial
3 o 0.65 50 50 0.025 0.001 0.021 0.301
reliability
4 Failed 0 100 0 1 0.020 0.040 0.320
Table 45: Fraction of loss of and extra cost of suspension undentodel for haul truclStates i=1 to 4
Numbe State Reliabilit | Loss of | Capacit| Fractio | Consequence of E || Extra cost of Total cost
r y capacit| y (%) n of (CANS) suspension truck
y (%) loss of (CAN$/bbl) (CAN$/bb
capacit )
y(EL)
Fully
1 . 1 0 100 0 0 0.01 0.290
operation
Expected
2 ) 0.92 10 90 0.01 0 0.0101 0.290
working
Partial
3 o 064 50 50 0.025 0.001 0.011 0.291
reliability
4 Failed 0 100 0 1 0.010 0.020 0.300
Table 46: Fraction of loss ofind extra cost of tires underREmodel for haul truciStates i=1 to 4
Numbe State Reliabilit | Loss of | Capacit| Fractio | Consequence of E || Extra cost Total cost
r y capacit| vy (%) n of (CANS) (CAN$/bbl) (CAN$/bb
y (%) loss of )
capacit
y(EL
Fully
1 ) 1 0 100 0 0 0.04 0.32
operation
Expected
2 . 0.97 10 90 0.01 0 0.0401 0.32
working
Partial
3 o 0.69 50 50 0.025 0.003 0.043 0.323
reliability
4 Failed 0 100 0 1 0.04 0.08 0.36
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Table 47: EER model for the mining haul truck based on States i=1 to 4

Number State Reliability Loss of Capacity | Fraction of | Consequence of E | Fuel
capacity (%) loss of (Energydiesel intensity
(%) capacity (E lit/bbl) (diesel,
L) lit/bbl)
Fully
1 ] 1 0 100 0 0 3
operational
Expected
2 . 0.95 10 90 0.01 0.015 3.015
working
Partial
3 o 0.80 50 50 0.025 0.3 3.3
reliability
4 Failed 0 100 0 1 3 6

Because the IR model is a discrete Markov mufitate model, to assess the energy and
cost saving with the model, four scenarios (one for each state) were developed and are

defined below.

4.10.1.5 Suface Mining Haul Truck Scenarios 1 to 4 States 1 to 4
These scenarios calculate the energy demand, total cost from mining haul truck in

Al bertads surface mi ni ng sector when a h at
operational), State 2 (expected opemtinState 3 (partial reliability), and 4 (complete
failure). The input data and assumption are given below.

4.10.1.5.1 Input Data and Assumptions for Reference Scenario of a Haul

Truck Operating Under States 1 to 4

State 1: When haul truck is working witD0% reliability, it is considered to be fully

operational and no failure occurs. The details of this scenario were developed by
Subramanyam et aR015(91). In the base case, diesel neef®da haul truck is 3./

barrelin the year 2010 and the cost is 0.323 CAbE#telof oil production in one year

State 2: When the haul truck is working with its actual reliability, it is considered to be
operating under e x pThaeforedhen & soke failgre associated t | on s
with components and haul truck. TheREmodel shows that in State 2 the haul truck

requires an extra 0.015 libarrel of oil productionenergy (Diesel) and 0.044 (CAN$/

barrel of oil productiopcost. Thereforehe total energy and cost required for this state are
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3.015 lit/ barrel of oil productionand 0.324 CANS$barrel of oil productionof total oil
production.

State 3: An extra 0.3 Litldarrelof oil productionenergy (Diesel) and047 (CANS$/barrel

of oil productior) are required. Therefore, the total energy and cost required for this state is
3.3 lit/ barrel of oil productionand 0.327 CAN$barrel of oil productionof total oil
production.

State 4: In State 4, 3 lidarrelof oil productionextra enegy (Diesel) and 0.086 CAN$/
barrelof oil productionare added to the simulation in LEAP. Therefore, the total energy
and cost required for this state are 6Hafrelof oil productionand 0.366 CAN$barrelof

oil productionof total oil production.

4.10.1.5.2 Scenario: Improving the Reliability of Mining Haul Truck for

States 1to 4

I n this scenari o, energy consumption, tot al
mining haul truck were assessed when crusher reliability is improved and it oped®es un

State 1, 2, 3 and 4.

4.10.1.5.2.1 Input Data and Assumptions for Improving Mining Haul

Truck Reliability, Scenarios 1 to 4

Improving oil sands haul truck reliability can save up to 14% of total primary and
secondary energy consumption over 20 yearainddnance costs will increase by 8% in
years 1, 2, and 3 and from year 4 will decrease by 40% until year 10. Moreover, there will
be a 14.3% increase in labour costs in year 1 and a 6% increase in years 2 and 3. From year
4 to year 10, labour costs wilbgdown by 14.3%498). These are the result of improving
reliability of mining haul truck, which are used as input for the scenario of improving
mining equipment including haul truck in states 1 to 4 and plotted in LEAP. Data was
calculated based on energy and cost saving data for each scenario for years 2010 to 2050 in
Excd.
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4.10.1.5.3 Results Energy Profile for States 1 to 4Haul Truck

The reference case scenario for reliability improvement miring haul truckwhen
operating under State 1 (fully operational), State 2 (expected working), State 3 (partial
reliability), and State 4 (complete failure) were simulated in LEAP (see Tak)e 4

State 1: LEAP estimated the energy demand of the haul truck (Diesel) to be 1,605.45 MM
Gigajoule for the year 2050. By improving the haul truck reliability, the expected energy
demandwill decrease by 1,236.79 of MM Gigajoule /year by 2050.

State 2 LEAP estimated an energy demand in the haul truck to be 1605.54 MM
Gigajoule/year. By improving the haul truck reliability, the expected energy demand will
decrease by 690.80 of MM Gigajouieear by 2050.

State 3: LEAP estimates energy demand of 1,607.20 MM Gigajoule/year by 2015 when the
haul truck is working under partial reliability. When the reliability is improved, energy
demand is expected to decrease by 756.92 MM Gigajoule/year.

State 4: LEAP estimated an energy demand to be 1,622.90 MM Gigajoule/year. By
| mproving the haul truckos reliability, the
of MM Gigajoule /year by 2050.

Table 48: Mining haul truck energy demand (million Gigd@u State 1 to 4ear 2050

Energy Diesel
Scenario 1 2 3 4
Reference 1,605.45 1,605.54 1,607.20 1,622.90
Reliability improvement 1,236.79 690.80 756.92 360.12
Total 2,842.24 2,296.34 2,364.12 1,983.02

4.10.1.5.4 Energy Saving Results from the-R Model for an Oil Sands

Mining Haul Truck Operating Under States 1 to 4

State 1: Energy demand for the mining haul truck was plotted in LEAP over 40 years for
both the reference case and Scenario 1 and is shown in Figuelgtted energy demand
over a speilic period (from 2010 to 2050) indicates that there will be on average 0.45%
energy saving per year through when the reliability of a haul truck under state 1 is

improved.
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Scenario 2 (State 2): There is on average 0.57% energy saving annually when the
reliability of a mining haul truck operating state2 reliability is improved (see Figie 4
Scenario 3 (State 3): There is on average 0.45% energy saving per year when the reliability
of a mining haul truck operating under state 3 is improved (see Figi)te 4

Scenario 4 (State 4): There is on average 0.16% energy saving annually when the

reliability of a mining haul truck operating under state 4 is improved (see FigQre 4
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Figure 44: Energy saving for the mining haul truck, 202050: Scenario 1 vsference scenario
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Figure 45: Energy saving for the mining haul truck, 202050: Scenario 2 vs reference scenario 2
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Figure 46: Energy saving for the mining haul truck, 202050: Scenario 3 vs reference scenario 3
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Figure 47: Energy saving for theining haul truck, 201®050: Scenario 4 vs reference scenario 4
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4.10.1.5.5 Cost Saving Results from the-E Model for the Mining Haul

Truck Operating Under States 1 to 4

State 1: Operating costs for the haul truck were plotted over 40 years (fromp2Z20%0)

(see Figure 8). By improving haul truck reliability, on average 0.69 % operational cost
savings can be made.

State 2 (Scenario 2): There is on average 0.61% operational cost saving annually through
improving the reliability of a mining haul trkcoperating under expected working
conditions (see Figure9).

State 3 (Scenario 3), there is on average 0.6% operational cost saving annually through
improving the reliability of a mining crusher operating under partial reliability (see Figure
4-10).

Stae 4 (Scenario 4), there is on average 0.52% operational cost saving annually through

improving the reliability of a mining haul truck that has completely failed (see Figure 4

11).
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Figure 48: Cost saving for the mining haul truck, 202050: Scenario &s reference scenario 1
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Figure 49: Cost saving for the mining haul truck, 202050: Scenario 2 vs reference scenario 2
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Figure 410: Cost saving for the mining haul truck, 202050: Scenario 3 vs reference scenario 3
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Figure 411: Cost saving fothe mining haul truck, 201@050: Scenario 4 vs reference scenario 4

4.10.1.5.6 GHG Emission Results from the-R Model for an Oil Sands

Mining Haul Truck Operating Under States 1 to 4

Oil sands mining haul truck GHG emissions were plotted over 40 {20i6§2050) for

the reference case and Scenarios 1 to 4 (see Figl@24415 and Tables-9 to 412).

For Scenario 1 (State 1)The results show that when the reliability of the mining haul
truck when it works under state 1 is improved, GHG emissgam be reduced on average
0.33% in a year. The GHG emissions for a mining haul truck operating under state 1 were
116.84 million metric tonnes of Gan 2050. After improving the reliability of the engine

or the tires, GHG emissions are expected to b@19illion metric tonnes of C{by 2050

(see Figure 42 and Table Q).

For Scenario 2 (State 2)For the reference scenario and Scenario 2, GHG emissions for
the oil sands mining haul truck was plotted over 40 years (2010 to 2050).. The graph in
Figure 4-13 suggests that by improving the reliability of a mining haul truck operating
under state 2, GHG emissions can be reduced by an average ¢ (Oy8drly. GHG

emissions for a mining haul truck operating under state 2 were 3,723.57 million metric

142



tonnesof CO; in 2050. When the reliability of the truck improves, GHG emissions will
decline to 203.10 MMT of C&in 2050 (see Table-20).

For Scenario 3 (State 3)The reference scenario and Scenario 3 GHG emissions for the
oil sands mining haul truck weregtled over a 40 year period (2010 to 2050) As shown in

the graph in Figure-44, by improving the reliability of a haul truck operating under state

3, GHG emissions can be reduced on average 0.53% yearly. The GHG emissions for a
mining haul truck operatingnder partial reliability (state 3) will be 116.97 million metric
tonnes of CQin 2050. After improving the reliability of the engine or the tires, GHG
emissions are expected to decline to 55.09 million metric tonnes ofhZQ050 (see

Table 411).

For Scenario 4 (State 4)By improving the reliability of the mining haul truck in State 4,
GHG emissions can be reduced on average 0.78 % per year. The GHG emissions for a
mining haul truck operating under state 4 will be 3723.80 million metric tonnes HiNCO
2050. After improving the reliability of the haul truck, GHG emissions are expected to
decline to 15.80 million metric tonnes of €y 2050 (see Table-42 ).

GHG Emission Mining Haul Truck-State 1
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All Scenarios
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Figure 412: GHG emissions saving for the mining haul truck, 2@0D80: Scenario 1 vs rafnce scenario 1
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Table 49: Haul truck GHGs, Year 2050 (million metric tonnes,@@Quivalent)State 1

Scenarios Nitrous Methane | Carbon dioxide non Total
oxide biogenic
Reference 0.30 0.07 116.48 116.84
Mining Haul truck reliability 0.23 0.05 89.73 90.01
improvement
Total 0.53 0.12 206.20 206.85

GHG Emissions Mining Haul Truck-State 2
All Fuels, All GHGs

-
All Scenarios

— Reference

|— Surface mining Equipment Reliability Improvment

Million Metric Tonnes CO2 Equivalent

I | I | I I I I I
2010 2015 2020 2025 2030 2035 2040 2045 2050

Years

Figure 413: GHG emissions saving for the mining haul truck, 2@D80: Scenario 2 vs reference scenario 2

Table 410: Haul truck GHGs, Year 2050 (million metric tonnes,@Quivalent) State 2

Scenarics Nitrous Oxide Methane Carbon dioxide Total
non biogenic

Reference 9.52 2.15 3,711.91 3,723.57

Mining Haul truck | 0.52 0.12 202.47 203.10

reliability

improvement

Total 10.04 2.27 3,914.37 3,926.67
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Figure 414: GHG emissions saving for the miningihruck, 20102050: Scenario 3 vs reference scenario 3

Table 411: Haul truck GHGs, Year 2050 (millianetric tonnes C@equivalent)State 3

Scenario Nitrous Oxide Methane Carbon Dioxide Total
Non Biogenic

Reference 9.52 2.15 3,711.91 3,723.57

Mining haul truck | 0.58 0.13 224.96 225.67

reliability

improvement

Total 10.09 2.28 3,936.87 3,949.24
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Figure 415: GHG emissions saving for the mining haul truck, 2@080: Scenario 4 vs reference scenario 4

Table 412: Haul truck GHGs, Year 2050 (milianetric tonnes Cg£equivalent) State 4

Scenario Nitrous oxide Methane Carbon dioxide Total
non biogenic

Reference 9.52 2.15 3,711.91 3,723.57

Mining haul truck | 0.04 0.01 15.75 15.80

reliability

improvement

Total 9.56 2.16 3,727.65 3,739.37

4.10.2 Ol Sands Hydraulic and Electric Shovels Introduction

In this section, a method to link reliability and energy demand for the oil sands mining
hydraulic and electric shovels were developed. The scope of this model encompasses all
the processes of speciftomponents or subomponents of shovel (hydraulic and electric)

that have an impact on energy consumption. It was assumed that only the engine from the
hydraulic shovel and the drive motor from the electric shovel have a direct impact on
energy consumption | f the hydraulic shovel 6s engine
partially fails, the shovel can operate, but the shovel consumes more energy consumption

and emits more GHGs than otherwise.
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4.10.2.1 ER Model Assumptions for Hydraulic and Electric Shovels
Energy consumption in hydraulic and electric shovels was simulated under the sub

category of #Adigging equipmento i

digging equipment:

n

LEAP.

