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MDEC Diesel Workshop 

 
Diesel Workshop (Tier 4 Engine and Maintenance)   

 
Hilton Toronto Airport Hilton & Suites 

Ontario, Canada 
 

Tuesday, October 3, 2017 
 

07:30 – 08:30  Breakfast and registration 
 
08:30 – 12:00 Welcome – David Young and J.P. Ouellette, Co-chairs MDEC  
 

Operation & TCO (Total Cost of Ownership) Comparison Tier 3 to Tier 4 
diesel engines, Evelynn Stirling (Cummins)     (Page 1-16) 
 

 Tier 4 Final Equipment - Use & Maintenance - George Lin (Caterpillar) 
        (Page 17-28) 

 
 Tier 4 Tier 4 Final – SCR Systems, JP Ouellette (Kubota) (Page 29-61) 
 
    Diesel Emission Reduction – A Program Incorporating the Plan–Do–

Check– Adjust (PDCA) Cycle, Kevin Hedges (OHCOW Inc)(Page 62-84) 
   
 Tier 4 and Advanced Mining Engine Technologies – Finding Success and 

Avoiding Failures, Sean McGinn (MKNIZD Factors Inc) 
(Page 85- 96) 

12:00 – 13:00  Lunch 
 
13:00 – 16:00 Challenges in and Solutions to Measurement of DPM at Low 

Concentrations, Erkki Lamminen (Dekati Ltd)  (Page 97-115) 
 
 On-board Monitoring of Diesel Equipment - Streamlining Maintenance in 

Mining, Paul Sheremeto and Brian Fleury (Pattern Discovery technologies 
and Wireless Systems Network)              (Page 116-127) 
 
Underground Mining, Blaine Vatcher (Atlas Copco)            (Page 128-134) 
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Randy Abell     Bus: 406-328-8618 
Stillwater Mining Co.   Email: rabell@stillwatermining.com 
2562 Nye Road 
Nye, Montana 59061 USA 
 
Robert Anderson    Bus: 518-391-2661 
TSI      Email: Robert.anderson@tsi.com 
500 Cardigan Road 
Shoreview, MN 55126 USA 
 
Brett Andrews     Bus: 705-499-7208  
Cummins Sales and Services  Email: brett.andrews@cummins.com 
7175 Pacific Circle    
Mississauga, Ontario L5T 2A5 
 
Melissa Brown    Bus: 905-855-7600 ext. 5075 
Hatch      Email: melisa.brown@hatch.com 
2800 Speakman Drive 
Mississauga, Ontario L5K 2R7 
 
Aleksandar Bugarski    Bus: 412-386-5912 
NIOSH/PMRD    Fax: 412-386-4917  
626 Cochrans Mill Road   Email: abugarski@cdc.gov 
Pittsburgh, PA 15236 USA 
 
Hannah Demers    Bus: 807-238-1100 ext. 4673 
Barrick Gold – Hemlo   Email: hdemers@barrick.com 
PO Bag 500 
Marathon, Ontario P0T 2E0 
 
Bob Deprez     Bus: 585-728-8012 
Airflow Catalyst Systems   Email: rdeprez@airflowcatalyst.com 
2640 State Route 21 
Wayland, New York 14572 USA 
 
Ron Duguay     Bus: 705-929-6978 
Toromont CAT    Email: RDuguay@toromont.com 
25 Mumford Road 
 
Sudbury, Ontario P3Y 1K9 
Brian Fleury     Email: bfleury@wsninc.ca 
 
Sylvain Godbout    Bus: 250-961-2433 
Cummins Inc.    Email: sylvain.godbout@cummins.com 
8012 Stillwater Crescent 
Prince George, BC V2N 0C2 
 



Alex Harrington    Bus: 330-819-0730 
Cummins Inc.    Email: JM413@Cummins.com 
500 Jackson Street 
Columbus, Indiana 47201 
 
Kevin Hedges    Bus: 705-523-2330 
OHCOW     Fax: 705-523-2606 
84 Cedar Street    Email: spatterson@ohcow.on.ca 
Sudbury, Ontario P3E 1A5 
 
Jeff Heyman     Bus: 902-956-0372 
K + S Windsor Salt Ltd.   Email: jheyman@windsorsalt.com 
106 Shea’s Island Road 
Pugwash, Nova Scotia B0K 1L0 
 
Tim Hinds     Bus: 705-693-2761 ext. 4080 
Glencore      Email: tim.hinds@glencore-ca.com 
3259 Skead Road, Regional Rd. 86 
Sudbury, Ontario P0M 2Y0 
 
Brian Hooten     Bus: 307-872-2477 
Tronox Alkali     Email: brian.hooten@tronox.com 
P.O. Box 872 
Green River, Wyoming 82935 USA 
 
Harsim Kalsi     Bus: 705-665-6761  
Ministry of Labour    Email: harsim.kalsi@ontario.ca 
159 Cedar St., Suite 301    
Sudbury, Ontario   P3E 6A5 
 
Seppo Karhu     Bus: +35-84-0077-5939 
Sandvik Mining and Construction  Email: seppo.karhu@sandvik.com 
Vahdontie 19, P.O. Box 434 
Turku, Finland 20101 
 
Jake Korytkowski    Bus: 248-766-8242 
MTU America Inc.    Email: Jacob.Korytkowski@mtu-online.com 
39525 MacKenzie Drive 
Novi, Michigan 48377 USA 
 
Erkki Lamminen    Bus: +358-3357-8100 
Dekati Ltd.     Email : erkki.lamminen@dekati.fi 
Tykkitie 1 
FI-36240 Kangasala, Finland 
 
Alain Landry     Bus: 705-693-2761 x 3693 
Glencore –Sudbury     Email: alain.landry@glencore-ca.com 
6 Edison Rd.            
Falconbridge, Ontario   P0M 1S0 
 
 
 



Jason Leclair     Bus: 807-238-1100 
Barrick Gold Hemlo Mine   Email: jleclair@barrick.com 
P.O. Bag 500 
Marathon, Ontario P0T 2E0 
 
Patrick Lessard    Bus: 705-235-6322/705-465-2192 
Porcupine Gold Mines   Email: Pat.lessard@goldcorp.com 
3175 Hallnor Rd. 
Timmins, Ontario P0N 1C0 
 
Michelle Levesque    Bus: 705-677-7812 
NRCan/CanmetMINING   Fax: 705-670-6556 
1079 Kelly Lake Road   Email: michelle.levesque@canada.ca 
Sudbury, Ontario P3E 5P5 
 
Steve Levesque    Bus: 705-235-6401/705-465-2162 
Porcupine Gold Mines   Email: steve.levesque@goldcorp.com 
159 Acres 
Timmins, Ontario P4R 8T2 
 
John Maas     Bus: 217-521-7304 
Caterpillar     Fax: 217-521-7304 
775 S Whitetail Circle   Email: maas_john_j@cat.com 
Mount Zion, IL 62549 USA 
 
Rachel Major     Bus: 306-257-2104 
Potash Corp – Allan    Email: john.mcleod@potashcorp.com 
122 – 1st Avenue South, Suite 500 
Saskatoon, SK S7K 7G3 
 
Bill Maki     Bus: 705-507-5478 
Komatsu Mining Corporation  Email: bill.maki@joyglobal.com 
145 Magill Street 
Lively, Ontario P3Y 1K6 
 
Sean McGinn    Bus: (613) 808-3031 
MKNIZD Factors Inc.   Email: mknizd@gmail.com 
340 Parkdale Ave., Suite 134 
Ottawa, Ontario K1Y 1P2 
 
John McLeod    Bus: 306-257-2104 
Potash Corp. – Allan   Email: john.mcleod@potashcorp.com 
Box 301 
Allan, Saskatchewan S0K 0C0 
 
JP Ouellette     Bus: 905-294-7477 
Kubota Industrial Engines   Email: johnpaul.ouelette@kubota.com 
348 Bronte Street S, Unit 20 
Milton, Ontario L9T 5B6 
 
 
 



Dale Rakochy    Bus: 705-677-7221 
Sandvik     Fax: 705-677-7221 
100 Magill Street    Email: dale.rakochy@sandvik.com 
Lively, Ontario P3Y 1K7 
 
Malcolm Rogers    Bus: 807-238-1100 ext. 4607 
Barrick Gold     Email: malcolmrogers@barrick.com 
Highway 17 Hemlo 
Marathon, Ontario P0T 2E0 
 
Jan Romo     Bus: 705-673-3661 
Unifor/Mine Mill Local 598   Fax: 705-673-1183 
2550 Richard Lake Drive   Email: natalie.williamson@minemill598.com 
Sudbury, Ontario P3G 0A3 
 
Brent Rubeli     Bus: 613-996-6285 
NRCan/CanmetMINING   Fax: 613-996-2597  
1 Haanel Dr., Bldg. #9   Email: brent.rubeli@canada.ca 
Nepean, Ontario K1A 1M1 
 
Robert Scapinello    Bus: 807-238-1100 ext. 4266 
Barrick Hemlo    Email: rscapinello@barrick.com 
12 Warbler Drive 
Manitouwadge, Ontario P0T 2C0 
 
Jacques Schiltknecht    Bus: +004141420 55 05 
ETH Conference on Combustion  Email: j.schiltknecht@outlook.com 
General Nanoparticles Ass. 
Dreilindenstrasse 52 
Luzern, CH6006 Switzerland 
 
Paul Sheremeto    Bus: (519) 888-1001 x 249 
Pattern Discovery Technologies Inc. Fax: (519) 884-8600 
554 Parkside Drive    Email: paul.sheremeto@patterndiscovery.com 
Waterloo, Ontario N2L 5Z4 
 