1 Only the drive motors from electric shovels and engines from hiidrahovels

were considered to have an energy impact.

1 Energy demands for the drive motor (which consumes electricity) and the engine

(which consumes diesel fuel) were considered to be equal in the reference scenario.

All input data were for the provincd Alberta and 2010 was used as the base year.

Hydraulic and electric shovels were assumed to have the following specifications :

a hydraulic shovel is a Hitachi ZX670L%&; with a bucket force of 72,838 Ib and
dig depth of 30 ft (9.5 m) and weight of 13100 (99). The engine power was

assumed to be 347 HP. Capital cost was calculated to be $1,025,000. The electric

shovel is Hitachi 8000 with Bucket Capacity (ped) 40.0 m3 with the voltage AC

6 000- 6 600 V / 50 Hz. The capital cost for the electric shovel was assumed to be

$3,400,000.

4.10.2.1.1 Calculating Partial Reliabilityfor the Engine (Hydraulic

Shovel) and the Electric Drive Motor (Electric Shovel)

With Equations 4L and 42 and similar calculations from section 4.2.2, partial reliability

for hydraulic and electric shovels is presented in Tal8.4

A similar calculationfrom section 4.10.1.%vas used to find the failure rate fan engine

of hydraulicshovelande | ectri ¢ shovel 6s

el ectri

c drive

Table 413: Calculated partial reliability for critical parts of hydraulic and electric shovels

Prew (Probability

Critical part of P (Probability R ; Rnew (Partial
No. shovels of failure®)  (Reliabiliy) ‘1 7 2 gilﬂféﬂa)' reliability** )
Engine in
1 hydraulic shovel 0.09 0.91 01 311 0.35 0.65
(B)
Electric drive
2 motor in electric 0.21 0.79 027 182 0.28 0.72

shovel (EF)

*from chapter 3

**Partial probaility of failure and Partial reliability
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4.10.2.1.2 Energy Modeling of Hydraulic and Electric Shovels

Energy consumption for hydraulic and electric shoveds simulated in LEAP software in
order to analyze energy demand for digging equipment in Albexta o i | sands su

mining sector. Figure-46 displays the energy demand tree for digging equipment.

4.10.2.2 ER Model for Hydraulic and Electric Shovels
The lossof capacity and its consequences for the hydraulic shovel in four states based on

Equationd-3 and 44were calculated as

Failure loss for State 1=0

Failure loss for state 2=0.05*0.09=0.0045

Failure loss for state 3 (Partial failure) =0.5*0:3.18

Failure loss for state 4=0

The operational costs f or apithl,yndintenantei feel, s ho v e |
and labor, were calculated to be CANS $0.68frel of oil production by the hydraulic

shovel engineTables 414 and 415 indicate the fraction of loss of capacity and the

consequences of each loss based on cost and energgHataiz.

Surface Mining

Digging Equipment

Electric Shovel Hydraulic Shovel

Electric drive motor Engine(Diesel)

Electrical Distribution/loss

Fuel saved/losses

Source (coal)

Figure 416: Energy demand tree for digging equipment
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Table 414: Fraction of loss of capacity for the hydraulic shovel for States i=FEird cost

Number State Reliability Loss of | Capacity Fraction of | Consequence of Final cost
capacity (%) loss of L (CAN$/bbl) (CAN$/bbI)
(%) capacity (E
L)
Fully
1 i 1 0 100 0 0 0.08
operational
Expected
2 ) 0.91 10 90 0.01 0.0004 0.081
working
Partial
3 o 0.66 50 50 0.025 0.015 0.1
reliability
4 Failed 0 100 0 1 0.08 0.16

Table 415: ER madel for hydraulic shovel for States i=1 to 4

Number State Reliability Loss of Capacity | Fraction of | Consequence of E If Fuel
capacity (%) loss of (EnergyDiesel Intensity
(%) capacity (E liters/bbl) (Diesel,
L) lit/bbl)
Fully
1 i 1 0 100 0 0 2
operational
Expected
2 . 0.91 10 90 0.01 0 2
working
Partial
3 o 0.65 50 50 0.025 0.36 2.36
reliability
4 Failed 0 100 0 1 2 4

The loss of capacity and its consequences for the electric shovel:

Failure loss for State 1=0

Failure loss for state 2=0.05*1.20.01

Failureloss for state 3 (Partial failure) =0.528.=0.14

Failure loss for State 4four=0

The operational <cost for electric shovel 0s
fuel and labor, was calculated to be CANS $0.0415/bbl of oil production hyiekwvel
Tables4-16 and 417 indicate the fraction of loss of capacity and the consequences of each

loss based on cost for each state for the electric shovel.
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Table 416: Fraction of loss of capacity with the cost consequence for the electric Basgdlon states i=1
to 4-Extra cost

Number State Reliability Loss of Capacity Fraction of Consequence off  Final cost
capacity (%) loss of E L (CANS) (CANS$/bbl)
(%) capacity (E L)
1 Fully 1 0 100 0 0 0.0415
operational
Expected
2 ) 0.79 10 90 0.01 0.0042 0.045
working
3 Partial 0.72 50 50 0.025 0.006 0.05
reliability
4 Failed 0 100 0 1 0.0415 0.08

Table 417: ER model for electric shovel for states i=1 to 4

Number State Reliability Loss of | Capacity | Fraction of | Consequence of H Fuel intensity
capacity (%) loss of L (EnergyDiesel | (Electricity,
(%) capacity (E lit/bbl) Kwh/bbl)
L)
Fully
1 ] 1 0 100 0 0 8
operational
Expected
2 . 0.79 10 90 0.01 0.08 8.08
working
Partial
3 o 0.72 50 50 0.025 112 9.12
reliability
4 Failed 0 100 0 1 8 16

To assess the emgrand cost savaging with theREmodel, four scenarios were
developed.

4.10.2.2.1 Surface MiningHydraulic and Electric ShovelsScenarios 1 to 4
TStates1to 4

4.10.2.2.1.1 Input Data and Assumptions for the Reference Scenario
under States 1 to 4

State 1 (Fully Operational): This scenario was developed by Subramanyam 2012.
earlier. The base case energy (diesel) and cost requirement for the hydraulic shovel is 2

liters/bbl and 0.08 CANS$barrel of oil production respectively. The base case energy
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(electricity) and cost requirement for the electrical shova$ 8 Kwh/bbl 0.042 CAN$/
barrelof oil production respectively.

State 2 (Expected working):When equipment is working with its actual reliability, it is
considered to be edworkiag comdigionsuTinel-B modél dox p e c t
hydraulic shovels calculates energy consumption (diesel) to be 2.009 liters/bbl and
additional cost to be 0.081 CAN®arrel of oil production The base case energy
(electricity) and cost requirement for the eleetrishovelwas8.08 Kwh/bbl. The base case

cost is 0.045 CAN$barrelof oil production

State 3 (Partial reliability): When equipment is working under partial reliability, the loss

of energy and cost will add approximately 50% to the total energy andaogiared to
equipment working under 100% reliability. For this states, the base case energy (diesel)
and cost requirement for the hydraulic shovel is 2.36 litagkland 0.1 CAN$barrelof

oil production, respectively. The base case energy (elétyiand cost requirement for

the electrical shovelwas 9.24 Kwh/ barrel 0.05 CAN$/ barrel of oil production
respectively.

State 4 (Complete failure):When equipment fails, there is a 100% loss of energy and cost
capacity. Therefore, an additional 100%ergy and cost are imposed on the business
operation. In this state, the base case energy (diesel) and cost requirement for the hydraulic
shovelwas4 liters/barreland 0.16 CANS$barrelof oil production respectively. The base

case energy (electricitynd cost requirement for the electrical shovel is 16 Khdrtel

0.08 CAN$/barrelof oil production respectively.

4.10.2.2.1.2 Input Data and Assumptions for Improving the Reliability of
Mining Hydraulic and Electric Shovels for Scenarios 1 to 4

This is smilar to section 4.10.5.2.(08).

4.10.2.2.1.3 ResultsEnergy Profile for States 1 to 4 Hydraulic Shovel
The reference case scenario for reliability improvement for a hydraulic skden
operating under States 1 through 4 was simulated in LEAP (see Ta8)e 4

State 1 LEAP estimates an energy demand of hydratilavels(diesel) as 974.06 million
Gigajoule/year. By improving the reliability of the hydraulic shovel engihe, energy

(diesel) will decrease to 826.56 of MM Gigajoule/year by the year 2050.
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State 2 LEAP estimates an energy demand (diesel) in hydrahlwelsof 978.44 MM
Gigajoule/year when the hydraulic shovel operates under state 2. By improving the
reliability of the hydraulic shovel enginéhe energy (diesel) will decrease to 829.88 of
MM Gigajoule/year by the year 2050.

State 3 LEAP estimatesrmenergy demand in the hydraulic shovel (diesel) of 1607.20
MM Gigajoule in year 2050. When the reliability is improved, energy demand will
decrease to 756.92 MM Gigajoule/year.

State 4: An energy demand in the hydraulic shovel (diesel) of 1,984.12 MM
Giggoule/year 2050 was calculated. When the reliability is improved, energy demand will
decrease to 1,651.59 MM Gigajoule/year.

Table 418: Hydraulic shoveénergy demand (milliofsigajoule}State 1 to 4

Energy Electricity
Scenario 1 2 3 4
Reference 97406 978.44 1607.20 1,984.12
Reliability improvement | 826.56 829.88 756.92 1,651.92
Total 1,800.62 1,808.26 2,364.12 3,599.71

4.10.2.2.1.4 ResultsEnergy Profile for States 1 to 4 Electric Shovel

The reference case scenario for reliability improvemientan electric shovel when
operating under States 1 through 4 were simulated in LEAP (see Fa8)e 4

State 1 LEAP estimates energy demand of electric shoyelsctricity) to be 372.08
million Gigajoule/year for the year 2050. When reliability is ioyed, energy demand
will decrease t@15.74million Gigajoule/year

State 2 LEAP estimates energy demand in the electric shovel (electricity) to be 978.44
million Gigajoule/year. When reliability is improved, energy (electricity) will decrease by
829.88 nillion Gigajoule/year by the year 2050.

State 3:LEAP estimates (electricity) energy demand of 375.80 milkagajoule/year by

the year 2050 for the electric shovel. When reliability is improved, energy demand will
decrease to 318.79 million Gigajouletye
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State 4 Energy demand (electricity) 0f3,746.94 million Gigajoule/year 2050 was
calculated for the shovel in under State 4. When reliability is improved, energy demand
will decrease t@6,041.09million Gigajoule/year.

Table 419: Electric shoveénergy demand (milliofsigajoule}State 1 to 4

Energy Electricity
Scenario 1 2 3 4
Referencel to 4 372.08 375.80 429.76 13,746.94
E)eél;ablhty improvementl| 315.74 318.79 364.22 12.294.15
Total 687.82 694.59 793.97 26,041.09

4.10.2.2.1.5 Energyaving Results from the ER Model for Oil Sands

Hydraulic Shovels Operating UnderStatel to 4

Energy demands for a hydraulic shovel were plotted in LEAP over 40 years for both the

reference case and Scenarios 1 to 4 and are shown in Fifjdre 4420.

For Scenario 1 (State 1), plotted energy demand for the hydraulic shovel for the years
2010 to 2050 indicates an average energy savings of 0.12 % per year through improving
the reliability of the hydraulic shovel engine in a fully operational shovelHiggge 417).

For Scenario 2 (State 2), there is 0.15% energy saving per year on average through
improving the reliability of the hydraulic shovel (see FiguwES).

For Scenario 3 (State 3), there is on average 0.11% energy saving per year through
improving the reliability of the hydraulic shovel (see Figurg3).

For Scenario 4 (Sate 4), there is on average 0.15% energy saving per year through
improving the reliability of the hydraulic shovel engijsee Figure 4£0).
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Figure 417: Hydraulic shovelrergy saving from 201@050: Scenario 1 vs reference scenario 1
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Figure 418: Hydraulicshovel energy saving from 201Z050: Scenario 2 vs reference scenario 2
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Figure 419: Hydraulicshovel energy saving from 2012050: Scenario 3 vs reference scenario
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Figure 420: Hydraulicshovel energy saving from 2012D50: Scenario 4 vs reference scenario 4
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4.10.2.2.1.6 Energy Saving Results from the-E Model for Electric

Shovels Operating Under States 1 to 4

Energy demand for an electric shovel was plotted EAP over 40 years for both the
reference case and Scenarios 1 to 4 and is shown in Figure 4

For Scenario 1 (State 1), plotted energy demand over the years 2010 to 2050 shows an
average energy saving of 0.11 % per year through improving the réjiafithe electric
shovel (see Figure-21).

For Scenario 2 (State 2), there is an average energy savinjsdf% per year when the
reliability of an electric shovel is improved (see Figw223.

For Scenario 3 (State 3), there is an average enewyygsaef 0.152% per year when the
reliability of an electric shovel is improved (see Figw23}.

For Scenario 4 (State 4), there is an average energy savih@lch per year when the

reliability of an electric shovel is improved (see Figw24.
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Figure 421: Electric shovel energy saving from 202050: Scenario 2 vs reference scen&tate 2

156



Energy Demand Electric Shovel-State 3

Fuels

400-

Million Gigajoules

|
2010 2015 2020 2025 2030 2035 2040 2045 2050

Years

All Scenarios
— Reference
— Surface mining Equipment Reliability Improvment

Figure 422: Electric shovel energy saving from 202050: Scenario 3 vs reference scen&tate 3
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Figure 423: Electric shovel energy saving froml202050: Scenario 4 vs reference scen&tate 4
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4.10.2.2.1.7 Cost Saving Resultsom the E-R Model for Oil Sands

Hydraulic Shovels Operating UnderState 1

Oil sands mining hydraulic shovel operational costs were plotted over 40 years (2010
2050) for tke reference case and Scenarios 1 to 4 (see Figla®$04428).

For Scenario 1, as the graph in Figur@xshows, an average cost saving of 0.94% per
year can be reduced through improving the reliability of a hydraulic shovel.

For Scenario 2 (State ,2jhere is an average cost saving of 0.73% per year through
improving the reliability of a hydraulic shovel (see Figur26).

For Scenario 3, there is an average cost saving of 0.71% per year through improving the
reliability of a hydraulic shovel. Althah the cost of improving reliability will increase

until the year 2025 due to maintenance costs, the operating cost will decrease from
4,909.43 MM CANS$ to 1,407.31 MM CANS$ in 2050 (see Figw273.

For Scenario 4 (State 4), there is an average cost sa¥ifgG7% per year annually
through improving the reliability of a shovel. Although maintenance costs will increase the
costs of improving reliability until 2025, the operating cost will decrease from 5,684.06
MM CANS$ to 1,893.49 MM CANS in 2050 (see Figu#28).
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Figure 424: Hydraulic shovel costs savin§cenario 1 vs reference scenario 1
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Figure 425: Hydraulic shovel costs savifigcenario 2 vs reference scenario 2
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Figure 426: Hydraulic shovel costs savifigcenario 3 vs reference scenario 3

159



Costs Hydraulic Shovel State 4
All Costs

All Scenarios

5,500

— Reference
5,000 — Surface mining Equipment Reliability Improvment
4,500—
4,000
3,500

3,000

Million CDNs

2.,500—
2.,000—
1.500—
1,000—

500

I | | | | |
2010 2015 2025 2035 2040 2050

Years

Figure 427: Hydraulic shovel costs savifigcenario 4 vs reference scenario 4

4.10.2.2.1.7 Cost Saving Results from the B Model for Oil Sands
Electric Shovels Operating Under States 1 to 4

Oil sands mining electric shovels operational costs weresplatter 40 years (2012050)

for the reference case and Scenarios 1 to 4 (see Fig@&4432).

For Scenario 1, as the graph in Figurd%shows, on average 0.78% of annual costs can
be reduced through improving reliability of an elecshovel.

For Scenario 2 (State 2), there is on average 0.77% cost saving annually through
improving reliability of an electrishovel(see Figure 480).

For Scenario 3, there is on average 0.76% cost saving annually through improving
reliability of an electricshové (see Figure 81).

For Scenario 4 (State 4), there is on average ©@o/8ost saving annually through
improving reliability of an electrishovel. The costs of improving reliability will decrease
from 4,702.71 MM CANS$ to 1,270.86 MM CANS$ in 2050 (see Fegd32).
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Figure 428: Electric shovel costs savifigcenario 1 vs reference scenariState 1
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Figure 429: Electric shovel costs savifigcenario 2 vs reference scenariState 2
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Figure 430: Electric shovel costs savifigcenario 3 vs referenseenario sState 3
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Figure 431: Electric shovel costs savifigcenario 4 vs reference scenariState 4

162



4.10.2.2.1.8 GHG Emission Results from the-R Model for an Oil Sands
Hydraulic Shovel Operating Under States 1 to 4

Oil sands mining hydraulic skiel GHG emissions were plotted over 40 years (22Q50)

for the reference case and Scenarios 1 to 4 (see FigBRt4436).

For Scenario 1 (State 1)The results show that when the reliability of (State 1) mining
hydraulic shovel is improved, GHG essions can be reduced on average 0.15 % per year
(see Figure 83 and Table £0)

For Scenario 2 (State 2)By improving reliability of a hydraulic shovel, an average GHG
emissions saving of 0.16 % in a year. The GHG emission for a mining hydraulic shovel
when operating under expected working conditions will be 30.18 and 71.21 million metric
tonnes of CQ in year 2030 and 2050, respectively. After improving the reliability of
hydraulic shovel, GHG emissions will decline to 27.83 MT/year by 2030 and 60.39
MT /year by 205(see Figure 484 and Table £1).

For Scenario 3 (State 3):By improving the reliability of hydraulic shovels, GHG
emissions can be reduced on average 0.15% yearly(see Figbranl Table £2).

For Scenario 4 (State 4):By improving the eliability of the hydraulic shovel, GHG

emissions can be reduced on average 0.16 % per year(see Fafuamd Table £3).
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Figure 432: GHG emissions for oil sands mining hydraulic shovel: Scenario 1 vs reference scenario
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Figure 433: GHG emission saving for hydraulic shovel: Scenario 2 vs reference scenario

Table 420: Hydraulic shovel§5HGs Emission$ Year 2050 (million metric tonnes G@quivalent)State 1

Scenarios Nitrous Oxide | Methane | Carbon Dioxide Non Biogenic| Total

Reference 5.77 1.30 2,249.64 2,256.71
Reliability Improvement 4.27 0.96 1,664.73 1,669.96
Total 10.04 2.27 3,914.37 3,926.67

Table 421: Hydraulic shovel§GHGs Emission$ Year 2050 (million metric tonnes G@quivalent) State

2
Scenarios Nitrous oxid | Methane | Carbon dioxide non biogenic| Total
Reference 5.79 1.31 2,259.76 2,266.86
Reliability Improvement 4.27 0.96 1,664.73 1,669.96
Total 10.06 2.27 3,924.50 3,936.83
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Figure 434: GHG emissions saving for hydraulic showve3cenario 3 vs reference scenariStdte 3

Table 422: Hydraulic shovel§GHGs Emission$ Year 2050 (million metric tonnes G@quivalent)i State

Scenarios Nitrous oxide Methane3 Carbon dioxide non biogenic| Total

Reference 6.81 1.54 2,654.57 2,662.92
Reliability Improvement 5.05 1.14 1,968.43 1,974.62
Total 11.85 2.68 4,623.01 4,637.54
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Figure 435: GHG emissions saving for hydraulic shoveScenario 4 vs reference scengiate 4
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Table 423: Hydraulic shovelSGHGs Emission&ear 2050 (million metric tonnes G@quivalent)i State 4

Scenarios Nitrous oxide | Methane | Carbon dioxide non biogenic| Total

Reference 11.54 2.60 4,499.28 4,513.42
Reliability Improvement 8.51 1.92 3,318.22 3,328.65
Total 20.04 453 7,817.50 7,842.06

4.10.3 Oil Sands Mining Crusher- Introduction

In this section, a method to link reliability and energy demand for the oil sands mining
crusher was developed. The scope of this model encompasses all the processes of specific
components or subomponents of a crusher that impact on energy consumptionsit wa
assumed that only the drive system and apron feeder has a direct impact on energy
consumption. If either of these components partially fails, the crusher can operate, but the

crusher consumes more energy consumption and emits more GHGs than otherwise.

4.10.3.1 ER Model for the Crusher
The LEAP software models the crushing process based on energy use and supply to

simulate various scenarios of energy demand. The following assumptions were made in
modeling:
1 Only the drive system and apron feeder areidensd to have an energy impact
under partial reliability(91).
1 The crusher drive system and apron feeder are considered in this research to have
the same energy demand.
1 Crusher capital cosvas $24,000,00QL00).
An apron feeder is a mechanical feeder used to remove raw material from the dump
hopper, bins, and stockpiles. The electric drive system has several benefits, i.e., it makes

theparticle size consistent through speed corfftol, 102)

The scope of this section includes the development of the energy demand model for oil
sands surface mining crushers using LEAP. The drive system and apron feeder are part of

the crusher subsystem and a demand tree was developed in LEAP for them.
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4.10.31.1 Calculating Partial Reliability for the Critical Parts of a
Crusher

Using Equations 4 to 44 and similar calculations from section 4.2.2, partial reliability
for the crusherds apron feeder and dnive sys
Table 424.

Table 424 Calculated partial reliability for critical parts in a crusher

Critical 5 propability R Prew (Probability b iy
No.  partof  ° tciirey)  (Reliabilyy ‘t /2 of partial reliability** )
crusher failure**)
Apron
1 feeder 0.04 096 004 45 0.37 0.63
(APF)
Drive
2 system 0.17 0.83 02 216 0.31 0.69
(DSF)

*taken from chapter 3

**Partial probability of failure and Partial reliability

4.10.3.2 Energy Modeling for the Crusher Using LBP
To determine energy efficiency, anRREmodel was developed through LEAP for all four

operational states based on the discrete Markov model for repairable systems for the base

year 2010 of crusher. The model was then used to find the total GHG emis&iens

Al mproving mining equipment reliabilityo sc
equipment state were built and run in this model to determine total energy and GHG
emissions saved. There is good potential to save energy, reduce GHG emisglons, an
improve reliability through the use of energy efficient crushers. The contribution from the
reference scenario and each AdAi mproving relia
the amount of energy savings will increase when production levelsase Figure-87

shows the energy demand tree for a crusher. Some assumptionsnaggeto model

energy intensity in LEAP, i.e., final energy consumption for the drive system and apron

feeder ard.25 kilowatthour/barrel and 0.25 kilowalttour/barrel, espectively(91).
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Drive System Apron Feeder

Figure4-36: Crusher energy demand tree
4.10.3.3 The ER Model Results for a Crusher
A suitable approach to link reliability and energy consumption forresher was
developed. With Equations#to 44 and similar calculations from section 4.10.1.4, the
crusher 6 m@pdeoln6sE out put for the drive syste
Table 425 to Table 428.

Table 425: E-R model for the oil sands mirg crusher on Apron feeder energy in terms of cost (apron

feeder)
Number State Reliability | Loss of | Capacity | Fraction | Consequen( Extracost | Total cost
capacity (%) of loss of eof EL (CANS$/bbl) | (CAN$/bbI)
(%) capacity (CANS)
(ELD
Fully
1 i 1 0 100 0 0 0 0.298
operational
Expected
2 ] 0.96 10 90 0.01 0.004 0.001 0.300
working
Partial
3 . 0.63 50 50 0.025 0.18 0.054 0.352
reliability
4 Failed 0 100 0 1 1 0.289 0.587
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Table 426: ER model for the mining crusher based on Apron feeder for States i=1 to 4

Number State Reliability Loss of | Capacity | Fraction | Consequence| Fuel intensity
capacity (%) of loss of of EL (electricity,
(%) capacity | (Energydiesel | Kwh/bbl)
(EL) lit/bbl)
Fully
1 i 1 0 100 0 0 0.250
operational
Expected
2 ] 0.96 10 90 0.01 0.001 0.1
working
Partial
3 o 0.63 50 50 0.025 0.045 03
reliability
4 Failed 0 100 0 1 0.25 0.5
Table 427: ER model for the oil sands mining crusher in terms of cost (drive system)
Number States Reliability | failure | Loss of | Capacity | Fraction of| Consequence| Total Cost
capacity (%) Lossof of EL (CANS$/bbl
(%) Capacity= | (CAN$/bbl) )
EL
1 Fully 1 0 0 100 0 0 0.34
operated
2 Expected 096 0.17 10 90 0.01 0.002 0.35
working
3 Partial 063 0.2 50 50 0.025 0.034 038
reliability
4 Failed 0 1 100 0 1 0.345 0.69
Table 428: ER model for the mining crusher based on drive system for States i=1 to 4
Fraction | Consequence ) )
Loss of ] Fuel intensity
o ) Capacity | of loss of of EL o
Number State Reliability | capacity ) ) (electricity,
(%) capacity | (Energydiesel
(%) ) Kwh/bbl)
(EL) lit/bbl)
Fully
1 i 1 0 100 0 0 0.250
operational
Expected
2 ) 083 10 90 0.01 0.001 0.251
working
Partial
3 o 0.69 50 50 0.025 0.025 0.275
reliability
4 Failed 0 100 0 1 0.250 0.500
4.10.3.3 Mining Crusher Scenarios 1 toi4states 1 to 4
These scenarios calculate tfen e r gy demand, tot al cost

from

surface mining sector when a crusher operates under State 1 (fully operational), State 2

169



(expected operating), State 3 (partial reliability), and 4 (complete failure). The input data

and assumptioare given below.

4.10.3.3.1 Input Data and Assumptions for Reference Scenario of a
Crusher Operating Under States 1 to 4

State 1: Subramanyam et al. developed this scenario (pagé@ZX)oéarlier . In the base
case, electricity needed for a crusher is 0.5 Kvarfeland the cost is 0.298 CANBArrel

of oil productionfor Apron feeder and 0.345 CAN®arrel of oil productionfor drive
system. State 2: The- R model shows that in Statel#e crusher requires extra 0.001 Kwh
/bbl energy (electricity) for Apron feeder and drive system. The extra cost was calculated
as 0.001 (CANsbarre) for Apron feeder and 0.002 (CAN#Barrelof oil productior) for
drive system. Therefore, the total enefgr Apron feeder and drive system are similar as
0.250 Kwh /barreland cost required for this state are 0.3 CAbB&relof oil production

for Apron feeder and 0.346 CANBarrelof oil productionfor drive system.

State 3: The extra cost was calcethas 0.054 (CAN$sarrelof oil production for Apron
feeder and 0.034 (CAN®jarrelof oil production for drive system. Therefore, the total
energy for Apron feeder and drive system are similar as 0.295 Kwéirél and cost
required for this state afe352 CANS$/barrelof oil productionfor Apron feeder and 0.379
CAN$/ barrelof oil productionfor drive system.