Rick Shulist     Bus: 519-318-1429 
Ministry of Labour    Email: rick.shulist@ontario.ca 
217 York Street, 5thFloor    
London, Ontario N6A 5P9 
 
Paul Sparenberg    Bus: 248-560-8184 
MTU America, Inc.    Email: paul.sparenberg@mtu-online.com 
39525 MacKenzie Drive 
Novi, MI 48377 USA 
 
Jozef Stachulak    Bus: 705-562-7272 
MIRARCO     Fax: 705-675-48386 
935 Ramsey Lake Road   Email: jstachulak@mirarco.org 
Sudbury, Ontario P3E 2C6 
 
 



Glenn Staskus    Bus: 705-564-4165 
Ontario Ministry of Labour    Fax: 705-564-7435 
159 Cedar Street, 3rd Floor,   Email: glenn.staskus@ontario.ca 
Suite 301      
Sudbury, Ontario    P3E 6A5 
 
Evelynn Stirling     Bus: 812-344-6166 
Cummins Inc.    Email: LL181@cummins.com 
500 Jackson Street      
Columbus, Indiana 47201 USA 
 
Ron Stone     Bus: 617-834-0120 
Clariant Corp.    Fax: 617-834-0120 
11 Proctor Hill road    Email: ron.stone@clariant.com 
Brookline, NH 03033 USA 
 
Kevin Sullivan    Bus: 1-800-695-3637 
Enerac     Email: kevin@enerac.com 
1320 Lincoln Avenue 
Holbrook, NY 11742 USA 
 
Robert Szolak    Bus: +49 1742392954 
Fraunhofer ISE    Email: robert.szolak@ise.fraunhofer.de 
Heidenhoftstrasse 2 
Freiburg, Germany 79110 
 
Karsten Taudte    Bus: +49 6152 174187 
Cummins Inc.    Email: karsten.taudte@cummins.com 
Peter-Traiser-Strasse 1 
Gross Gerau GERMANY 64521 
 
Troy Terrillion    Bus: 775-778-2149 
Newmont USA Limited   Email: Troy.Terrillion@newmont.com 
1655 Mountain City Highway 
Elko, NV 89801 USA 
 
Nicole Webb     Bus: 306-933-8679 
Potash Corp. – Saskatchewan  Email: nicole.webb@potash.com 
Suite 500, 122-1st Avenue South 
Saskatoon, Saskatchewan S7K 7G3 
 
Bob Wilford     Bus: 416-201-7520 
Wajax      Fax: 416-259-2863 
10 Diesel Drive    Email: bwilford@wajax.com 
Toronto, Ontario M8W 2T8 
 
Alexander Willows    Bus: (647) 208-6560 
Sandvik Mining    Email: alex.willows@sandvik.com 
2550 Meadowvale Blvd. 
Mississauga, Ontario L5N 8C2 
 
 



David A. Young    Bus: 613-943-9265 
NRCan/CanmetMINING   Fax: 613-996-2597 
1 Haanel Dr., Bldg. #9   Email: david-a.young@canada.ca 
Nepean, Ontario   K1A 1M1 
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Operation & TCO 
Comparison T3 to T4

July 2017

Cummins

Presentation Outline & Agenda

 Recap of recent and coming emission related product changes
-Industry technical overview & CMI specific

 Generic TCO example for B6.7 sized engine
-Fluid economy
-General maintenance highlights
-Detailed financial breakdown for TCO comparison 
-Downsizing experience and potential moving forward

 Operator training considerations with newer products

2
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Off-Highway Emissions Timeline

75(100*)-174HP Nox 175-750HP Nox 75(100*)-174HP PM 175-750HP PM

Significant Reduction in Emissions Over Time

PM Total
96% ↓

Tier 1

Tier 2

Tier 3

Tier 4F

Stage V

NOx Total

96%
↓

0.0
2

0.2

0.015*

On
Highway

NOx 
(g/kWhr)

PM 
(g/kWhr)

EPA 17 0.2 0.01

EuroVI 0.4 0.01*

* Includes Particle Count of 10^12 and 6^11 for off vs on highway ETC respectively 

0.5
4

9.2

6.4

4.0

2.0

Tier 4I

0.4

Technology Levers Available

-Exhaust Gas Recirculation (EGR)

-Selective Catalytic Reduction (SCR)

-Diesel Oxidation Catalyst (DOC)

Technology Levers Available

-Exhaust Gas Recirculation (EGR)

-Selective Catalytic Reduction (SCR)

-Diesel Oxidation Catalyst (DOC)

Technology Levers Available.

-Diesel Particulate Filter (DPF)

-Fuel Injection Pressure

Technology Levers Available.

-Diesel Particulate Filter (DPF)

-Fuel Injection Pressure

3

4

Technology Introduction - Recent Tiers 

Tier 3 (Stage 3A) Emissions

2006 2011 2014 2019 2022+

Tier 4i (Stage 3B) Emissions

Tier 4F (Stage IV) Emissions

TPEM Effect

Stage V Emissions (2019/20 CMI Products)

TBD Emissions Standards

-NA Tier5 potential remains gray.

-Likely to see an increase in the 
availability of new technologies 
such as hybrid, start/stop, 
electrification, etc.
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Emission Changes – Real Implications

5

CMI Recent Industrial Architectures

6

Platform T4F / Stage IV 2019/2020 Products

F3.8 LP (74hp) EGR+WGT+ETV
w/ DOC

EGR+WGT+ETV
w/ DOC+DPF

F3.8 HP EGR+WGT+ETV
w/ SCR or DOC+SCR

noEGR+WGT+ETV
w/ DOC+DPF+SCR

B4.5 LP&HP EGR+VGT
w/ DOC+SCR

noEGR+WGT+ETV
w/ DOC+DPF+SCR

B6.7 EGR+VGT
w/ DOC+SCR

noEGR+VGT+IAT
w/ DOC+DPF+SCR

L9 EGR+VGT
w/ DOC+SCR

noEGR+WGT+ETV
w/ DOC+DPF+SCR

X12 noEGR+WGT+ETV
w/ DOC+DPF+SCR

X15 EGR+VGT
w/ DOC+DPF+SCR
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7

Major Maintenance Interval Comparison

8

Maintenance QSB6.7 T3 QSB6.7 T4F 2019 B6.7

Oil & Filter Change 500 hours 500 hours 1000 hour options

Fuel Filter Change 500 hours 500 hours 1000 hours

Crankcase Filter Change Service Free 2000 hours Service Free

Overhead Adjust 5000 hours 5000 hours 5000 hours

Drive Belt Check 250 hours 1000 hours 2000 hours

DEF Dosing Pump Filter N/A 4500 hours 4500 hours

DPF Ash Cleaning N/A N/A Variable (5K+)*

*Duty cycle dependent, minimum planned to be 5,000 hours but many customers could see significantly longer. 
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Operating TCO Comparison: 6.7L

9

T3 T4F 2019 B6.7

Total Cost 1 0.93 0.91

Maint Cost 1 1.08 .78

*TCO savings realized with newer products is highly duty cycle dependent.
*Regional diesel & DEF pricing have direct affects on the above.  

10

Power Advancements Support Downsizing
Proven downsizing success stories from the T3 to T4 transition.
http://www.hyster.com/north-america/en-us/announcements/press-releases/manufacturer-evaluation-proves-long-term-performance-and-durabilty-of-hyster-tier-4-engines/

“This test proves to the entire industry what Hyster, Cummins and 
our customers using Tier 4 engines have known all along: Tier 4 
engines combine all of the performance, durability and toughness 
traditionally associated with Hyster® lift trucks, with significantly 
enhanced fuel economy and sustainability benefits to achieve 
compliance and help increase profitability,” said Brett Schemerhorn, 
President of Big Trucks for Hyster.

-Tier 3 11L replaced with Tier 4 9L.

-Engine torn down at 10K hours revealing minimal 
wear to critical engine components!
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Range Average 
Power Increase:         
over 10% 

Range Average 
Torque Increase:    
almost 20%  

11

Future Increases Support Further Downsizing
2019 L9

2019 B6.7

2020 B4.5

2020 F3.8

12

2019 B6.7 Downsizing Case Study from L9

Power density increases have enabled OEMs to consider 
smaller displacement engines for existing installations.

*Sign Convention: (+) designates improvement vs. L9

Comparison above represents downsizing a low
end rating from a 9L engine to the new top B6.7 curve.

2019
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New Tech Offers Further TCO Opportunities

13

Start-Stop delivers value through 
superior idle management
 Fuel Savings: improved operating cost 

by reducing fuel burned and urea 
consumed

 Less Maintenance: fewer engine run 
hours means reduced preventative 
maintenance and downtime

Machine Resale: fewer run hours 
results in higher machine residual 
value

 Integration flexibility:
– OEM choice of Cummins-supplied 

or 3rd-party system
14

Cummins Field Test:

16-25% total fuel 
saved!
Fuel savings will vary based on application and duty cycle
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Electrification Brings Added Potential

we will be a leader in 
electrified power in all the 
markets we serve today.

OUR ELECTRIFICATION VISION

• Similar to our current position in diesel.

• Recognized as an industry expert.

• Creating sustainable competencies.

• Supporting all market segments.

15

Positioned for Success in Electrification 

What CMI brings to the table…..

Global 
Footprint of 

Support

Capability
Across

Applications

Scale to
Products

Security of

Supply

Choice of

Portfolio

16
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Wide Range of Development in Progress

17

Higher Fuel Injection Pressures 

High Pressure Common Rail
 Increasing pressure capability (1800-2200 bar)

 Precise combustion control

 Improves combustion recipe

 Fuel cleanliness is critical

18

19
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Higher Injection Pressures in Operation

19

ISO 4406ISO 4406

SCR – Operational Considerations

20
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VGT – Operational Considerations

21

Actuator cycles at key on/off.