State 4: In State 4, 0.25 Kwharrel extra energy (in the form of electricity) for each
Apron feeder and drive system is required. The ecdst was calculated as 0.054 (CANS/
barrelof oil production) for Apron feeder and 0.034 (CANBArrelof oil productior) for
drive systemTherefore, the total energy for Apron feeder and drive system are similar as
0.5 Kwh /barreland cost required fdhis state are 0.587 CAN$arrelfor Apron feeder
and 0.689 CANS$barrelof oil productionfor drive system.

4.10.3.3.2 Scenario: Improving the Reliability of Crusher for States 1 to 4

This is similar to section 4.10.1.5.2.
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4.10.3.3.3 Results Energy Profile for States 1 to 4Crusher

The reference case scenario for reliability improvement in a crusher when operating under
State 1 (fully operational), State 2 (expected working), State 3 (partial reliability), and
State 4 (complete failure) were simulated EAP.

State 1. LEAP estimated the energy demand of the crusher (electricity) to be 11.63 MM
Gigajoule for the year 2050 (see Tabig9).

State 2 LEAP estimated an energy demand in the crusher to be 11.67 MM Gigajoule/year.
By improving the crusher ralbility, the expected energy demand will decrease by 9.91 of
MM Gigajoule /year by 2050 (see Tabl€8).

State 3: LEAP estimates energy demand of 1,607.20 MM Gigajoule/year by 2015 when the
crusher is working under partial reliability. When the religpilis improved, energy
demand is expected to decrease by 756.92 MM Gigajoule/year (see 2&)le 4

State 4. LEAP estimated an energy demand to be 11.67 MM Gigajoule/year. By improving
t he t he 9.@lxop Mt e d
Gigajoule /year by 2050 (see Tabl29).

crusher o6s reliability,

Table 429: Mining crusher energy demand (million Gigajottate 1 to 4ear 2050

Electricity
Scenario 1 2 3 4
Reference 11.63 11.67 421.97 23.26
Reliability improvement | 9.87 9.91 307.23 19.73
Total 21.49 21.59 729.20 42.99

4.10.3.3.4 Energy Saving Results from the-R Model for an Oil Sands

Crusher Operating Under States 1 to 4

State 1: Energy demand for the crusher was plotted in LEAP over 40 years for both the
reference case and Scenario #l yshown in Figure-88. Plotted energy demand over a
specific period (from 2010 to 2050) indicates that an average energy saving of 0.148% per
year will be achieved through the reliability improvement of crusher when crusher working
under state 1.

Scenaio 2 (State 2): An average energy saving of 0.15% per year will be achieved through
the reliability improvement of crusher when crusher working under state 2 (see Fgure 4
39).
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Scenario 3 (State 3): An average energy saving of 0.11% per year will beeaicthieough

the reliability improvement of crusher when crusher working under state 3 (see Figure 4
40).

Scenario 4 (State 4): An average energy saving of 0.16% per year will be achieved through
the reliability improvement of crusher when crusher workindes state 4 (see Figure 4

41).

Energy Demand Mining Crusher-State 1
All Fuels

All Scenarios

— Reference

10.0— — Surface mining Equipment Reliability Improvement

Million Gigajoules

40—

2.0—

I I I I | | I I I
2010 2015 2020 2025 2030 2035 2040 2045 2050

Years

Figure 437: Energy saving for the mining crusher, 202050: Scenario 1 vs reference scenario 1
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Figure 438: Energy saving for the mining crusher, 202050: Scenario 2 vs reference scenario 2
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Figure 439: Energy seing for the mining crusher, 200R050: Scenario 3 vs reference scenario 3
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Figure 440: Energy saving for the mining crusher, 202050: Scenario 4 vs reference scenario 4

4.10.3.3.5 Cost Saving Results from the-E Model for the Crusher

Operating Under States 1 to 4

State 1: Operating costs for the crusher were plotted over 40 years (from 2010 to 2050)
(see Figure 412). By improving crusher reliability, on average 0.77 % cost savings can be
made.

State 2 (Scenario 2): An average cost saving of 0.g&etyear will be achieved through

the reliability improvement of crusher when crusher working under state 2 (see Figure 4
43).

State 3 (Scenario 3), there is on average 0.73% cost saving annually through improving the
reliability of a mining crusher operagj under state 3 (see Figuret4).

State 4 (Scenario 4), An average cost saving of 0.52% per year will be achieved through
the reliability improvement of crusher when crusher working under state 4 (see Fgure 4
45).
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Figure 441: Oil sands crusher demégosts improving reliability vs reference scenariState 1
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Figure 442: Oil sands crusher demand cositsiproving reliability vs reference scenariState 2
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Figure 443: Oil sands crusher demand cosiisproving reliability vs reference scenasiState 3
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Figure 444: Oil sands crusher demand cositsiproving reliability vs reference scenaritate 4
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4.10.4 Oil Sands Mining Conveyor Belt

In this section a suitable approach to link conveyor belt reliability and energy consumption
was developd. The main objective was to analyze the causes of failures, calculate the
probability of failures and partial reliability based on BBN method, and find a relationship
between energy consumption and partial reliability for conveyor belts. The following

asumption was made:

1 Only the conveyor belt drive motor and power rollers are selected for-tRe E
model. According to expert opinion (Delphi method), only these parts have a direct

impact on energy consumption.

4.10.4.1 The ER Model for an Oil Sands Convgor Belt
The ER model simulateche energydemand and cost of an oil sands mining conveyor belt

using LEAP software. The model calculated the amount of energy demand and use for the

motor and power rollers; these are discussed in detail in this chapter.

4.10.4.1.1 Calculating Partial Reliability for Critical Parts of the
Conveyor Belt

Equations and calculations similar to those used in seétidhl1.2were performed for the

conveyor bek motor angower rollers. The results are presented in Tai36.4

Table 430: Calculated patrtial reliability for critical parts of the conveyor belt

No. ofcomeyor PPrObabilty R, e ERRRY R, parti

* 1 * 1 tlitv* 1 2 1 il *
belt of failure*) (Reliability*) failure™ ) reliability** )

1 Motor 0.01 0.99 0.01 6.13 0.33 0.67

2 Power roller 0.03 0.97 0.03 464 0.36 0.64

*from chapter 3

**Partial probability of failure and Partial reliability

4.10.4.1.2 Energy Modeling for the Conveyor Belt Using LEAP

LEAP mode$ normotive transport equipment based on energy consumption and supply
data and simulates various energy demand scenarios. Some assumptions were made to

model a conveyor belt in LEAP.
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The conveyor belt is a stdystem of normotive transport equipment.
Energy consumption for the drive motor and power roller were assumed to be 0.10
and 0.07 kilowathour per barrel, respective(91).
1 A conveyor belt 0.75 m wide with a conveying distancé of and a capital cost of
CAN $ 18161.17 was select€tD3).
The scope of this seotr included noomot i ve transport equi pment
mining sector and used the LEAP model to analyze energy demand. The scope is

illustrated in the energy demand tree in Figu#64

Surface mining

| i

Digging Motive Crushing Non-Motive
Equipment Transport Transport
A
Conveyor belt Slurry Pump
A4
v
Motor Power roller

Figure 445: Energy demand tree for tikenveyor belt

Referring to Subramanyam et @12 final energy consumption for the conveyor kelt
be 0.17 kilowatthour/barrel(Page 7(91)). Energy consumption for the motor and power
roller is assumed to be O.1@ilowatt-hour/barrel and 0.07 kilowatt-hour/barrel,

respectively (based on expert).
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4.10.4.1.3 The ER Model Results for a Conveyor Belt

The calculations from section 4.10.1.4 were used to find the extra energy and cast data f
a conveyor belt in every state for the year 20t loss of capacity and its consequence
for conveyor befh drive motor for each state was calculated as:

Failure loss for State 1=0

Failure loss for State 2=0.1 * 0.01=0.001

Failure loss for State 3 780.33=0.17

Failure loss for State 4=1

The loss of capacity and its consequence forctrereyor belt power rollefior each state
was calculated as

Failure loss for State 1=0

Failure loss for State 2=0.1 * 03=0.003

Failure loss for State 3 =0.585=0.18

Failure loss for State 4=1

The costs, including capital, maintenance, fuel and labor, for the conveyondiett and
power rollerwere calculated to be 0.47 CANS Barrel and 0.046 CANS $barre|
respectivelyTables 431 to 434 show the fractioof loss of capacity and the consequence

of each loss based on cost and energy for each state.

Table 431: Fraction of loss of for States i=1 td £xtra cost mining conveyor belt motor

Nu State Relia | Loss | Capa| Fraction | Consequence of | Extra Cost | Total Cost
mb bility of city | of loss of L (CANS) (CAN$/bbl) | (CAN$/bbI)
er capaci | (%) capacity
ty (%) (EL)
Fully
1 ] 1 0 100 0 0 0.47 0.75
operational
Expected
2 ) 0.99 10 90 0.001 0.00047 0.471 0.751
working
Partial
3 o 0.67 50 50 0.17 0.08 0.55 0.83
reliability
4 Faled 0 100 0 1 0.47 0.94 1.22
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Table 432: ER model for the mining conveyor belt motor for States i=1to 4

Number State Reliability | Loss of | Capacity | Fraction of | Consequence of E | Fuel demand
capacity (%) loss of (Energy (Electricity-
(%) capacity (E Electricity- kWh/barrel)
L) kWh/barrel)
1 Fully 1 0 100 0 0 0.1
operational
Expected
2 . 0.99 10 90 0.001 0.0001 0.1
working
3 Partial 0.67 50 50 0.17 0.017 0.12
reliability
4 Failed 0 100 0 1 0.1 0.2

Table 433: Fraction of loss of for States i=146 Extra cost mining conveyor belt power roller

Number State Reliability | Loss of | Capacity| Fraction | Consequence Extra Cost | Total Cost
capacity (%) of loss of of EL (CANS$/bbl) | (CAN$/bbI)
(%) capacity (CANS)
(ELD
Fully
1 i 1 0 100 0 0 0.046 0.326
operational
Expected
2 ) 0.97 10 90 0.003 0.0001 0.047 0.327
working
Partial
3 o 0.64 50 50 0.18 0.0644 0.053 0.33
reliability
4 Failed 0 100 0 1 0.046 0.092 0.37
Table 434: ER model for mining conveyor belt power roller for States i=1 to 4
Number State Reliabiity Loss of | Capacity | Fraction of | Consequence of E | Fuel demand
capacity (%) loss of (Energy (Electricity-
(%) capacity (E Electricity- kWh/barrel)
L) kWh/barrel)
Fully
1 i 1 0 100 0 0 0.07
operational
Expected
2 ) 0.97 10 90 0.003 0 0.07
working
Patial
3 o 0.64 50 50 0.18 0.0126 0.08
reliability
4 Failed 0 100 0 1 0.07 0.14

4.10.4.1.4 Surface Mining Conveyor Belt Scenario 1 toi4States 1 to 4

State 1: Subramanyam et 2012,developed this scenario (page 7(91)) earlier . In the

base case, electricity needed for a conveyor belt motor and power roller are 0.1 Kwh/
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barreland 0.07 Kwhbarrelrespectively. The total cost is 0.75 CANsrrelfor conveyor
belt motor and 0.326 CANBérrel of oil productiorfor conveyor belt power roller.

State 2: The ER model shows that in State 2 the conveyor belt requires 0.07 Karnel
energy (electricity) for power rollers and 0.1 Kwlibdrrel energy (electricity) for drive
system. The extra cowas calculated as 0.047 (CANSdrrel of oil productiopfor power
rollers and 0.471 (CAN$sarre) for motor. Therefore, the total cost required for this state
are 0.327 CANS$barrel of oil productiorfor power rollers and 0.751 CAN®arrel of oil
productionfor motor.

State 3:The ER model shows that in State 3 the conveyor belt requires 0.08 Karnel
energy (electricity) for power rollers and 0.12 Kwbdrrelenergy (electricity) for drive
system. The extra cost was calculated as 0.05 (CA&i$él of oil productioip for power
rollers and 0.55 (CAN$barrel of oil productiop for motor. Therefore, the total cost
required for this state are 0.33 CANsrrelfor power rollers and 0.83CAN®arrel of oil
productionfor motor.

State 4:In State 4 The ER model shows that in State 4, the conveyor belt requires 0.14
Kwh / barrelenergy (electricity) for power rollers and 0.2 Kwbalrelenergy (electricity)

for drive system. The extra cost was calculated as 0.092 (Cai&#| of oil production)

for power rollers and 0.94 (CAN®arrel of oil productiopfor motor. Therefore, the total
cost required for this state are 0.7 CANbirel of oil productiorfor power rollers and
1.22 CAN$%/barrelfor motor.

4.10.4.1.5: Input Data and Assumptions for Improving Conveyor Belt
Reliability, Scenarios 1 to 4

This is similar to section 4.10.5.2(98).

4.10.4.1.6 Results Energy Profile for Scenarios 1 to 4 Conveyor Belt

The reference case scenario for reliability improvement for a conveyor belt when operating
under States 1 through 4 were simulated in LEAP (see T&R8g.4

State 1 LEAP estimates an energy demand of conveyor belt (electricity) as
3,953.38thousand Gigajoule/year. By improving the reliability of the conveyortbelt,
energy (diesel) will decrease to 3,339.30 of thousand Gigajoule/year by the year 2050.
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State 2 LEAP estimates an energy demand (electricity) in conveyor belt of
3,953.38¢housand Gigajoule/year when the hydraulic shovel operates under state 2. By
improving the reliability of the conveyor belihe energy (electricity) will decrease to
3,339.30 dthousand Gigajoule/year by the year 2050.

State 3 LEAP estimates an energy demand in the conveyor belt (electricity) of 4,185.93
thousand Gigajoule in year 2050. When the reliability is improved, energy demand will
decrease t6,552.94housand Gigajoulgear.

State 4: An energy demand in the conveyor belt (electricity) of 7,906.76 thousand
Gigajoule/year 2050 was calculated. When the reliability is improved, energy demand will
decrease to 6,669.89 thousand Gigajoule/year.

Table 435: Conveyor belt eneyglemand (thousan@igajoule}State 1 to 4ear 2050

Electricity
Scenario 1 2 3 4
Reference 3,953.38 3,953.38 4,185.93 7,906.76
Reliability improvementc| 3,339.30 3,339.30 3,552.94 6,669.89
c
Total 7,292.68 7,292.68 7,738.87 14,576.66

4.10.4.1.7 Enegy Saving Results from the ER Model for an Oil Sands

Mining Conveyor Belt Operating Under States 1 to 4

Energy demand for a conveyor belt was plotted in LEAP over 40 years for both the
reference case and Scenario 1 and is shown in Figdve Rlotted emgy demand over a
specific period (from 2010 to 2050) indicates that there will be on average 0.16% energy
saving per year through improving the reliability of a fully operational conveyor belt.

For Scenario 2 (State 2), there will be on average 0.1588fgensaving through
improving the reliability of a conveyor belt operating under state 2 (see Figi8ke 4

For Scenario 3 (State 3), there will be on average 0.155% energy saving through
improving the reliability of a conveyor belt operating under stgse8 Figure 419).

For Scenario 4 (State 4), there will be on average 0.156% energy saving through
improving the reliability of a conveyor belt under state 4 (see Figh@® .4
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Figure 446: Energy saving for the conveyor belt, 202050: Scenario 1 veference scenario
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Figure 447: Energy saving for the conveyor belt, 202050: Scenario 2 vs reference scenario 2

183



Thousand Gigajoules

Thousand Gigajoules

Energy Demand conveyor Belt-State 3
All Fuels

4,000 .
: / All Scenarios
3,500 — Reference

— Surface mining Equipment Reliability Improvment

3,000

2,500~

2,000

1,500~

1,000—

500

|
2010 2015 2020 2025 2030 2035 2040 2045 2050

Years

Figure 448: Energy saving for the conveyor belt, 202050: Scenario 3 vs reference scenario 3
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Figure 449: Energy savindor the comweyor belt, 20102050: Scenario 4 vs reference scenario 4
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4.10.4.1.8 Cost Saving Results from the-E Model for an Oil Sands

Mining Conveyor Belt Operating Under States 1 to 4

Oil sands mining conveyor belt operational costs were plotted over 40 yea@s2(Z5X)

for the reference case and Scenarios 1 to 4 (see Figbtetnd454).

For Scenarios 1 and 2, as the graph shows, annual costs can be reduced on by an average
of 0.61% per year when the reliability of conveyor belt is improved (see Figubdsand

4-52).

For Scenario 3, there will be an average of 0.59% cost saving annually through improving
the reliability of a conveyor belt operating under state 3 (see FigbB. 4

For Scenario 4 (State 4), there will be on average 0.49% cost saving pehrgegh
improving the reliability of a conveyor belt under state 4 (see Fighd 4
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Figure 450: Cost saving for conveyor belt, 20D50: Scenario 1 vs reference scenario 1
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Figure 451: Cost saving for conveyor belt, 20D50: Scenario 2 vs rgfmnce scenario 2

Costs Conveyor Belt-State 3
All Costs

All Scenarios

7,000

— Reference
— Surface mining Equipment Reliability Improvment

6,000

5,000

4,000

3,000

2,000

1,000

|
2010 2015 2020 2025 2030 2035 2040 2045 2050

Years

Figure 452: Cost saving for conveyor belt, 2022D50: Scenario 3 vs reference scenario 3
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Figure 453: Cost saving for conveyor belt, 202D50: Scenario 4 vs reference scenario 4

4.10.5 Oil Sands Mining Slurry Pump

This section cosiders the mechanical components or-somponents of the slurry pump

that have an impact on energy consumption. Given that only the motor has a direct impact
on energy consumption, only the motor was considered in modeling. The slurry pump can
operate wth partial motor failure, though it consumes more energy and emits more GHGs.

Energy demand and cost will consequently increase.

4.10.5.1 Calculating Partial Reliability for a Slurry Pump Motor
The equations and calculations used in seetitf.1.2were gerformed for the slurry

pump motor The results are presented in Tablgt4

Table 436: Calculated partial reliability for critical part of a slurry pump

R
Slurr P (Probability of Prew (Probability of Rnew (Partial
No. Y ( _ Y (Reliabili  /,* /, ”EW(_ _ Y "_eW(__
pump part failure*) ) partial failure*) reliability** )
y
Motor
™ 0.17 0.83 0.2 216 0.31 0.69
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*from chapter 3

**Partial probability of failure and Partial reliability

4.10.5.2 Energy Modeling for the Slurry Pump in LEAP
The slurry pump was modeled in the LEAP software based on energy consumption and

supply, and the model simulated various energy demand scenarios. The following

assumptions were made in the model:

1
T
T

The slurry pump is categorized as a-sybtem of normotive transport equipment.
The slurry pump capital cost is 4.5 million doll&bg}).

The slurry pump motor was assumed to deliver 4000 kW power with a capital cost
of CAN $ 107,868104).

A surface mining sector demand tree, was developed for an oil sands mining slurry pump

using an endise approach (see Figuré8).

Surface mining

A 4

Digging
Equipment

Motive Crushing Non-Motive
Transport transport
eallinment enllinment

A4
Slurry pump
\ 4
Motor

Figure 454: Energy demand tree for slurry pump
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4.10.5.3The E-R Model Results for a Slurry Pump

Similar calculaibns to those used in section 4.10.1.4 were used to find the extra energy
and cost data for mining slurry pump in every state for the year 2010.

The loss of capacity and its consequences for the slurry pump for each state (as defined in
4.10.2.2) was caldated as:

Failure loss for State 1=0

Failure loss for State 2=0.1 * 0.17=0.017

Failure loss for State 3 =0.5*1.30.16

Failure loss for State 4=0

The total costs of wash0B4d CANSutbarret of piluprogubtisn mot or
Tables 437 and 438 shav the fraction of loss of capacity and the consequence of each

loss based on cost and energy for each state.

Table 437: Fraction of loss of for States i=1 tée&tra cost mining slurry pump motor
Nu State Relia | Lossof | Capac| Fraction of | Consequence off Extra cost (CAN$/bbl) | Total cost
mb bility | capacity ity loss of E L (CANS$) (CANS$/bbl)
er (%) (%) capacity (E
L)
Fully
1 ] 1 0 100 0 0 0.054 0.334
operational
2 Expected | 583 | 10 90 0.017 00.001 0.055 0.335
working
3 Partial 069 | 50 50 0.19 0.009 0.064 0.344
reliability
4 Failed 0 100 0 1 0.054 0.11 0.39
Table 438: ER model for mining slurry pump for States i=1 to 4
Number State Reliability | Loss of | Capacity | Fraction of | Consequence of E | Fuel demand
capacity (%) loss of (Energy (Electricity-
(%) capacity (E Electricity- kWh/barrel)
L) kWh/barel)
1 Fully 1 0 100 0 0 4
operational
2 Expected | g5 10 90 0.017 0.068 4.068
working
3 Partial 0.80 50 50 0.19 0.76 4.76
reliability
4 Failed 0 100 0 1 4 8
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4.10.5.4 Surface Mining Slurry Pump Scenarios 1 to % States 1 to 4
The assumptions data for the energy demand and cost for the slurry pump are presented in

Table 439.

Table 439: Total energy and cost required by the slurry pump for the reference scenario for each state

Reference Data Energy (Kwh/bbl) Cost (CAN$/bbl)
Scenario iState 1 4 0.334

Scenario ZState 2 4.068 0.335

Scenario SState 3 4.76 0.344

Scenario 4State 4 8 0.39

4.10.5.4.1 Input Data and Assumptions for Improving Slurry Pump
Reliability T Scenarios 1 to 4

This is similar to sectiod.10.1.5.298).

4.10.5.5 Result$ Energy Profile for Scenarios 1 to41 Slurry Pump
The reference case scenario for reliability improvement for a slurry pump when operating

under States 1 through 4 were simulated in LEAP (see Tat0g.4

State 1:LEAP estimates an energy demand of slurry pump (electricity) as 186.ghmil
Gigajoule/year. By improving the reliability of the slurry puntipe energy (diesel) will
decrease to 157.87 of million Gigajoule/year by the year 2050.

State 2:LEAP estimates an energy demand (electricity) in slurry pump of 189.20 million
Gigajouleyear when the hydraulic shovel operates under state 2. By improving the
reliability of the conveyor belthe energy (electricity) will decrease to 160.58 of million
Gigajoule/year by the year 2050.

State 3: LEAP estimates an energy demand in the convéglr (electricity) of 221.39
million Gigajoule in year 2050. When the reliability is improved, energy demand will
decrease t@87.75million Gigajoule/year.

State 4. An energy demand in the conveyor belt (electricity) of 372.08 million
Gigajoule/year 205@as calculated. When the reliability is improved, energy demand will
decrease to 315.74 million Gigajoule/year.
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Table 440: Slurry pump energy demand (milli@igajoule}State 1 to 4ear 2050

Electricity
Scenario 1 2 3 4
Reference 186.04 189.20 22139 372.08
Reliability improvementc| 157.87 160.58 187.75 315.74
c
Total 343.91 349.79 409.14 687.82

4.10.5.6 Energy Saving Results from the-R Model for an Oil Sands

Mining Slurry Pump Operating Under States 1 to 4
Scenario lunder State 1 (slurry pumig fully reliable): Energy demand for the slurry

pump was calculated in LEAP over 40 years for both the reference case and Scenario 1 and
is shown in Figure 46. Plotted energy demand over a specific period (from 2010 to 2050)
indicates that there willdba 0.15% energy saving per year on average through improving
reliability of a slurry pump.

Scenario 2under State 2 (slurry pump is working under expected working conditions):
Plotted energy demand over the years 2010 to 2050 indicates an average aemyal e
savings of 0.151% when reliability of a slurry pump is improved (see Figbv@ 4

Scenario 3under State 3 (slurry pump is working under partial reliability): Plotted energy
demand over the years 2010 to indicates an average annual energy savirs2 e

when reliability of a slurry pump is improved (see Figwes).

Scenario 4under State 4 (slurry pump fails): Plotted energy demand over the years 2010
to 2050 indicates an average annual energy (electricity) savings 0.15% when reliability of

a surry pump is improved (see Figureb9).
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Figure 455: Energy saving for the slurry pump, 202050: Scenario 1 vs reference scenario 1
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Figure 456: Energy saving for the slurry pump, 202050: Scenario 2 vs reference scenario 2
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Figure 457: Energy aving for the slurry pump, 201R050: Scenario 3 vs reference scenario 3

Energy Demand Slurry Pump-State 4

All Fuels

350

300

250

200

150

100

50—

|
2010

2015

2020 2025

2030

Years

2035

2040 2045

2050

All Scenarios
— Reference
— Surface mining Equipment Reliability Improvment

Figure 458: Energy saving for the slurry pump, 202050: Scenario 4 vs reference scenario 4
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4.10.5.7 Cost Saving Results from the-R Model for an Oil Sands

Mining Slurry Pump O perating Under States 1 to 4
Oil sands mining slurry pump operational costs were plotted over 40 yearsZ@8Q)pfor

the reference case and Scenarios 1 through 4 (see Figbdehrbugh 463).

Scenario 1 undestate 1 (slurry pump is fully reliable):Athe graph in Figure-@0 shows,

costs can be reduced by an average of 0.76 % annually through improving the reliability of
a slurry pump .

Scenario duinder gate 2 (slurry pump is working under expected working conditions): As
the graph in Figure-61 $ows, on average 0.75 % of annual costs can be reduced through
improving the reliability of the slurry.

Scenario 3 undestate3 (slurry pump is working under partial reliability): As the graph in
Figure 462 shows, on average 0.74 % of annual costs eareduced through improving
reliability of a slurry pump.

Scenario 4 undestate4, an average cost saving of 0.68 % per year can be achieved

through improving reliability of a slurry pump (see Figuré3).
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Figure 459: Cost saving for the oil sangdkirry pump: Scenario 1 vs reference sceriaftate 1
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Figure 460: Cost saving for the oil sands slurry pump: Scenario 2 vs reference scestatio 2
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Figure 461: Cost saving for the oil sands slurry pump: Scenario 3 vs reference scestato3
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Figure 462: Cost saving for the oil sands slurry pump: Scenario 4 vs reference scestatio 4

4.11 EnergyReliability (E-R) Model Methodology for Mining Equipment

In this thesis, a reliability block diagram (RBD) was designed to displayetiadbitity of
surface mining equipment processes, which is shown in Fig® As shown in the
RBD, two shovels in the system work in parallel. Each shovel works in a sesidie#b of

five trucks. In surface mining operations, haul trucks operatauiti-states, because the
industry usually uses several trucks in the mine in order to run the business if a truck fails.

The fleet of five trucks work in a series with a crusher, conveyor belt, and slurry pumps.
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Figure 463: Reliability block diagram (RBD) for surface mining equipment
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4.12 Energy Modeling Structure in LEAP

Il n this study, an energy model oVsasdsdevel oped
surface miningequipment with the aim of improving reliability. Considéas include

energy supply, demand, and transformation. An energy demand tree based on fuel

consumption for some oil sands mining operations is given in Figage fable 441

shows fuel consumption data for diesel and electricity.