Exhaust pitch may change
depending on nozzle position.

Engine speed increase accompanied 
with exhaust pitch change during 
stationary exhaust cleaning event.

EGR – What is it?

22

 EGR is a lever available to reduce NOx emissions.  
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EGR – Operational Considerations

23

Global Fuel PPM – Current State

24
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25

DOC & DPF – What are they?

26
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PM2.5  Fine Particulates- less than                       
2.5 micrometres (μm) in diameter

PM10 Coarse Particulate Matter - less 
than 10 micrometre (μm) in diameter

Requires particles in 
the  23 nm to 2.5μm
range to be counted 
against the 1x1012 / 
kWhr limit 

Ultrafine Particulates - less than                  
100 nanometres (nm) in diameter

DPF Particulate Capability 2019+

27

DOC &DPF – Operational Considerations

28

5K Hours

Rental
Equipment

Variety

Rental
Equipment

Variety
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SCR – What is it?

29

2019 B6.7 Aftertreatment User Interface

 Cummins’ 2019/2020 products will have optional operator interface 
to maintain the health of the aftertreatment system.  

 Non-EGR+Throttles+Tuning Experience = Fit & Forget System

30

OR



MDEC 2017  WORKSHOP

16

 Tier 4 information available for both Droid and Apple

QR codes shipped with T4F engines for OEM placement

Cummins Tier 4 Operator Support App

31

32
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Tier 4 Final Equipment
Use and Maintenance

George Lin

MDEC
October 3, 2017

2017-10-03U.S. EPA Nonroad Emissions Standards

34
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2017-10-03Aftertreament Configurations

* NOx limit includes NMHC (non-methane hydrocarbons)

** Non-genset limit stated.  Gensets >560kW have more stringent emission limits.

Engine 
Models

Power 
Category 

(kW)

Tier 4 Final 
NOx Limit

g/(kW*hr)

Tier 4 Final 
PM Limit

g/(kW*hr)
Aftertreatment

C0.5 – C1.5 < 19 7.5 * 0.40 no aftertreatment

C1.5 - C3.6 19 - 56 4.7 0.03 DOC DPF

C3.6 – C18 56 – 560 0.4 0.02 DOC DPF SCR

C18 – C32
> 560 3.5** 0.04**

DOC

3500,
C175

SCR

35

2017-10-03Aftertreatment Configurations

C3.4 
DOC+DPF

C4.4 
DOC+DPF+SCR

C7.1 
DOC+DPF+SCR

Examples of engine + aftertreatment configurations:

36
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2017-10-03

Ammonia Oxidation 
Catalyst (AMOX)
Catalyzed flow-through substrate 
converts any remaining trace 
amount of ammonia into 
Nitrogen.
Selective Catalytic 
Reduction (SCR)
The catalyst converts NOx 
emissions into Nitrogen 
and water using DEF.

Diesel Particulate
Filter (DPF) 
Traps particulate matter 
carried in the exhaust stream.

Diesel Oxidation 
Catalyst (DOC)
Converts hydrocarbons and 
carbon monoxide in the 
exhaust stream into CO2 and 
water.

Mixing Pipe
Mixes DEF and hot 
exhaust 
gas to form ammonia.

2

3

6

Diesel Exhaust Fluid
(DEF) Injector
Injects DEF into mixing pipe.

Caterpillar Regeneration System (CRS)
Operates only during active regeneration.  
Injects a small amount of fuel into the exhaust 
then ignites it to generate heat to regenerate 
the DPF.

5

7

14

Cat Clean Emissions Module (CEM) 
C7.1 – C18 ACERT Engines

37

2017-10-03Diesel Oxidation Catalyst

 The DOC reduces hydrocarbons (HC) and carbon monoxide 
(CO) into carbon dioxide (CO2) and water (H2O).
 Some PM is also oxidized in the process.

CxHy +  O 2 =>  CO 2 +  H 2 O   (+ Heat)

CO      +  O 2 =>  CO 2    ( + Heat ) 

38
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2017-10-03DPF & Regeneration

 DPF regeneration is the process of removing 
soot from the DPF, through oxidation.

C (s) +   O 2 + (heat) => CO 2 (g) + H 2 O 
Trapped in the DPF 

In engine exhaust 
From CRS Out exhaust pipe 

 The DPF captures and holds particulate
matter, a by-product of engine combustion.

39

2017-10-03DPF Regeneration

 Two main classifications of Regeneration:
· Passive Regeneration: Occurs at ~450˚C 

typically as a result of higher engine load.
· All DPFs have some amount of passive regeneration.

· Active Regeneration: System combusts air+fuel
to elevate exhaust temperatures.

40
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2017-10-03

DOCDPF

CRS

Mixing Pipe

AMOX

DEF Injector

SCR

Clean Emissions Module with patented 
Cat Regeneration System
(C7.1 ACERT – C18 ACERT)

DPF Regeneration … cont’d

 DOC/DPF solution
· Enables passive regeneration in the 

C3.4B, C4.4 ACERT and C6.6 ACERT 

 Cat Regeneration System (CRS)
· Automatic active regeneration.
· Provides precise measurement and 

control, minimizing fuel used during 
regeneration.

· Provides excellent capability under
low-load and cold-climates.

· Maximizes machine uptime. 41

2017-10-03ASH Cleaning

 Ash is formed from lube oil additives 
that don’t combust: sulfates, 
phosphates, and oxides of calcium, 
magnesium, and zinc.
 As ash builds up, exhaust 

backpressure increases and 
passive regeneration is reduced.
 Service is required to remove ash.
 U.S. EPA dictates cleaning intervals

of no less than 3,000 hrs for <130kW, 
and 4,500 hrs for >130kW engines.

Ash Cleaning Tool
42
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2017-10-03

Ammonia Oxidation 
Catalyst (AMOX)
Catalyzed flow-through substrate 
converts any remaining trace 
amount of ammonia into 
Nitrogen.
Selective Catalytic 
Reduction (SCR)
The catalyst converts NOx 
emissions into Nitrogen 
and water using DEF.

Diesel Particulate
Filter (DPF) 
Traps particulate matter 
carried in the exhaust stream.

Diesel Oxidation 
Catalyst (DOC)
Converts hydrocarbons and 
carbon monoxide in the 
exhaust stream into CO2 and 
water.

Mixing Pipe
Mixes DEF and hot 
exhaust 
gas to form ammonia.

2

3

6

Diesel Exhaust Fluid
(DEF) Injector
Injects DEF into mixing pipe.

Caterpillar Regeneration System (CRS)
Operates only during active regeneration.  
Injects a small amount of fuel into the exhaust 
then ignites it to generate heat to regenerate 
the DPF.

5

7

14

Cat Clean Emissions Module (CEM) 
C7.1 – C18 ACERT Engines

43

2017-10-03What are SCR and DEF?

 Diesel Exhaust Fluid (DEF)
· De-ionized Water (67.5 %) + urea (32.5%)
· Meets ISO 22241
· Used as reductant

 Selective Catalytic Reduction (SCR) 
· Selective: reductant reacts with NOx
· Catalytic: assists in the chemical reaction
· Reduction: NOx is reduced to Nitrogen (N2 )

44
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2017-10-03SCR Chemical Reaction

1. Injection of Urea into Exhaust Stream
2. Water evaporates and transforms urea to ammonia
3. NOx reduction when ammonia contacts SCR catalyst
4. Output of Nitrogen, N2

45

2017-10-03

Fill Adapter & Cap
Blue cap is the
industry standard for
easy identification.

Tank Heater
Thaws DEF when needed so 
there’s no lost time on 
cold jobsites.

Drain Plug

Controller
Ensures the correct amount of 
DEF is supplied to the injector.

Pump Assembly
Supplies DEF to the 

injector and purges line at 
shutdown.

Heated Lines
Warms up when necessary to thaw any 
DEF left in lines and  to prevent freezing.

Diesel Exhaust Fluid Pump & Tank
C7.1 – C18 ACERT Engines

46
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2017-10-03

DEF Level 
Gauge

New Tier 4 Indicators & Features

Low DEF Indicator 
Light

Delayed Engine 
Shutdown

Automatic emissions systems that
simplify machine use and maintenance.

Operator Interface

 DEF Tank Level Gauge
 Automatic systems protect the engine

· DEF Purge: to prevent lines from freezing 
· Delayed Engine Shutdown: Engine idles 

briefly after key off if cool-down needed
· Wait to Disconnect Lamp: Illuminates until 

the product is ready for complete shutdown

47

2017-10-03SRC/DEF Inducements

 What are “inducements”?
· Features that encourage an operator to maintain 

the integrity of the emissions control system.
· Includes visual and/or audible notifications,

followed by engine derate.
· Can culminate in engine shutdown if ignored.
 Causes of Inducement (Triggers)

· DEF issues: Low level, Frozen, Poor quality, 
Dosing interruption

· System tampering
· Impeded EGR 48
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2017-10-03SRC/DEF Inducement Override

 To prevent (direct or indirect) loss of life, EPA allows inducements to be 
overridden in case of emergencies.
 Allows engine to operate for 120 hours.
 After the emergency is over, owners/operators 

must complete a form and request an 
override-reset by the engine manufacturer 
after each activation.  (A lamp reminds the
operator to reset the system.)
 In the U.S., manufacturers must 

send this information to EPA.
49

2017-10-03

Any commercial DEF meeting ISO 22241
specifications can be used.

Optimal temperature for storage 
is -10 °C to 25 °C. 

Improper storage temperature and/or 
exposure to sunlight decreases shelf life.

Rate of decay significantly accelerates when stored in temperatures 
above 32 °C. 

Freezes at -11 °C, but maintains the same concentration therefore DEF can 
be used when it’s partially thawed.