Oil Sands Mining,

Surface Mining
Electricity Diesel
Pumping (Slurry Electric and Raw bitumen
Pump) and Non Hydraulic o "
Motive Trnasport Shovels Transport- Haul Trucks

Conveyer belt)

Crushing (Sizing
and Double Roller
Crusher)

Figure 464: Energydemand tree for oil sands surface mining of Alberta based on fuel consumption

Table 441 Fuel used by oil sands surface mining equipr(ii§)

Oil Sands Mining Equipment Fuel (Intensity)

Surface mining Raw bitumen transport (trucks) Diesel (1.9itter/ barre)
Digging (shovels) Electricity (7.2 kWh/barre)
Pumping Electricity (4.488 kWhbarre)
Crushing, sizing and mixing (crusher) Electricity (0.3 kWh/barre)
Slurry transportation (conveyer belt) Electricity (0.3 kWh/barre)
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4.13 EnergyReliability (E-R) Model Chart

Datacollection on:

1 Energyconsumption of selected equipment and parts,

1 Probability of failures, consequentigliability,

1 Equipment capital and operatingst

1 Reliability block diagram modédbr surface miningequipmenin Alberta

|

Development of base year dataLiBAP

l

Development of emissions factorsLiBAP for eachpiece of equipmenisingThe
Environmental Database (TED

|

Development of baseline scenarior oil sands surface mining equipmémLEAP

|

Reliabil ity as oiksansdsseriade miaifg equiprbébtoughah@ 4
Bayesia Belief Network method

]

System eliability estimaes based on the reliability block diagram

Energy abatement estimates in LEAP reflerenceandmining equipment reliability
improvemenscenarios

!

Costsaving estimatin LEAP forbaseline and mitigation scenagio

|

GHG mitigationestimatesn LEAP for baseline andeliability improvement
scenarios
Figure 465: E-R model structure chart
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Figure 466 shows the chart behind the enenggnsity scenario development, considering
critical subsystem surface mining equipment reliability. This methodology facilitated
model development in terms oflcalating equipment energy, cost, and GHG emissions

reduction.

4.13.1 Data Sources

Widely varying sources of data were used for this research. Data were taken from
government resources, utility statistics, published research, relevant company esbrts,
expert opinion. The data were processed to meet the input requirements of the LEAP
software to develop a base year dataset.
sector were assumed to be the same in all scenarios. However, obtaining date whas o

the major problems of this research.

4.13.2 Cost Analysis

All capital cost estimates are from mining equipment manufacturers in Alberta and are in
Canadian dollarperbarrelof oil production in year 2010r'he capital costs were validated

based omrevious reports, mining equipment catalogues, and open sources.
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4.14 EnergyReliability (E-R) Model Process

The process of R modeling is summarized in Figures4.

Identify mainparts of
mining equipmet

™y

Identify failure modes

Reduce the
failure rate

v

Yes

Canfailure rate
be reduced?

No

A

Calculate the probability
of failure using the
Bayesian Belief Network
method (BBN)

v

Calculate partial
reliability based on
failure rates

'

Is the failure rate
acceptable?

Yes
v

Equipment still works
under patrtial reliability

A 4

Calculate energy
consumption in LEAP for
each main equipment part

A 4

Stop running the
equipment

Calculate the risk
asso@ted with partial
reliability

A4

Calculate GHG
emissions

Figure 466: E-R model process
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The @ove flowchart provides a brief description of theRBmodel process for mining
operations. Energy consumption includes all diesel and electricity consumption by the
selected mining equipment. Electricity consumption was measured in Kilowatt hours/

barreland diesel consumption was measured in gigajoules/bbl.

4.15 ER Model Results for the Mining Equipment
The calculations from section 4.10.1.4 were used to find the extra energy and cost data for

mi ning equipment i n Al ber urstates fostherydaa201®. mi ni ng
The loss of capacity and its consequence rfoning equipmentfor each state was

calculated as shown in Table42 and the results are given in Table434to 450.

Table 442: Fraction of loss for mining equipment in surfadaing of Alberta

Haul Truck:

Hydraulic Shovel:

Failure loss for State 1=0

Failure loss for State 1=0

Failure loss for State 2=0.1 * 0.05=0.005

Failure loss for State 2= 0.1 * 0=0.01

Failure loss for State 3 =0.5*0.16=0.08

Failure loss for State 3 #0.36=0.18

Failure loss for State 4=1

Failure loss for State 4=1

Digging Equipment:

Crusher:

Failure loss for State 1=0

Failure loss for State 1=0

Failure loss for State 2=0.1 * 0=0.01

Failure loss for State 2=0.1 * 0=0.01

Failure loss for Stte 3 = 0.15

Failure loss for State 3 =0.5*0.28=0.14

Failure loss for State 4=1

Failure loss for State 4=1

Conveyor Belt:

Slurry Pump:

Failure loss for State 1=0

Loss of failure for State 1=0

Failure loss for State 2=0.1 * 0=0.01

Failure loss for Site 2=0.1 * 01=0.01

Failure loss for State 3 =0.5*0.31=0.16

Failure loss for State 3 =0.5*0.37=0.19

Failure loss for State 4=1

Failure loss for State 4=1

Non Motive transport:

Failure loss for State 1=0

Failure loss for State 2=0.1 * 0=0.01

Failure loss for State 3 =0.18

Failure loss for State 4=1
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Table 443: Fraction of loss of for States i=1 tée&tra cost mining motive transport

Nu State Relia| Loss | Capa| Fraction | Consegence of EL| Extra Cost (CANS$/ Total
m bilit of city | of loss of (CANS) barrel of ol Cost
be y capaci| (%) | capacity productior) (CANS/
r ty (%) (EL) barrel of
oil
producti
on)
Fully
1 : 1 0 100 0 0 0.6 0.88
operational
o | Bxpected | a0l 10 | 90 0.01 0.006 0.606 0.89
working
3 Partial | 63| 50 | 50 | 008 0.048 0.65 0.93
reliability
4 Failed 0 100 0 1 0.6 1.2 1.48
Table 444: ER model for mining motive transport based on States i=1 to 4
Number State Reliability Loss of | Capacity | Fraction of | Consequence of E L| Fuel demand
capacity (%) loss of (Energy Electricity- | (Dieset
(%) capacity (E kWh/barel) lit/barrel)
L)
Fully 1 0 100 0 0 3
operational
Expected
. 0.95 10 90 0.01 0.03 3.03
working
Partial 0.80 50 50 0.08 0.24 3.24
reliability
Failed 0 100 0 1 3 6
Table 445: Fraction of loss of for States i=1 tée4tra @st mining digging equipment
Nu State Relia| Loss | Capa| Fraction | Consequence of EL| Extra Cost (CAN$/ Total
m bilit of city | of loss of (CANS) barrel of oil Cost
be y capaci| (%) | capacity production (CANS/
r ty (%) (EL) barrel of
oil
producti
on)
Fully
1 . 1 0 100 0 0 5.6 5.88
operatimal
o | Bxpected | a0l 10 | 90 | o001 0.056 5.66 5.04
working
3 Partial | 63| 50 | 50 | 015 0.84 5.7 6
reliability
4 Failed 0 100 0 1 5.6 11.2 11.48
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Table 446: ER model for mining digging equipment based on States i=1 to 4

Number State Reliability | Loss of | Capacity | Fraction of | Consequence of E | Fuel demand
capacity (%) loss of (Energy (Dieset
(%) capacity (E Electricity- littbarrel)
L) kWh/barrel) Electricity
(Kwh/ barrel of
oil production
1 Fully 1 0 100 0 0 2
operational 8
Expected 0.02 2.02
2 working 0.95 10 90 0.01 0.08 8.08
Partial 0.3 2.3
3 reliability 0.80 50 50 0.15 1.2 9.2
. 2 4
4 Failed 0 100 0 1 8 16
Table 447: Fraction of loss of for States i=1 teE&tra cost mining crushing
Nu State Relia | Loss | Capa| Fraction Consequence of E L Extra Cost (CANS/ Total
mb bility of city of loss of (CANS) barrel of oil production Cost
er capai | (%) capacity (CANS/
ty (%) (EL) barrel of
oil
productio
n)
1 Fully 1 0o | 100 0 0 5.82 6.1
operational
2 Expected | g3 | 10 | 90 0.01 0.0582 5.88 6.2
working
3 Partial 063 | 50 | 50 0.14 0.81 6.63 6.9
reliability
4 Failed 0 100 0 1 5.82 11.64 11.9
Table 448: EER model for mining crushing equipment based on States i=1 to 4
Number State Reliability | Loss of | Capacity | Fraction of | Consequence of E || Fuel demand
capacity (%) loss of (Energy Electricity- | Electricity
(%) capacity (E kWh/barrel) (Kwh/ barrel)
L)
Fully 1 0 100 0 0 05
operational
Expected | g5 10 90 0.01 0.005 0.51
working
Partial 0.80 50 50 0.14 0.07 0.57
reliability
Failed 0 100 0 1 0.5 1
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Table 449: Fraction of loss of for States i=1 tée4tra cost non-motive transport

Nu States Relia| Loss | Capa| Fraction | Consequence of EL| Extra Cost (CANS$/ Total
m bilit of city | of loss of (CANS) barrel of oil Cost
be y capaci| (%) | capacity prodiction) (CANS/
r ty (%) (EL) barreba
rrel of
oil
producti
on
Fully
1 X 1 0 100 0 0 0.75 1.03
operational
o | Bxeected a0l 10 | 90 | o001 0.0075 0.76 1.04
working
3 Partial | 63| 50 | 50 | 0.3 0.255 1.01 1.29
reliability
4 Failed 0 100 0 1 0.75 1.50 1.78

Table 450: E-R model for nommotive transport based on states i=1 to 4

Number State Reliability | Loss of | Capacity | Fraction of | Consequence of E Ij Fuel demand
capacity (%) loss of (Energy Electricity- | Electricity
(%) capacity (E kWh/barrel) (Kwh/ barrel)
L)
1 Fully 1 0 100 0 0 417
operational
Expected
2 . 0.95 10 90 0.01 0.04 4.21
working
3 Partial 0.80 50 50 0.34 1.42 5.59
reliability
4 Failed 0 100 0 1 4.17 8.34

4.15.1 Results Energy Results of Surface Mining Equipment, Scenarios
lto4

The reference caseestario for reliability improvement for mining equipment in surface

mining of Alberta when operating under States 1 through 4 were simulated in LEAP (see

Table 451).

For State 1 (fully operational), LEAP estim
mining equipment to be 2,579.51 million Gigajoule and 573.71 million Gigajoule for

diesel and electricity, respectively, for the year 2050. By improving the reliability of

mining equipment, diesel and electricity will be decreasezi@63.35and486.82million

Gigajoule, respectively

For State 2 (expected working conditions), energy demand was estimated to be 2,583.98

million Gigajoule and 580.87 million Gigajoule for diesel and electricity, respectively, for
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the year 2050. By improving the reliability ofining equipment, energy demand will
decrease to 1,520.61 and 492.84 million Gigajoule for diesel and electricity, respectively.
For State 3 (partial reliability), energy demand as diesel was estimated to be 2,756.59
million Gigajoule and as electricity668.35 million Gigajoule for the year 2050. By
improving the reliability of mining equipment diesel and electricity will be decreased to
1,732.91 and 566.50 million Gigajoule, respectively.

For State 4 (complete failure), the energy demand as diesadstiasted to be 3,571.01
million Gigajoule and as electricity, 1,147.41 million Gigajoule for the year 2050. By
improving the reliability of mining equipment, energy demand as diesel and electricity
may decrease 1,011.72and973.97million Gigajoule, rspectively.

Table 451: Alberta mining equipment energy demand (million GigajeSka)e 1 to 4ear 2050

Scenario 1 2 3 4
Energy Electricity | Diesel | Electricity | Diesel | Electricity | Diesel | Electricity | Diesel
Reference 2,579.51 | 573.71 | 2,583.98 | 580.87 | 2,7%6.59 |668.35 | 3,571.01 | 1,147.41
Reliability 2,063.35 | 486.82 | 152061 |492.84 |1,732.91 |566.50 | 201172 |973.97
improvementc ¢
Total 4,642.86 | 1,060.52| 4,104.60 | 1,073.71| 4,489.49 | 1,234.85| 5,582.73 | 2,121.38

4.15.2 Energy Saving Results from the IR Model for Oil Sands Mining
Equipment Operating Under State 1

For Scenario 1 (State 1), energy demand f or
plotted in LEAP over 40 years for both the reference case and Scenario 1 and is shown in

Figure 468. Plotted energy demamder a specific period (from 2010 to 2050) indicates

that there will be on average 0.19% energy saving per year through improving the
reliability of fully operational mining equipment.

For Scenario 2 (State 2), there will be on average 0.36% energy sannally through

improving the reliability of mining equipment (see Figur69).

For Scenario 3 (State 3), there will be on average @h3hergy saving annually through

improving the reliability of mining equipment (see FigurgQ).
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For Scenario 4 (&te 4), there will be on average 0.37% energy saving annually through
improving the reliability of mining equipment (see Figurél.

Energy Demand for Alberta Mining Equipment-State 1
All Fuels
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Figure467:. Ener gy saving for Al ber t ai®@50: Saenmafiod vsaeference i ng equ
scenario State 1
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Figure 468: Energy saving for Al ber t ai®@50: Saenmafiod vsaefenence i ng equ
scenario State 2
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Energy Demand For Alberta Surface Mining Equipment-State 3
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Figure 469: Energy saving for Al ber t ai®@50: Saenafiod esaefenencei ng equ
scenario Stae 3
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4.15.3 Cost Saving Results from the-R Model for Oil Sands Mining
Equipment Operating Under States 1 to 4

Alberta oil sand mining equipment operational costs were plotted over 40 years-(2010
2050) for the reference case and Scenarios 1 to 4 (see Figidas 4752).