DEF Storage
Follow recommended storage requirements. 

50
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2017-10-03

Improper storage reduces DEF shelf life; increases risk of 
contamination.
Poor DEF can lead to inducements and shutdown. 

DON’T Use Dirty 
Containers or a 

Container Not Designed 
for DEF 

DON’T Store DEF in 
Direct Sunlight

DEF Storage

51

2017-10-03

Dirty jobsite conditions a reality; must clean around cap at refill.
Contaminated DEF may result in diagnostic fault codes or inducements.

These “before” pictures 
highlight just how dirty 
the area surrounding 
the blue DEF cap can 
become during normal 
operation. 

That’s why it is 
important to clean 
around the cap with 
every refill to avoid 
aftertreatment system 
component failures that 
result from 
contamination

DEF Contamination Control

52
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2017-10-03

Avoid internal contamination; use proper tooling and fittings.

DEF is a strong oxidizer.  
It is corrosive to many 
materials. Always use 
proper dispensing 
equipment & procedures 
to avoid contamination. 

One incorrect fitting 
could potentially 
contaminate the entire 
DEF supply, possibly 
leading to emission 
system faults and engine 
shutdown.  

Stainless steel bolt submerged in DEF for nine days.

Galvanized steel bolt submerged in DEF for nine days.

DEF Contamination Control

53

2017-10-03

Required for emissions compliance and maximum engine life.

Ultra Low Sulfur Diesel (ULSD) 
Fuel (15 ppm or less sulfur) for Tier 4

API CJ-4 (ECF-3) Low Ash Engine Oil

Biodiesel up to B20 can also be used 
when blended with ULSD. 

1

2

Tier 4 Fuel and Oil Requirements

54
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2017-10-03Caterpillar Tier 4

 500M+ combined machine & engine hours
 250,000+ Cat Tier 4 products in the field.

THANK-YOU
55

2017-10-03

56
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Tier 4 Final - SCR System

MDEC Workshop 2017
Service School Training

Emission Evolution
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DOC DPF SCR ASC

DEF 
Pump

EC
U ACU

DEF Injector

CA
N

Coolant
Valve

Sensors
1. NOx (Pre)
2. NOx (Post)
3. SCR Inlet Temp.
4. DEF Tank Level
5. DEF Quality
6. DEF Temp.
7. DEF Pressure

Major Components
1. DOC
2. DPF
3. SCR catalyst
4. ASC
5. DEF Injector
6. DEF Pump
7. DEF Tank
8. Header Unit
9. DEF Tube (Suction)
10. DEF Tube (Delivery)
11. DEF Tube (Return)

12. Coolant Valve

Control Unit
1. ACU

Tier 4 Components

Selective Catalyst Reduction (SCR)

. Oxides of Nitrogen (Nox) 
are controlled with SCR

• Ammonia Slip Catalyst 
(ASC) controls residual 
ammonia produced in 
operation of SCR
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Selective Catalyst Reduction

Ammonia Slip 
Catalyst  

Selective Catalyst 
Reduction

SCR Chemical Process

6

H2O
N2

H2O
N2

H2O
N2

H2O
N2

NH3

NH3

CO(NH2)2

SCR Catalyst ASC

NH3

NOX

CO(NH2)2 + H2O → 2NH3 + CO2DEF Injection |

4NO + 4NH3 + O2  → 4N2 + 6H2O
2NO2 + 4NH3 + O2→ 3N2 + 6H2O

on SCR |

4NH3 + 3O2 → 2N2 + 6H2Oon ASC |

O2

NOX

A1
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A1 Double check animation order from source files.
Audrey, 11/2/2015
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Diesel Exhaust Fluid (DEF)
. Diesel Exhaust Fluid (DEF)

 ISO Standard 2224-1:2006
• 32.5% Urea + 67.5% Deionized Water 

 Minimum Urea: 31.8%
 Maximum Urea: 33.2%

 Freezing/Melting Points:
• Water (100%)

 32°F (0°C)
• Urea (100%)

 271.4°F (133°C)
• Urea/Water (32.5%/67.5%)

 12°F (-11°C)
 WARNING:  DEF is corrosive; immediately 

wash spilled DEF with water.
 Required to meet ISO 22241

Heat changes urea into 
ammonia (NH3)

NH3
HEA

T

Urea Ammonia

DEF Concentration

0
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Eyes:
Wear eye protection. If symptoms develop, move individual 
away from exposure and into fresh air. Flush eyes gently with 
water while holding eyelids apart. If symptoms persist or there 
is any visual difficulty, seek medical attention.

Skin:    
Remove contaminated clothing. Wash exposed area with 
soap and water. If symptoms persist, seek medical attention. 
Launder clothing before reuse.

DEF Safety – Eyes & Skin

Ingestion
Seek medical attention. If individual is drowsy or unconscious, 
do not give anything by mouth; place individual on the left 
side with the head down. Contact a physician, medical facility, 
or poison control center for advice about whether to induce 
vomiting. If possible, do not leave individual unattended.

Inhalation
If symptoms develop, move individual away from exposure 
and into fresh air. If symptoms persist, seek medical attention. 
If breathing is difficult, administer oxygen. Keep person warm 
and quiet; seek immediate medical attention.

DEF Safety – Ingestion & Inhalation
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Testing DEF

A refractometer is used to measure DEF 
concentration level.

A2

Testing DEF Refractometers

Measures Liquid Mixture Concentrations:
• Diesel Exhaust Fluid (DEF)
 Urea / Water Ratio

Some combination tools can also test:
• Engine Coolant
 Ethylene & Propylene Glycol

• Lead/Acid Battery
 State of Charge (SOC) Specific Gravity
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A2 Almon looking for new solution for this image (something more clear).
Audrey, 12/22/2015
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Testing DEF - Reading a DEF Refractometer

The reading is made at the point
where the shadow line crosses the scale.

No Liquid Pure Distilled 
Water 

(Calibration)

Diesel Exhaust Fluid
(DEF) 32.5% Urea

DEF Storage 
Time and Temperature

Storage 
Temperature

Storage 
Temperature Shelf Life

50°F - 68°F 10°C - 20°C 24 Months

68°F - 86°F 20°C - 30°C 18 Months

86° F - 95°F 30° C - 35°C 12 Months

95° F - 104°F 35° C - 40°C 3 Months

* KBT KSOS Source
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DEF Usage

Tank Type Tank Type
Fuel Tank 340
DEF Tank 38 

• 1 DEF refill for every 2 fuel refills
• DEF consumption is about 5 

percent of the total fuel 
consumption

DEF Location
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DEF Tank Assembly - Filler Cap & Filler Restriction

• The DEF Filler Cap is Blue in Color to distinguish it from the Diesel Fuel Tank Fill.
• At 19mm, the DEF Fill Pipe Restrictor is designed to minimize the chance of 

accidental DEF contamination with Diesel Fuel. (The diameter of a Diesel Fuel Nozzle 
is larger at 22mm. )

• For more information see ISO Standard: ISO 22241-4:2009

DEF Tank Assembly - Purpose

DEF Tank:
• Stores DEF

DEF Tank Assembly
• Measures:

• DEF Level
• DEF Quality
• DEF Temperature

• Provides
• Delivery & Return Connections
• Heat Source

DEF Tank:
• Filler Cap
• Filler Restriction

DEF Tank:
• DEF Drain
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DEF Tank Assembly - Location

DEF Tank Replacement Cost
1E506-19800 TANK ASSY DEF $3,675.70
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DEF Tank Assembly - Operation / DEF Flow

DEF Tank Assembly - Service / Urea Crystal Deposits

A few drop of water will completely remove
any harmless Urea Crystal Deposits.



MDEC 2017  WORKSHOP

40

DEF Pump Assembly
Location on M5 Tractor

DEF Filter

DEF 
Pump

A4

DEF Pump Assembly

Location on M6 Tractor
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A4 Need to add when validated
Audrey, 11/5/2015
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DEF Pump Assembly

Location on M7 Tractor

DEF Pump Assembly
and Components
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DEF Pump Assembly

Inlet from
 D

EF Tank

DEF
Pump

O
ut

le
t t

o 
D

EF
 In

je
ct

or

Operation and DEF Circulation

DEF Pump Assembly

DEF
Pump

Operation and Reversible Pump
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DEF Pump Assembly

D
EF

 
Pr

es
su

re
Se

ns
or

Operation and DEF Pressure Sensor

DEF Pump Assembly

DEF
Filter

Operation and DEF Filter
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DEF Filter Service

DEF Pump Assembly

D
EF

 H
ea

te
r

Bl
an

ke
t

DEF Heater
Blanket

Operation and DEF Heater Blankets
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DEF Electric Heating Elements

Components and Electrical Terminals

DEF Pump Assembly
Heating Elements

DEF Hose
Heating Elements

Cost to Replace DEF Pump

1J508-19653 PUMP ASSY $2,699.00
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DEF Electric Heating Elements

Locations
DEF Pump Assembly

Heater Blankets
DEF Hose

Heating Elements

DEF InjectorDEF Tank 
Assembly

DEF Flow

DEF Electric Heating Elements Control

Time
• After treatment Control Unit (ACU)

 Within 2 Seconds of Engine Start

DEF Tank Temperature Sensor
• After treatment Control Unit (ACU) Checks 

DEF temperature in the Tank Assembly

Operation / Freeze Determination
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ECU

Mass Air Flow Sensor

Engine Intake Air Temperature
• Engine Control Unit (ECU) CAN Bus

 Mass Air Flow (MAF) Sensor
- Air Temperature Sensor

DEF Electric Heating Elements Control

Operation / Freeze Determination

Can Bus

A5
A6
A7

. Replacement Cost for ECU and ACU
1H013-59090 ECU V38OEM $2,094.60

1H010-60402 ECU ACUV38BB1 $2,365.20
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A5 Would like to get a new image of this.
Audrey, 11/9/2015