For Scenario 1, as the graph shows, on average%.87 annual costs can be reduced
through improving theeliability of mining equipment (see Figure/2).

For Scenario 2, there will be on average 0.07% of annual cost saving through improving
the reliability of mining equipment (see Figur& 3).

For Scenario 3, there will be an average cost saving of%0.88r year through improving

the reliability of mining equipment (see Figur&'4).

For Scenario 4, there will be an average cost saving of 0.35 % per year through improving

the reliability of mining equipment (see Figur&8).
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All Costs
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Figure 471: Costsaving or Al bertads surface mining eq-tapment :
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Figure474. Cost saving for Al bertab6s surface mStatei ng equi p
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4.15.4 GHG Emission Saving Results from the-R Model for Oil Sands
Mining Equip ment in Alberta Operating Under States 1 to 4

GHG emissions associated with fuel consumption for mining equipment were plotted in
LEAP for a 40year period (2012050) in States 1 to 4 and the results are shown in
Figures 476 to 479 and Tables-52 to 455.

Table 452 provides the data obtained from LEAP for both the reference and reliability
scenarios for the year 2050. When equipment reliability is improved, GHG emissions can
be reduced by an average of 1.05% annually (see Figigg 4

For Scenario2, there will be on average 0.68% reduction in GHG emissions through
improving the reliability of mining equipment (see Figuré4and Table 43).

For Scenario 3, there will be on average (®87eduction in GHG emissions through
improving the reliabiliy of mining equipment (see Figure/8 and Table %54).

For Scenario 4 (State 4), there will be on average 0.44% reduction in GHG emissions

through improving the reliability of mining equipment (see Figui®4nd Table 465).
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Table 452: GHG emissions for oil sands mining equipment, 22A80- State 2 thousand metritonnes

CG, equivalent)
Scenarios Nitrous Oxide Methane Carbon Dioxide| Total
Non Biogenic
Reference 15.28 3.45 5,961.54 5,980.28
Surface mining 10.61 2.40 4,139.34 4,152.35
Equipment
Reliability
Improvement
Total 25.90 5.85 10,100.88 10,132.62
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GHG Emissions Alberta Mining Equipment-State 2
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Table 453: GHG emissions for oil sands mining equipment, 22080- State 2 (million metric tonnes GO

equivalent)
Scenario Nitrous Oxide Methane Carbon dioxide Total
non biogenic
Reference 0.48 0.11 187.47 188.06
Surface mining 0.28 0.06 110.32 110.67
equipment
reliability
improvement
Total 0.76 0.17 297.79 298.72
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GHG Emissions Alberta Surface Mining Equipment-State 3
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Figure477:. GHG emi ssions saving for Al bertat6s -S8tateni
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Table 454: GHG emissions for oil sands mining equipment, 28080 - State 3 (million metric tonnes GO

equivalent)
Scenario Nitrous Oxide Methane Carbon dioxide Total
non biogenic
Reference 16.32 3.69 6,366.48 6,386.49
Surface mining 5.62 1.27 2,193.40 2,200.29
equipment
reliability
improvement
Total 21.95 4.96 8,559.88 8,586.78
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GHG Emission for Alberta Surface Mining Equipment-State 4
All Fuels, Effects
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Figure 4788 GHG emi ssions saving for Al bertads mining eqgl

Table 455: GHG emissions for oil sandging equipment, 2012050- State 4 (million metric tonnes GO

equivalengt

Scenario Nitrous Oxide Methane Carbon dioxide Total
non biogenic

Reference 21.05 4.75 8,211.18 8,236.99
Surface mining 8.55 1.93 3,333.97 3,344.44
equipment
reliability
improvement
Total 29.60 6.68 11,545.15 11,581.43

4.16 Validation of the ER Model

LEAPOGs p neqy carsumptibn fer the surface mining industry in Alberta was
compared with NRCandés and statistic Canada d
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Table 456: Validation of LEAP model results for the base year (2010)

Fuel LEAP (PJ) NRC (PJ)
Electricity 6.85 9.64

Die=l 29.07 30.94

Total 41.9 35.45

AsTable4d56 shows, LEAPOs electricity and diesel
NRCands and statistic Canada.

In addition, a Monte Carlo simulation can be used to assess the reliabilitik ahé&del

results. Thedata required for this simulation consist of mining equipment main component
failures. A Monte Carlo simulation randomly generates failure samples for each mining
equipment sultomponent based on the information in the RBD and the reliability function
distribution of mining equipment obtained from the failure data. The process is repeated

with new random numbers from the same input probability distribution functions to
calculate new reliability values. After many iterations, an accepted system relialilility

be obtained, wherein reliability assessments for the mining equipment illustrated in the

RBD (Figure 464) can be represented by a probability distribution function for the system.
4.17 Sensitivity Analysis

Sensitivity analyses were performed for hatukk engines and tires of as well as slurry

pumps to find the impacts of various technical parameters.

4.17.1 Sensitivity Analysis for the Haul Truck Engine

The engine is an important component of the haul truck. Diesel fuel is used to operate the

engne. Therefore, a sensitivity analysistbé effects on diesel consumption of changing
various parameters of the haul truckds engir
were selected: truck capacity, cycle time, and availability. Variations éD% were used

in the input parameters. The following assumptions were made:
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9 The truck was a CAT model 797 from Caterpillar Inc. with a capacity of 345
tonnes, a (diesel) fuel consumption of about 579 I/hr and a velocity of 45 km/hr;

1 Cycle time, defined as the required to load, unload, turn and dump, return (empty),
wait and delay, was estimated to be 9 minutes. In this thesis, cycle time for five
fleets was estimated to be 18.5 minytE36).

f Energy density in diesel were assumed to be 40.76 Gamd 36.2 MJ/L,
respectively(107).

Figure 480 illustrates the sensitivityanay si s resul ts for the haul t
diesel consumption. Diesel consumption moderately increase@eany with changes in

truck loads, truck cycle time and truck availability as relatadablesfor haul truck

engine This figure show that with a 10% decrease in truck load, and truck availability,

diesel consumptiomcreases by 7.6%, 4.9% and 5.2%, respectively.

In addition,truck cycle time drops by 4.9%

8.0
@=Truckload
Bl
75 Truck Cycle Times
7.0 Truck Availability

6.5 @)
B

55 N Q
5.0 ki A o
4.5

4.0
-40% -20% 0% 20% 40%

Diesel Consumption (MJ)
per GJ of Bitumen

Change in Variables for a Haul Truck Engine

Figure 479: Sensitivity analysis for a haul truck engine diesel consumpti

217



4.17.2 Sensitivity Analysis for Tires

To verify the effects of changing various parameters of haul truck tires on diesel
consumption, a sensitivity analysis was performed. Tire-t@aid/ing capacity, pressure

and temperature were the considerationthe sensitivity analysis. These parameters were

varied from-20% to +20% to find changes in energy consumption. Tire load capacity can

exceed 1a15% related to deviations in loading without any reduction in tire life. If a tire is
underinflated or thertick load increases tire pressure, then the tire load capacity increases.

If tires are underinflated, heat results are byt If tires are overinflated, the rubber tires

cuts and their traction increasé€ire pressure is another influential parametértire

pressure is low, the truck can still operate but requires more energy. The optimum pressure

in cold weather for bias ply/nylon tires is 4BBa and for radial tires is 586P&. If tire

inflation pressure increases above 40 PSI, fuel consumptioeases by 2%The

temperature of the mining operations also has effect on tires and on energy consumption.
Temperature varies with the location of the mine. Tires start to deteriore86°at, and

this deterioration leads to sidewall dam#&gé, 106)

Tire rolling resistance accounts for roughly one quarter toloriet d of t he tr uck o
fuel consumptior(108). Figure 481 demonstrates the sensitivity amaly s f or haul tr

tire.
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Total Diesel Consumption L/n¥ of
Bitumen

Figure480:Sensi tivity analysis for a haul truck
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4.17.3 Sensitivity Analysis for the Slurry Pump

Parameters used to conduct a sensitivity analysis for a slurp pump were motor efficiency,
pump efficiency, pump rotationspeed, and slurry pressure differential. Energy
consumption based on these variables were calculated based on the assumption that the
slurry pump has a 300 HP power motor and operates at 88% efficiency. Annual energy
consumption was calculated with Eqoati4-4.
Energy consumption (kwh) = (300 HP*0.745 kw*365day*24hr/day)/0.88  [4-4]
=2,224,840.909 kwh
Energy consumption=8009.42 GJ
Second, a slurry pump with 85% efficiency, a pressure differential of 20 bar, and a
capacity of 320 m3/h was assumed. Energgsumption for such a pump is calculated
with Equation 45:

Q*DP

Energy consumption= [4-5]
Meuwe * Myoror ™ 36

Energy consumption= 237.67 kw*365 day*24 hr/1 day=2081989.2 kiii®5.16 GJ
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Figure 481: Slurry pump electricity consumption sensitivityadysis
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Figure 482 shows that with a 10% increase in efficiency, energy consumption decreases
by 9.15%. With a 20% drop in slurry pump pressure, electricity consumption will increase
by 19%.

4.18 Uncertainty Analysis for Expert Opinion Data for the Fraction of

Loss

An uncertainly analysis is done by performing a variety of tests on the information

provided by the experts. There are several means of getting expert responses, such as
through structured or informal interviews, with the questions and ansesmunicated

in person, by email, or by telephone. In this research;ttatace and telephone interviews

were conducted on the reliability of equi pme
from three broad groups: professionals (reliability engineexs managers), supervisors
(maintenance coordinators), and trades people. The first two groups had four experts each

and the third had six experts. TableS#4 458, and 459 refer to experience and option on

fraction of loss of mining equipment. Inteews were informal and no personal or private

information was collected.

Table457: Group 16s experience and opinion on mining e
equipment is not available for use)
Expert Title Years of Experience infailure analysis in year| Fraction
experience | (especially mining equipment fraction { of loss
loss) (%)
1 Reliability engineer 5 3 10
2 Maintenance engineel 10 5 10
3 Reliability manager 20 15 10.5
4 Reliability engineer 7 5 9.9
Table458: Gr oup eaddsopion pneminingegquipment fraction of loss (time during which
equipment is not available for use)
Expert Title Years of| Experience in failure analysis in yeg Fraction
experience (especially mining equipment fraction | of loss
loss) (%)
1 Senia reliability 17 10 9.8
specialist
Failure analysis 4 2 11.2
Reliability manager | 7 4 10
4 Reliability analyst 6 1 10.1
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Table459: Group 30s experience and opinion on
equipment is not availabfer use)

Expert | Title Experience| Experience in failure analysis i Fraction of
years (especially mining loss (%)
equipment fraction of loss)

1 Manager integration 27 9 10

Maintenance and reliability
2 Reliability engineer 30 7 10.1
Reliability manager 8 2 10.2
4 Team leader, R&D reliability &| 10 6 11
performance improvement
Reliability engineering lead 15 5 9.5
6 Senior mechanical engineer | 11 5 10.2

As both group 1 and 2 have the similar numbers of experts (refer to Tetbesnd 467).,

mi ni ng

therdore to be able to compare their decisions regarding fraction of loss of mining

equipment, the least significant range IReeds to calculate from Equatiort4

Rp=rp 3

& is the variety in samples (expert opinion qoantitative data) and, ris the least

student.i obt ai n ¢a).

SZ

2

zed

range,

whi

ch is

[4-6]

To compare the expertiecisions regarding fraction of loss of mining equipment in group

3 to group 1 and 2, the least significant rangg) @&lculates from Equation4

Rp=rp ® s

P calculates from Equation8(109) :

p=j-i+1

[4-7]

[4-8]

The degree of freedom (f) from the sample is calculated from Equa8dhQ@D)
f=k . (n-1)
Where k is the number of groups and n is the number of experts in each group.

[4-9]

Table 460 presents the mean value and variance of the data for each group.-6able 4

displays the least studentized range valye) éccording to F and P from Milton and

Ar nol

dos graph.
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Table 46 O : Mean value and variance of weach
Group Number of data Mean Variance

1 4 10.10 0.073

2 4 10.28 0.396

3 6 10.17 0.235

Table 461: Least studentized range value fromtbtiland Arnold (1)

F 15 15 9 9
P 2 3 2 3
M 3.014 3.16 3.2504 3.3842
The value for the desired significant leltl was chosen as 0.Tabke

4-62 shows the difference between mean values of each group to comparg avifRpR

Table462: The |l east significant range

m; & m, compared m; & mz compare m, & ms compaed
p 2 2 3 3 2 2
f 9 9 9 15 9 15
M 3.2504 3.2504 3.3842 3.16 3.2504 3.014
n 4
Sin 2*10°
square root of#n 0.0014 0.0014 0.0063 0.0063 0.0048 0.0048
R 0.0044 0.0044 0.0213 0.0199 0.0157 0.0146
My 0.0035 -0.0024 -0.0024
Comparson of m& R’y | 0.0035<0.0044

Because min each group was smaller than, Rthe difference between the two mean

groucfg

fin

comparing

values was considered to be insignificant. Therefore, the mean value of the data, which

was 10%, can be used as the fraction of lasge(turing which equipment is not available

for use) for haul trucks, shovels, crushers, conveyor belts, and slurry pumps.
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Chapter 5: Conclusions, Engineering Sigricance, and
Recommendations for Future Work

5.1 Conclusions

Al bertads surface mining sorsumng industriiesanne o f
Canada. Energy is consumed primarily by mining equipment through bitumen extraction
processes. AccordingtolAber t a Ener gy, there are 166 bill
reserves . Oil sands mining equipment has a significant impact on economic assets.
Sustainabl e devel opment in Al bertaods oi |l S &
improving the reliability of mining equipment, which will reduce costs and energy
consumption. Energy consumption and equipment reliability have significant risk
associated with some main subsystems. When mining equipment reliability is evaluated
and improved, costs associated withintenance and energy consumption can be reduced,
which also influences GHG emissions.