A6 (as this is not edit-friendly, as is)
Audrey, 11/9/2015

A7 These are still in .png format
Audrey, 11/9/2015
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Selective Catalyst Water Valve

Location Cab Heater
Core

DEF Tank 
Assembly

SCR
Water Valve

EGR
Cooler

Water
Pump

DEF Tank Assembly Operation / Engine Coolant

This diagram illustrates the flow of Engine Coolant through 
the DEF Tank Assembly Heat Exchanger Tubing. Ideally 
warm Engine Coolant will flow first though the Tube that is 
closely attached to the DEF Supply Pipe as shown here on 
the left side of this diagram.
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1J480-19910 TUBE ASSY DEF P $367.60
1J480-19920 TUBE ASSY DEF R $463.50

Replacement Cost of DEF Tubes

DEF Injector

Electrical Resistance:
7.1 Ω (ohms)

Purpose
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Diesel Exhaust Fluid Injector - Location / System

DEF Injector

DEF 
Injector

Location on M5 Tractor
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DEF Injector

Location on M6 Tractor

DEF 
Injector

DEF 
Injector

DEF Injector - Location on M7 Tractor
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Diesel Exhaust Fluid Injector Service / Urea Crystal Deposits

Diesel Exhaust Fluid Injector - Service / Urea Crystal Deposits

A few drops of water
Will completely remove
harmless Urea Crystals.
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Diesel Exhaust Fluid Injector - “Injector Compensation (ACU)”

DEF
Diffuser

Diesel Exhaust Fluid Diffuser - Location / System



MDEC 2017  WORKSHOP

54

Replacement Cost of Sensors

1J508-19360 SENSOR NOX PRE $1,402.70
1J508-19370 SENSOR NOX POST $1,402.70

DEF Diffuser - Location on M5

Inside View
DEF Diffuser

Location on M5
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DEF Tank Assembly - Operation / DEF Flow

DEF Tank Assembly - Operation / CAN Bus Electronics
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DEF Warning System

DEF Tank Assembly - DEF Tank Level Sensor
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DEF Tank Assembly - DEF Tank Level Sensor

DEF Tank Assembly - DEF Quality and Temperature
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DEF Tank Assembly - DEF Quality and Temperature

DEF Tank Assembly- DEF Quality and Contamination
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DEF Tank Assembly - DEF Quality / TULC Sensor

DEF Tank Assembly - Diagnostic Trouble Codes
P203A: Reductant Level Sensor "A" Circuit
P203B: Reductant Level Sensor "A" Circuit Range/Performance
P203C: Reductant Level Sensor "A" Circuit Low
P203D: Reductant Level Sensor "A" Circuit High
P203E: Reductant Level Sensor "A" Circuit Intermittent/Erratic
P203F: Reductant Level Too Low
P205A: Reductant Tank Temperature Sensor Circuit
P205B: Reductant Tank Temperature Sensor Circuit Range/Performance
P205C: Reductant Tank Temperature Sensor Circuit Low
P205D: Reductant Tank Temperature Sensor Circuit High
P205E: Reductant Tank Temperature Sensor Circuit Intermittent/Erratic
P206A: Reductant Quality Sensor
P206B: Reductant Quality Sensor Range/Performance
P206C: Reductant Quality Sensor Low
P206D: Reductant Quality Sensor High
P207F: Reductant Quality Performance
P209F: Reductant Tank Heater Control Performance
P20C9: Reductant Control Module Requested MIL Illumination
U010E: Lost Communication With Reductant Control Module
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Engine Stop-Cool Down & DEF Purge

Warning - Do not disconnect battery 
for 12 minutes after shutdown to 
allow for cool down and DEF purge.

1. Why is it necessary for DEF pump to purge the lines?

2. How long should you wait before disconnecting the battery on T4 with 

SCR? 

3. What CAN bus controller is responsible for SCR functions?

4.  What should you used to clean crystallized urea from injector?

1. To prevent DEF from freezing.

2. 12 minutes to allow complete purge of DEF from lines.

3. ACU – Aftertreatment Control Unit

4. Water

Answer:

Question: Test Your Knowledge
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To the best of Kubota's knowledge, all information included in this presentation is either owned by Kubota or falls under the fair use or public 
domain guidelines of copyright law in the United States. Kubota strives for accuracy but cannot be held responsible for any errors in information 
featured in this presentation. Kubota notes that specifications and technical information is subject to change without notice and Kubota does not 
represent or warrant that the information in this presentation is completely accurate or current; however, Kubota used reasonable efforts to include 
accurate and up to date information in this presentation. Kubota disclaims all representations and warranties, whether express or implied, including, 
but not limited to, warranties of merchantability and fitness for a particular purpose. Kubota shall not be liable for any damages, whether 
compensatory, direct, indirect, incidental, special, or consequential, arising out of or in connection with the use of this presentation, or the 
information therein. If and to the extent any state does not permit the exclusion or limitation of liability for consequential or incidental damages, 
Kubota's liability, in such state, shall be limited to the fullest extent permitted by law. 

The collection, arrangement and assembly of content in this presentation are the exclusive property of Kubota and are likewise protected by 
copyright and other intellectual property laws. Kubota asserts a claim of copyright for our compilations of presentation slides, their unique scope 
and style, our domains, our site design, HTML, database design, look and feel, and back-end code. Upon viewing any page under this 
presentation, you consent to this disclaimer. Copying, distributing, re-creating or any other unauthorized use of the content of this presentation 
without the express written consent of Kubota is strictly prohibited.

Legal DisclaimerLegal Disclaimer

To the best of Kubota's knowledge, all information included in this presentation is either owned by Kubota or falls under the fair use or public 
domain guidelines of copyright law in the United States. Kubota strives for accuracy but cannot be held responsible for any errors in information 
featured in this presentation. Kubota notes that specifications and technical information is subject to change without notice and Kubota does not 
represent or warrant that the information in this presentation is completely accurate or current; however, Kubota used reasonable efforts to include 
accurate and up to date information in this presentation. Kubota disclaims all representations and warranties, whether express or implied, including, 
but not limited to, warranties of merchantability and fitness for a particular purpose. Kubota shall not be liable for any damages, whether 
compensatory, direct, indirect, incidental, special, or consequential, arising out of or in connection with the use of this presentation, or the 
information therein. If and to the extent any state does not permit the exclusion or limitation of liability for consequential or incidental damages, 
Kubota's liability, in such state, shall be limited to the fullest extent permitted by law. 

The collection, arrangement and assembly of content in this presentation are the exclusive property of Kubota and are likewise protected by 
copyright and other intellectual property laws. Kubota asserts a claim of copyright for our compilations of presentation slides, their unique scope 
and style, our domains, our site design, HTML, database design, look and feel, and back-end code. Upon viewing any page under this 
presentation, you consent to this disclaimer. Copying, distributing, re-creating or any other unauthorized use of the content of this presentation 
without the express written consent of Kubota is strictly prohibited.

Legal Disclaimer
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Occupational Health 
Clinics for Ontario Workers 

Inc. (OHCOW).
Diesel emission reduction -

plan-do-check-
adjust cycle 

So what is the big deal?
Organisatio
n

Year Comments

HEI1 1999 Evidence not strong enough

ACGIH2 2002 Recommended 0.02mg/m3 (measured as REC)

ACGIH2 2003 Recommended limit withdrawn 

MSHA3 2008 Evidence becoming stronger -
Effective date for Occupational exposure  limit 
(OEL) in the US for underground metal / non-metal
0.16mg/m3 (TC) ~ 0.12 (REC)

IARC1 2012 Strong evidence –
IARC monograph – confirmed carcinogen.

NCI / 
NIOSH4

2010 -
2013

Study findings support a much lower OEL which 
may have a significant impact on UG mining.

HEI1 2013 Expert panel established

HEI1 2014
6 March

Workshop held in Boston – open to public, 
academia, regulators , industry and engine 
manufacturers.

HEI1 Novembe Expert panel review released. Strong evidence! 124
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Relative risks were estimated using exposures lagged 15 years in Silverman et al. (2012) and 5 years in both the 
Garshick et al. (2012a and Steenland et al. (1998), based on the best model fit in each study. The authors presented 
sensitivity analyses to lag choices in supplemental material, available online. Elemental carbon was measured as REC in 
DEMS, as SEC in Garshick et al. (2012a), and as EC in Steenland et al. (1998). SOURCE: Vermeulen R, Silverman DT, 
Garshick E, Vlaanderen J, Portengen L, Steenland K. 2014b. Exposure–response estimates for diesel engine exhaust and lung 
cancer mortalitybased on data from three occupational cohorts. Environ Health Perspect 122:172–177. doi: 125

Courtesy of Katherine Walker Senior Scientist 
HEI 126
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Health Canada (2016) – Human Health Risk 
Assessment for Diesel Exhaust 

Health effects Evidence

Lung cancer Sufficient

Acute adverse respiratory health outcomes Sufficient

Chronic adverse respiratory health outcomes Sufficient

Acute adverse cardiovascular health outcomes Sufficient

Immunological effects Sufficient

Bladder cancer Suggestive

Chronic adverse cardiovascular health outcomes Suggestive

Reproductive and developmental effects Suggestive

Central nervous system effects
based on acute neurophysiological symptoms in overexposed 
workers 

Suggestive

While safe levels of exposure promulgated 
as occupational exposure limits (OELs), are 

being discussed and debated, it 
appears that previously 
acceptable OELs are no 

longer safe. 

Therefore it is important that the internal 
responsibility system be implemented and 
the precautionary principle approach be 

followed, especially as it may be some time 
before a suitably protective OEL specifically 

for diesel particulate matter (DPM) is 
promulgated. 
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129

There must be a line in the 
sand!

Canada Early 1990’s 1.5mg/m3

Ontario 2012 0.4mg/m3 TC equivalent to 0.31 EC

MSHA American mines 2008 0.16mg/m3 TC equivalent to ~ 0.12 EC
(dividing TC by 1.3)

Australia 0.1mg/m3 EC (measured as submicron 
elemental carbon)

Notes:

Newfoundland / Labrador is the same as ON
Quebec has changed from RCD to TC using NIOSH 5040 in early 2016 and 
reduced from 0.6 RCD to 0.4 TC in 2016.

Note: Occupational Exposure Limit for Provinces in Canada are 
3 X US & Australia. 

Is this acceptable?

Mining (differences between jurisdictions)

130
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131https://www.youtube.com/watch?v=n_iFh-BsECo&feature=youtu.be&a

• “Significant lag that exists between regulatory action 
and the level of science that informs health risk”.

• “Should be managing exposure to diesel exhaust to as 
low as technically feasible”.

• Interim target to be managing diesel exhaust to 
0.03mg/m3 TWA 8-hrs measured as elemental carbon.

Dr. Rob McDonald VP Health and 
Hygiene, BHP Billition.

Australian Institute of Occupational 
Hygienists (AIOH), plenary 
December 2016.

132

Plan

• Management Commitment? 

• Hierarchy of Control (HOC) must 
also be utilised as part of planning 
i.e. deep mines!

• Limits? 

• Emission based maintenance?

• Ventilation design?

• What actions will be carried out if 
limits are exceeded? 

Do

• Procedures

• As part of procurement follow HOC

• Training

• Measure: raw exhaust, exposures, 
maintenance parameters.       

• Emission based maintenance?

Adjust

• Maintenance

• After treatment devices

• Ventilation  

• Work practices

• What actions will be carried out if 
limits are exceeded? 

Check

• What are the trends for personal exposure 
monitoring and raw exhaust

• Benchmarking

• What are other operations doing?.       
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133

Guidance

Guidance Source Link
MDG 29 Guideline - 2008 NSW DPI Australia http://www.resourcesandenergy.nsw.gov.au/__data/a

ssets/pdf_file/0011/419465/MDG-29.pdf

NIOSH – 2011 US NIOSH https://www.cdc.gov/niosh/mining/works/coversheet7
48.html

Management Guideline - 2013 WA Australia http://www.dmp.wa.gov.au/Documents/Safety/MSH_
G_DieselEmissions.pdf

QGN 21 Guidance Note - 2014 Queensland Australia https://www.dnrm.qld.gov.au/__data/assets/pdf_fi
le/0019/240364/qld-guidance-note-21.pdf

WSN health effects of diesel exhaust in mines 
– June 2017

Ontario Canada https://www.workplacesafetynorth.ca/news/news-
post/health-effects-diesel-exhaust-mines

Occupational Cancer Research Centre –
Controlling Diesel Particulate in 
Underground Mines – June 2017

Canada http://www.occupationalcancer.ca/2017/controllin
g-dpm-in-mining/

http://www.occupationalcancer.ca/2017/controlling-dpm-in-mining/

Reproduced with permission from OCRC
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135

Plan
Is there adequate ventilation

https://www.nrcan.gc.ca/mining-materials/green-mining/approved-diesel-engines/8180

136

Plan
Is there adequate ventilation
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137

Plan
Is there a longer term strategy that aligns with the 
Hierarchy of Control

Using battery powered vehicles ie. battery powered scoop used underground.
https://gereports.ca/breathing-easier-underground/

We have the technology!

GE and BHP Billiton announce 
global partnership to improve 
efficiency and reduce emissions in 
the mining sector

http://www.genewsroom.com/press-releases/ge-and-bhp-billiton-announce-
global-partnership-improve-efficiency-and-reduce 

138
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139Source MDG 29 (2009) Guideline for the management of  diesel pollutants underground. 

XX

ON  Limit  CO
600 ppm

In ON there is 
no 
requirement to 
measure NO, 
NO2 , or NOx 

“In NSW Australia Where “failed” - must be 
withdrawn from use underground”

Must be action when line is crossed!

Nitrogen dioxide:
Caution there may be an increase in nitrogen dioxide 
after installing a diesel oxidation catalyst (DOC).  
NIOSH note 

“ The concentration of nitrogen dioxide should also 
be monitored before and after the DOC. A history of 
this data should be stored to assess the activity of 
the DOC in increasing the concentration of this 
compound”.

NIOSH (2011): Diesel Aerosols and Gases in 
Underground Mines: Guide to Exposure Assessment 
and Control 

See also MSHA: HEALTH HAZARD ALERT 
Underground Coal Mines Increased Nitrogen Dioxide 
(NO2) Emissions 140
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The flow of air must reduce the concentration of toxic 
substances in diesel exhaust emissions to prevent 
exposure of a worker to a level in excess of the limits 
prescribed under section 4 of Regulation 833 of the 
Revised Regulations of Ontario, 1990 (Control of Exposure 
to Biological or Chemical Agents) made under the Act. O. 
Reg. 265/15, s. 11.
(5) The flow of air must,

(a) reduce the time-weighted average exposure of a 
worker to total carbon to not more than 0.4 milligrams 
per cubic metre of air; or
(b) reduce the time-weighted average exposure of a 
worker to elemental carbon, multiplied by 1.3, to not 
more than 0.4 milligrams per cubic metre of air.

141

R.R.O. 1990, Reg. 854: MINES AND MINING PLANTS 183.1 
(4)

Occupational Cancer Research Centre
(OCRC) (2017)

http://www.occupationalcancer.ca/2017/controlling-dpm-in-mining/

The Occupational Cancer Research Centre recommends 
reducing personal exposure to 0.02 mg/m3 measured as 
elemental carbon.

More than a 10-fold reduction from the current ON mining 
limit
Reg. 854: MINES AND MINING PLANTS 183.1 (4)

The current regulatory occupational 
exposure limit (OEL) does not offer an 
acceptable level of protection!



MDEC 2017  WORKSHOP

72

Think about the future!

Switzerland

Diesel engines used in new construction machines must 
comply with a Swiss particle number (PN) emission limit. 
The PN emission requirements ensures that all construction 
machines sold in Switzerland be fitted with diesel particulate 
filters.

https://www.dieselnet.com/standards/ch/

143

Canada Early 1990’s 1.5mg/m3

Québec 2003 0.6mg/m3  RCD* (This is coming down)

Ontario 2012 0.4mg/m3 TC equivalent to 0.31 EC

MSHA American mines 2008 0.16mg/m3 TC equivalent to ~ 0.12 EC
(dividing TC by 1.3)

Australia 0.1mg/m3 EC (measured as submicron 
elemental carbon)

Notes:

Newfoundland / Labrador is the same as ON
Quebec plans to change from RCD to TC using NIOSH 5040 in early 2016 and 
reduce to 0.4 in early 2016.
Source Presentation by M Grenier NRC Canada (2014) adapted from 
CanmetMINING Report: CMIN-2015-2651-OA 
https://www.workplacesafetynorth.ca/sites/default/files/resources/CanmetMINING%20-
%20Diesel%20Particulate%20Matter%20in%20Mines.pdf

Note: Occupational Exposure Limit for Provinces in Canada are 
3 X US & Australia. Is this acceptable?

Mining (differences between jurisdictions)

144
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For Occupational / Industrial Hygienists

145

Need to understand what the exposures 
are by carrying out a baseline 
exposure assessment for diesel 
particulate matter (DPM) measured 
as total and elemental carbon.

146
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NIOSH 5040

147

Measure nitrogen dioxide as well!

148
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SKC markets a passive sampler called the UMEx.  
http://www.skcltd.com/passive-samplers/9-
uncategorised/270-umex-passive-samplers-3 and CASSEN 
offers analysis of these devices.  http://www.cassen.ca/

The reported detection limit is 6 ppb for 8 hours. 

Maxxam Laboratories has a passive environmental monitor 
http://maxxam.ca/services/air-services/passive-air-sampling-
2 which is intended for 30 days exposure.  The reported 
detection limit is 0.1 ppb for 30 days, which suggests a very 
similar detection limit for 8 hours.

(Courtesy John Petherick)

149

See Drager white paper

https://www.draeger.com/en-
us_ca/Mining/Mine-Safety-No2-Limits

150
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Carry out statistical analysis to 
understand exposure profiles, identify 
outliers and risk rank exposure 
groups to prioritize controls.

“Drill down” - clearly define similar 
exposure groups (SEGs).  

Avoid pooling the data into a 
blancmange! YOU WILL GET FALSE 
READINGS 151

http://www.aiha.org/get-involved/VolunteerGroups/Pages/Exposure-
Assessment-Strategies-Committee.aspx 152
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Carry out real time monitoring (inside cabin).

Average particulate matter 0.08 mg/m3. 153

Examples of guidance / tools
Assessing acceptability of occupational exposures against 
occupational exposure limits 
Agency Tool

American Industrial Hygiene Association
(Exposure Assessment Strategies Committee)

IHStat
https://www.aiha.org/get-
involved/VolunteerGroups/Pages/Expo
sure-Assessment-Strategies-
Committee.aspx

British / Dutch Occupational Hygiene Society
Sampling strategy guidance published in 2011
'Testing Compliance with OELs for Airborne 
Substances',
BOHS/NVvA (Dutch occupational hygiene society) 
working group

BOHS / Dutch BWSatv2
http://www.bohs.org/library/technical-
publications/

Australian Institute of Occupational Hygienists
WES Adjustment tool for extended shifts

AIOH
https://www.aioh.org.au/

University of Montreal
NDExpo – Treatment of non-detects in industrial 
hygiene samples

University of Montreal
http://www.dsest.umontreal.ca/recherche_
rayonnement/NDExpo/nd7.htm

154
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Be careful!