In this research, some oil sands mining equipment was selected and failure modes for some
main subsystems were defined and studied. The Bayesian belief network BBN)ed

to determine failure probability and reliability values for selected mining equipment
subsystems through their failure modes. Those major subsystems that influence energy
consumption were analyzed using the Loagge Energy Alternative Planningystems

(LEAP) software. A discrete Markov mufitate model was used to link equipment
reliability and energy efficiency.

The key objectives of this research were to develop a demand tree, analyze and assess the
reliability modeling of oil sands mining agpment, and make a link between energy
consumption and reliability. These objectives will lead to substantial reductions in cost and
long-term energy consumption in the oil sands mining sector in Alberta. It is important to
determine which mechanical parthave a direct impact on reliability and energy
consumption, especially when equipment can continue to work under partial reliability.
Therefore, critical subsystems of oil sands mining equipment, that is haul trucks, hydraulic
and electric shovels, crusts, conveyor belts, and slurry pumps, were identified and
analyzed based on reliability, final energy consumption, and cost. The integrated energy

reliability model (ER model) developed for oil sands mining equipment provides a
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detailed reliabilityenery analysis. This model helps us understand the relationship
between energy and reliability, and clarifies the amount of energy consumption and energy
saving possibilities through improving the reliability of equipment.

In order to deal with uncertainty atatk of accessible data, the BBN was used to calculate
the failure rate for the selected main subsystems. In addisiture rate was used to find

the partial reliability Partial reliabilities were calculated for these main parts based on a
Markov degaded multistate model (three state$hese there states are defined as:

State 1: the system operates under expected reliability (as defined by manufacturer). State
2: the systemoperates under low or limited reliability; this is also known as partial
reliability. State 3: the system fails.

LEAP software was used to calculate final energy consumption by each main subsystem
for the study period 2010 to 2050. Results from this study will elucidate energy saving
possibilities in surface mining operations agmkergy saving influence on cost reduction

and profitability for the mining industry.

The ER model simulates cost and energy in every state of the mining equipment
considered and evaluates the energy, cost, and GHG emissions savings by comparing the
refeence and Ai mproving reliabilityo scenari os
multi-state modelwhich works under four state§hese four states are defined as:

State 1: the mining equipment is fully operational; in other words, its reliabilityuial ¢o

1 (it does not encounter any failure; this is the ideal state)

State 2: the mining equipment works under expected reliability. Every piece of equipment
has its own reliability value based on its probability density function and its local situation;
this is known as expected reliability. The manufacturer defines expected reliability.

State 3: the mining equipment works under partial reliability. If some parts of equipment
are damaged but the equipment still can operate, perhaps under lower selidtsliis

known as partial reliability.

State 4: the mining equipment fails.

Afterward, partial failure probability and partial reliability were calculated through the
reliability function and used in the-E model. LEAP software calculated energy

consunpt i on by e ac h-comgpnrentpnienmatedconnestions with partial
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reliability and energy consumptioRailure probability, reliability, and probability density

function summaries for each piece of equipment selected are given in T-dbéesl%B2.

Through LEAP, energy, cost, and GHG emission savings were determined-R he#&el

results for the selected mining equipméartboth the reference scenario (that is, the base

case for the year 2010) an dredsummaredinigblesovi ng r
5-3, 54, and 55. The evaluation was done by implementing alrededyeloped reliability

studies and strategie¥he success of this model depends on how well the interactions

between energy and reliability are defined.
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5-1: Summary of actiities performed in the simulation

Equipment | Main Subsystem Probability of Failure | Reliability Failure Rate
Cab/control 0.01 0.99 0.01
Fuel system 0.1 0.9 0.11
Engine 0.01 0.99 0.01
Transmission 0.1 0.9 0.11
Brakes 0.12 0.88 0.14
Mining | Suspension 0.08 0.92 0.09
Haul Tires 0.17 0.83 0.20
Trucks | Dispatch system 0.15 0.85 0.18
Pneumatics/
Hydraulics 01 0.9 011
Structure 0.04 0.96 0.04
Final drives (wheel
cets) 0.05 0.95 0.05
Hydraulic pumps 0.05 0.95 0.01
Shutdown valves 0.01 0.99 0.05
Filter assembly 0.14 0.86 0.06
ZAKO rings 0.07 0.93 0.01
Mining O-rings 0.07 0.93 0.10
Shovels Boom and stick 0.01 0.99 0.28
Hydraulic : :
Slew ring bolts 0.22 0.78 0.08
Shovel cab/control 0.01 0.99 0.01
Engine 0.09 0.91 0.16
Brakes 0.06 0.94 0.08
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5-2: Summary of activities performed in the simulation (cont)

Main
Equipment ! Probability of Failure | Reliability Failure Rate
Subsystem
Hoist Ropes 0.02 0.98 0.27
o Buckets 0.06 0.94 10.11
Mining i i
Teeth 0.91 0.09 0.01
Shovels i i i
] Eledric
Electric ) 0.21 0.79 0.06
drive motor ' '
Crawler 0.01 0.99 0.02
Structure 0.05 0.95 0.05
Screen mes| 0.07 0.93 0.08
Teeth 0.9 0.1 9.00
Rolls 0.14
Oil Sands _ 0.12 0.88
Mini Drive 0.20
ining .
system 0.17 0.83
Crushers
Apron
0.04 0.96 0.04
feeder
Control
0.1 0.9 0.11
sysem
Drive motor 0.01 0.99 0.01
Power roller 0.03 0.97 0.03
Head and
Oil Sands ) 0.01 0.99 0.01
o tail pulley ’ '
Mining Idl 0.06
er .
Conveyor Belt 0.06 0.94
Belt 0.85 0.15 5.67
Pulley
0.05 0.95 0.05
cleaner
Surfa@ 0.10 0.9 0.11
Oil Sands Motors 0.17 0.83 0.20
Mining Slurry | Impellers 0.07 0.93 0.08
Pump Structure 0.05 0.95 0.05
Casings 0.90 0.1 9.00
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5-3: Summary of ER model results in the simulation

Equipm | Scenarios | Stat | Energy Addition Cost needs (CANs/bbl Additi Energ | Cost GHG
ent es (Dieselt on y Savin | Emissi
Electrici Energ | Savin | g on
ty) y g (Yearl | saving
needs | (Yearl | y)% (Yearl
(liVbbl | y) % y) %
or
Kwh/b
bl
Reference Diesel Fuel | Engi | Transmiss| Suspensi| Tir
(million Syste | ne ion on es
GJ) m 0 0.45 0.69 0.33
0.04 0.0
1 1,605.46 0.045 0.02 0.01
2 4
0.04 0.0 0.94
2 1,605.54 0.045 ) 0.02 0.01 4 0.15 0.57 0.61
0.04 0.0 0.53
Mining 3 1,607.20 | 0.05 8 0.021 0.011 4 0.3 0.45 0.6
Haul
Trucks 0.08 0.0 0.78
4 1,622.90 | 0.09 4 0.04 0.02 8 3 0.16 0.52
Reliabilit 1 1,236.79
y
Improvem 2 690.80
ent
3 756.92
4 360.12
Reference Diesel 0.15
million 0 0
1 GJ 0.12 0.94
974.06
2 978.44 0.0004 0.009 | 015 | o073 |0.16
Oil 3 1607.20 0.015 0.36 0.11 071 | 015
Sands
. 0.08 2 0.16
Hydrauli 4 1,984.12 0.15 0.67
¢ Shovel | Reliabilit 1 826.56
y
improvem 2 829.88
ent 3 756.92
4 1,651.92
Reference Electricit
y million 0 0
1 GJ 0.11 0.78
372.08
Electricit 0.00415 0.08
2 y375.80 0.151 0.77
Electricit 0.006 1.24
3 y 42976 0.152 | 0.76
Qil Electricit
Sands 4 y 0.0415 18 0.11 0.73
Electric 13,746.94
Shovel | Reliabilit 1 Electricit
y y315.74
improvem 2 Electricit
ent y31879
3 Electricit
y 364.22
Electricit
4 y
12,294.15
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5-4: Summary of ER model results ine simulation (cont)

Equipment | Scenarios States | Energy Addition Cost Addition Energy | Energy Cost GHG
(Dieset needs needs (lit/bbl or Saving Saving Emission
Electricity) | (CAN$/bbl Kwh/bbl (Yearly) | (Yearly) | saving
% % (Yearly)
%
Electricity Apron | Drive Apron | Drive 0.148 0.77
(million GJ) | Feeder| System | Feeder | System
1 11.63 0 0 0 0
Referene
2 11.67 0.001 0.002 0.001 0.001 0.15 0.77
o 3 421.97 0.054 0.034 0.045 0.025 0.11 0.73
Mining
Crusher
4 23.26 0.289 0.345 0.25 0.250 0.16 0.52
Reliability 1 9.87
improvement
2 9.91
3 307.23
4 19.73
Electricity Motor | Power | Motor | Power
(thousand Roller Roller
GJ)
0.47 0.046 0
1 3,953.38 0
Reference 0.471 | 0.047 | 0.0001
2 3,953.38 0
Conveyor 3 4,185.93
Belt
0.94 0.092 0.1
4 7,906.76 0.07
1 3,339.30
Reliability 2 3.339.30
improvement :
3 3,552.94
4 6,669.89
Electricity
(million GJ)
1 186.04 0.054 0 0.15 0.76
Ref
eterence /> 18920 0.055 0.068 0.15 0.75
0.064 0.76 0.15 0.74
Oil Sands 3 22139
Slurry 4 372.08 0.11 4 0.15 0.68
Pump
1 157.87
Reliability 2 160.58
improvement 3 18775
4 315.74
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5-5: Summary of ER model results in thersulation (cont2)

Scenario 1 2 3 4
Energy Electricity Diesel Electricity Diesel Electricity Diesel Electricity Diesel
(Million GJ)
Reference 2,579.51 573.71 2,583.98 580.87 2,756.59 668.35 3,571.01 1,147.41
Reliability 2,063.35 486.82 1,520.61 492.84 1,732.91 566.50 2,011.72 973.97
improvementc ¢
Energy Saving 0.19 0.36 0.33 0.37
(%)
Cost Saving (%) | 0.77 0.07 0.33 0.35
GHG Saving (%) | 1.05 0.68 0.37 0.44

5.2 Engineering Significance

In this research, mining equipment reliability was investigatet thie aim of improving
procedures/protocols for equipment inspection through determining the importance of the
equi pment 6s subsystems. This section discuss
equipment reliability and monitoring a system. Thd&kEnodel provides an integrated
approach to analyse functioning reliability scenarios by predicting the amount of energy
and cost used in mining equipment operating under partial reliability conditions. This
model is flexible and can be easily modified todlle various scenarios. With accurate
reliability probability functions for mining equipment, bottlenecks and design
improvements can be identified. TheREmodel can be used in various mining industries,
andit can be improved and further developed toreatomplex reaWorld challenges in

the field of reliability and to help identify means by which to reduce GHG emissions,
energy consumption, and cost. The followingprovements and recommendations for the

E-R model can be considered in future studies:

231



Maintenance Schedule

1 Early detection of component failure that is operating under minor failure
conditions is important, before other parts are affected and damaged. These
damages may lead to equipment failure, which may impose the higher operational
cog and excessive GHG emissions. Data from maintenance/repair of equipment
and inspections need to be recorded and reported for ongoing reliability analysis.

Operational Cost Estimate

1 Many factors influence operational cost when equipment operates untiet pa
reliability. Although operating under partial reliability postpones repair costs, it
may increase operational cost due to higher energy demand. Factors such as
equipment type, system sgb, mining site location and condition, monitoring
systems, andabour and fuel cost need to be taken into account when estimating
operational cost. If operational cost under partial reliability is estimated to be less
than the repair cost, then it can be beneficial to userkodel to determine the
risk.

Preventing Unpredictable Failure

1 To prevent unpredictable failure, it is important to keep a recortheotime at
which the equipment fails

91 It is necessary to keep the historical failure data and develop preventive and
corrective action plans based on the histriailure data. These data are valuable

for future reliability studies and improving maintenance and repair schedules.

5.3 Future Research

For this research, an energy and partial reliability model for oil sands surface mining
equipment was developed. r8e assumptions were made and can be used in future
investigations. Some of the opportunities for future work are presented below.

1 To calculate the probability of failure based on BBN, the reliability function for each
subsubsystem was not considered insthesearch; however, in the real world, all
possible reliability function events influence the process. Therefore, to determine actual
reliability, more reliability functions for each positive and negative event need to be

considered.
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The ER model was gnerated for oil sands surface mining in Alberta, Canada.
However, this model can be developed and used for other industries such as in situ
mining and the chemical and pulp and paper sectors.

In this researclE-R modelwas assumed steady state, howevaran be considered

under non steady state condition as wigliis can be consider as a new avenue in future
work.

In this research, energy consumption amount for each subsystem was estimated as a
fraction of equipment process. More investigations areimadjuo find the precise
amount of energy consumption by each main subsystem.

One of the main challenges in this research was the lack of sufficient data and
information on failure rates and cost for each component of equipment. Therefore, it
was not possie to use actual cost data in the risk analysis model for components.
However, by calculating reliability based on failure rates by running a Monte Carlo
simulation through Matlalwith improved estimates of system parametéhe ER
model 6s oba validatede s c an

The ER model for oil sands mining equipment can be improved through optimization
techniques, which allow us to minimize the cost of systems based on limitations and
constraints. Such techniques can improve the modeling processes by con@ecti
macroeconomic model with a complete energy supply model, thereby allowing
assessments of energy performance standards, demand side management, and

renewable/clean technology combinations.
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