• Speak with the laboratory - is the limit of quantitation 
going to be low enough?

• Is there a fixed ratio between elemental carbon and 
total carbon? What about below 0.05mg/m3? (refer to 
a paper by Noll et al, 2015) 
http://www.ncbi.nlm.nih.gov/pubmed/25380085
(regulators take note!) 

Uncertainty must be considered.

155

• Speak with the laboratory - is the limit of quantitation 
going to be low enough?

• What are the most sensitive methods to measure 
NO2

Risk management approach,

& apply:

Hierarchy of controls.

Must be explicit in legislation!

156



MDEC 2017  WORKSHOP

79

 Nominate a champion.

 Establish a team.

 Measure the tail pipe emissions by carrying out a 
baseline assessment.

 Measure and monitor personal exposures.

 Ensure that there is an emissions based maintenance 
program.

 Have a short and longer term strategy.

Reduce / eliminate emissions from the engines!

157

Engage with experts: 

Canadian resource:  Sean McGinn
http://www.mknizdfactors.com

Establish a diesel emission 
management program and nominate 
a champion.

Visibility to the highest level of management in a clear 
and concise way!

What gets measured gets noticed……what gets noticed 
gets action!

Engage all (at risk) workers & managers, across all 
Departments in raising awareness and management 
this important issue. Must be multi disciplinary and 
there is no silver bullet!

Develop performance measures! 158
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Can an exposure reduction (EC) 
be achieved in underground 
mining?

159

What gets measured gets noticed, 
what gets noticed gets action:

160
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161

Australia Queensland Mines Inspectorate (QMI) 

162

Australia Queensland Mines Inspectorate (QMI) 

Courtesy of Fritz Djukic and Eliza Gill
Principal Occupational Hygienist | Mine Safety & Health Department of 
Natural Resources and Mines 
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Diesel emission

Causes harm – relatively high risk of lung cancer

It can be measured

Measurement is very important please measure.

Hierarchy of control – eliminate if  possible

Benchmark

Check current practices against good practices and 
improve

163

164
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Taking care of our future

165

Every worker home safe and HEALTHY every day 

166
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Resources
Information, research, and technology transfer:

Diesel technology forum
http://www.dieselforum.org/

Canadian Mining Industry Research Organization
Diesel Emission Evaluation Program
http://www.camiro.org/mining/diesel-emission-evaluation-program

The Australian Coal Industry’s Research Program
(ACARP)
http://www.acarp.com.au/

Centers for disease control and prevention (CDC / NIOSH)
http://www.cdc.gov/niosh/mining/topics/DieselExhaust.html

Mining Diesel Emissions Council (MDEC)
http://www.mdec.ca/

CanmetMINING, Natural Resources Canada 
http://www.nrcan.gc.ca/mining-materials/green-mining/8178
http://www.nrcan.gc.ca/mining-materials/green-mining/approved-diesel-engines/8180

167

Australian Institute of Occupational Hygienists (AIOH) Position paper on diesel 
particulate matter and occupational health issues
https://www.aioh.org.au/

Safe Work Australia
http://www.safeworkaustralia.gov.au/sites/swa/australian-
strategy/vss/pages/dangers-diesel-exhaust-fumes-for-business
(there is a podcast!)

NSW Mine Design Guideline 29
http://www.resourcesandenergy.nsw.gov.au/__data/assets/pdf_file/0011/419465/
MDG-29.pdf

Canada Mining Diesel Emissions Council
(MDEC) http://www.mdec.ca/

168
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Sean McGinnSean McGinn

October 3rd, 2017October 3rd, 2017

Tier IV and Advanced Mining 
Engine Technologies
Finding Success – Avoiding Failure

Tier IV and Advanced Mining 
Engine Technologies
Finding Success – Avoiding Failure

OverviewOverview

• Pitting Man vs Technology

• The On-Road Transition

• The Off-Road Transition

• Tier IV Mining Examples and Learnings

• Best Practices – Techniques and Tools

• Suggestions
170
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Pitting Man vs TechnologyPitting Man vs Technology

171

Pitting Man vs TechnologyPitting Man vs Technology

• What once was is no more – fight or embrace it ?

• Cost !

• Time and Effort

• Reliability – availability, $/hr, life cycle, etc.

• Training and Tools

• Operation and override ability

• Change management
172
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On-Road TransitionOn-Road Transition

• ~ 2010 for Class 8 highway tractors to Tier IV

• Resistance from industry “sky will fall”

• Glider kits – limits come into effect 2018

• Delete kits

• Majority today (actual rolling) are Tier IV engines

• Ongoing issues – urea quality, etc.

173

On-Road TransitionOn-Road Transition

Industry benchmark for rolling asset management

Emissions and GHG become a competitive advantage

174
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Off-Road TransitionOff-Road Transition

Construction / Agriculture / Forestry

Since ~ 2014 with Tier IVi and Tier IV technology

Successfully adapted to change – very limited options

175

Off-Road TransitionOff-Road Transition

• Delete Kits

• Google “Diesel Emissions Delete Kits”

• Legal – until you get caught

• Federal / Provincial regulation and enforcement

• Example

176
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Tier IV MiningTier IV Mining

Sandvik – Volvo TAD1361VE

SCR with no DPF Tier 4i

– Urea tank level and tank contamination (error codes)

– Idling and SCR plugging

– Urea freezing - cold weather shutdown procedure

177

Tier IV MiningTier IV Mining

Sandvik – Volvo TAD1361VE

Emissions results – baseline new

178
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Tier IV MiningTier IV Mining

Deutz TCD2013 L06

DPF / SCR Emissions Control

Adverse reaction to B50 – straight ULSD all good

179

Tier IV MiningTier IV Mining

Deutz TCD2013 L06

Emissions results ~ 1 year / 3000 hrs

180
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Tier IV MiningTier IV Mining

CAT – C4.4 Acert

DPF no SCR

– Adverse reaction to B50

– DPF plugging and soot sensor problems

181

Tier IV MiningTier IV Mining

CAT – C4.4 Acert

Emissions

– NO2 slip

182
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Tier IV MiningTier IV Mining

Kubota V3800-CR-TE4 Tier 4i

DPF no SCR

– Onboard manual regen functional

183

Tier IV MiningTier IV Mining

Kubota V3800-CR-TE4 Tier 4i

Emissions

– Very efficient and clean

– NO2 slip

184
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Tier III+ MiningTier III+ Mining

CAT R2900G – C15 VR Engine

Baseline Emissions

– Torque Stall 1950 rpm

– Boost 21 psi

185

Tier III+ MiningTier III+ Mining

CAT R2900G – C15 VR Engine

Life Cycle Emissions

– Torque Stall 1900 rpm

– Boost 15 psi

– No codes

186
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Tier III+ Retrofit DPFsTier III+ Retrofit DPFs

• Measurement systems in place to manage existing

• Essential – baseline performance optimum target

• Success / failure margin is very slim

187

Best PracticesBest Practices

Use all available tools for selecting your engine technology

Source: Brent Rubeli, NRCan CANMET
188
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Best PracticesBest Practices

• Education and Training

• Know how to measure (emissions, pressures, temps, etc.)

• Ensure people can measure – interpret – make decisions

189

Best PracticesBest Practices

The mining engine technology curve

• You can be ….

– Behind it

– On it

– Ahead of it

• Just be open and honest about it and be the best you can 

possibly be for where you are at

190
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SuggestionsSuggestions

• Management of Change (MOC) … analyse the risk!

• Organizational attitudes … embrace change management

• Celebrate your wins and learn from your losses …. You will 

have plenty of both with advanced engine technologies in 

mining

191

192
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Challenges in and solutions to measurement of 
DPM at low concentrations

Erkki Lamminen, Ville Niemelä

Dekati Ltd.

Contents

• Introduction

• Measurement of DPM at low concentrations according 
to current standards & legislation – lessons from on-road 
vehicle measurements

• ISO 8178:2017 Vs. ISO 8178:2006 - PM

• What can be done to easily improve quality of filter 
measurements

• ISO 8178:2017 - PN

• Example of mining vehicle emission measurement 
directly from tailpipe
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Introduction

• Tailpipe DPM concentrations have been drastically reduced due to 
development of engine and aftertreatment technology

• This development presents new challenges for measurement technologies 
that are used to assess emissions from diesel powered vehicles

• It also presents a challenge for understanding what different measurement 
technologies actually measure and how results should be interpreted

Measurement of DPM at low concentrations 
according to current standards & legislation –
lessons from on-road vehicle measurements

• CRC project No. E-99: phase 2, Kent Johnson et al., U of California 
Riverside (from 27th CRC real world emissions workshop)

– Partial flow dilution systems and exhaust flow meters work very well in terms of matching 
flows with full flow CVS systems

– Transfer line effect on measurement results need to be investigated further

• Investigation of Alternative Metrics to Quantify PM Mass Emissions from 
Light-Duty Vehicles, Heejung Jung et.al. U of California Riverside (from 
26th CRC real world emissions workshop)

– Cycle dependency between alternative metrics and gravimetric mass attributed to greater 
sensitivity of gravimetric measurement to organic and semi-volatile PM collection compared 
to alternative metrics

• Comparison of aerosol instruments and regulated measurements, Matti 
Mariq et al.,  Ford Motor Company (from 26th CRC real world emissions 
workshop)

– Filter artifact affects correlations at low concentrations (below 3mg/mi)

– For GDI and PFI vehicles, DMM and EEPS instruments can provide good correlations with 
both particulate mass and number
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ISO 8178:2017 Vs. ISO 8178:2006 - PM

• Pre-classifier allowed

• 99.7% efficiency

• 47C +/- 5C everywhere 20cm upstream and downstream of 
filter media

• 0.9 -1 m/s filter face velocity

• Weighing room
– 22 +/-1 C room temperature

– 9.5 +/-1 C dew point

• Balance
– Resolution 0.5 µg, repeatability 0.5 µg 

– Zero span and reference verifications within 12 hours of weighing

• Detailed instructions for avoiding static electricity effects

• Buoyancy correction

• Calibration procedures 54 pages
– Including balance calibration

• No pre-classifier

• 95-99% efficiency, back up filters may be 
used

• 47C +/- 5C immediately upstream of filter 
holder

• 0.35-1 m/s filter face velocity

• Weighing room
– 22 +/-3 C room temperature

– 9.5 +/-3 C dew point

• Balance
– Resolution 1 µg, Precision 2 µg

– No calibration procedure

• Loose instructions to avoid static electricity 
effects

• No buoyancy correction

• Calibration procedures 17 pages
– No balance calibration

Dekati® eFilter™

• Standard gravimetric PM filter holder

• Real-time measurement of PM accumulation on 
the filter

• Both standard and gravimetric measurements 
integrated in one instrument

• Fully automated operation
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Dekati® eFilter™ Operation

Gravimetric PM filter 

Major flow
20‒100lpm

Pump

Gravimetric Filter Holder

Sensor inlet

3w-
valve

Pump

Charge
r

Trap

Flow sensor

FC-
Filter

Electromete
r

Exhaust outlet

Minor flow 0.5lpm

Control 
electronics

Real-time Detection Module

Replaceable sensor block

Dekati® eFilter™ Design

Flow divider

Minor flow tube

Replaceable sensor block

Minor flow out

Standard inlet/outlet 
connectors

PM filter holder according to 
US EPA requirements

Touch screen UI

SD card and RS-232/USB 
interface
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Dekati® eFilter™: Real-time Sensor

• Includes:
– Diffusion charger with trap

– Electrometer for real-time 
electrical detection of particles

• Saving interval 1s

• Separate pump is used for 
real-time detection

• Measurement starts when 
major flow is switched ON

• Does NOT affect gravimetric 
filter sampling

Miniature Diffusion Charger:
Construction, Linearity and Calibration

Patents pending
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Dekati® eFilter™ Features

• Gravimetric PM filter holder that meets US EPA requirements
– Compatible with existing filter holders and sampling systems

• Unaffected gravimetric PM measurement result
– Total particle mass

• Electrical current from the diffusion charger electrometer 
– Fast response second-by-second data

• Real-time data benefits: 
– Repeatable

– Sensitive

– Detects DPF regeneration events and other anomalies

– Real-time signal is more repeable than gravimetric PM result, therefore it can also be used for PM 
measurement quality control

Vehicle Test Information

• Total of 88 test cycles at Ford RIC: 

– 10 * EPA75

– 40 * US06

– 4 * 4BagFTP

– 34 * NEDC

• 8 different gasoline vehicles: 7 GTDI, 1 PFI ranging from 
about 0.1 to 5 mg/mile

• HF47 and room temperature sampling from CVS tunnel

• Instruments: Dekati® eFilter™, Dekati® DMM-230, 
Gravimetric PM measurement, AVL CPC, AVL MSS, 
TSI EEPS
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Vehicle Tests: Example Data
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Vehicle tests: Stability and Correlation 
to Other Instruments, NEDC
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Vehicle tests: Stability and Correlation 
to MSS, NEDC

Vehicle Tests: Effect of Vehicle and
Cycle Type

Good correlation to DMM (Total PM), more scatter in MSS correlation due to soot only 
measurement . US06 causes scattering due to aggressive driving and higher temperatures.
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ISO 8178:2017 - PN

• Very similar to EU legislation for particle number masurement

– Allows full flow dilution, partial flow dilution and raw exhaust measurement 
(with optional added dilution step) as sources

• Volatile particle remover – VPR

– Minimum total dilution factor (pcrf) roughly 1000

• Particle number counter – PNC – linearity above 1 #/cm^3 in single counting 
mode

• Accuracy of +/- 10 % for both VPR PCRF and PNC counting

Measurement of DPM mass Vs. number 
according to legislation

• What sticks on a filter vs. counting of solid particles above 23 nm

• Correlation exists but highly dependent on particle size, amount of volatiles

• Measurement of PM on a filter is more representative of total emission than 
solid number count, although less sensitive
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Example of mining vehicle emission 
measurement directly from tailpipe 

• How to measure DPM size distribution and concentrations at low PM levels?

• What can be achieved in terms of sensitivity compared to legislative particle 
number measurement?

ELPI®+: Electrical Low Pressure Impactor

• Number size distribution and 
concentration

– Real-time, 10 Hz

• 6 nm - 10 µm 
– 14 size fractions

– 100 or 500 with High Resolution ELPI®+

• Particles are collected
– Possibility for chemical analysis on the 

collected samples

• Wide dynamic range
– From outdoor air to power plant stack 

concentrations
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ELPI+™ Operating Principle

High Temperature ELPI®+

• All the features of the ELPI®+

• Direct hot aerosol sampling, 
max 180 °C

– Calibration values provided 
for 20, 60, 120 and 180 °C

• Improved sensitivity as no 
dilution needed

• Integrated temperature control 
and option for additional 
external heater control
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High Temperature ELPI+™

• Same operating principle as ELPI+™

• Charger+Impactor moved to external heating unit, max 180 °C

• Allows hot aerosol size and charge distribution measurement in real-time

Simple sensitivity analysis

• HT-ELPI+ particle number measurement noise above 23nm from all 
channels combined is ~90 #/cm^3

• For +/-10% noise to signal a concentration of 900 #/cm^3 is required

• As CVS + VPR combination results typically in a dilution factor of ~ 1000, 
required concentration for HT-ELPI+ translates to a concentration of 0.9 
#/cm^3 at PNC
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Measured diesel vehicles

• 3.6 l, Stage 4 (1)

• 13 l, Stage 4 (2)

• 11 l, Tier 2 with DPF (3)

• 11l, Tier 2 with DPF (few operating hours) (4)

Setup

• HT-ELPI+ @ 180 degrees C

• Heated line with probe @ 200 degrees C

• Direct connection to tailpipe out with probe enetering roughly 20 cm into the 
tailpipe
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Measurement procedure

• Engine warm-up (not included in presented results)

• Low idle

• High idle

• Max. Engine load against brakes 5 repetitions

Results I – number concentrations –
3.6 l stage 4 (1)



MDEC 2017  WORKSHOP

111

Results I – number concentrations –
13.6 l stage 4 (2)

Results I – number concentrations –
Tier 2 DPF (3)
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Results I – number concentrations –
Tier 2 DPF (4)

Results II – dN/DlogDp size distributions 
Low idle
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Results II – dN/DlogDp size distributions 
High idle

Results II – dN/DlogDp size distributions 
Stall
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What if we compare to ambient air at the site?

Conclusions

• Significant improvements to filter measurement and weighing process have been necessary 
to achieve reliable measurement results from vehicles that fulfill requirements of current and 
future legislation

• Measured DPF efficiencies were very high in all conditions, although high flow conditions 
presented higher than expected differences

• Direct measurement from tailpipe enables the use of measurement technology for size 
distribution measurements that can compete with sensitivity of a CVS + VPR + PNC system
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www.dekati.fi

Excellence in Particle Measurements
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NOTICE: Proprietary and Confidential

This material is proprietary to Wireless Sensor Networks Inc. It contains trade secrets and confidential information which is sole property of Pattern Discovery Technologies. This material shall not be used, reproduced, copied, 
disclosed, transmitted, in whole or in part, without the express written consent of Pattern Discovery Technologies  Inc.

© 2013 Pattern Discovery Technologies Inc. All rights reserved.

SenzLogic 2.0 and EmissionInsight
On‐board Monitoring of Diesel Equipment
Streamlining Maintenance in Mining

October, 2017

232©2016 Pattern Discovery Technologies Inc. ‐ . All rights reserved.

On‐board Monitoring of Diesel Emissions

Doug O’Connor – 1950‐2015

Continuation of the work spearheaded by Vale beginning in 2010
‐ On‐board monitoring provides significant insight into VOD requirements
‐ Eliminates inconsistent manual testing procedures
‐ True reflection of equipment under fully loaded conditions – Regulation 854 
‐ Early indicator of potential engine health problems – reduce unexpected breakdowns
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Phase 1 – Onboard Emission Monitoring
Impact on Operations

Engine Load
Engine Temp
Exhaust Temp
Exhaust Backpressure
Oil Temp
Oil Pressure
RPM
Fuel Temp
Fuel Pressure
Etc.

Human Health & Hygiene

Maintenance
Ventilation

Pre

Post

CO
NO
NO2
NOx
DPM
RH
O2

234©2016 Pattern Discovery Technologies Inc. ‐ . All rights reserved.

Evolution: On‐board Emissions Measurement Device

SenzLogic ‐ Emissions measurement, controller, logging and communications 
capabilities in one platform
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Column Name Minimum Maximum

row_id 1.00 1880892.00

date 24/08/2015 06/11/2015

measurement_cycle_id 0.00 573.00

channel_group_id 0.00 488.00

segment_id 391.00 829.00

Acc_Lat ‐0.25 0.35

Acc_Vert 0.75 1.19

Acc_Long ‐0.70 0.33

EngSpeed 0.00 16388.00

EngFuelRate 0.00 112.95

DragerState 0.00 6.00

MeasurementState 0.00 1.00

DragerChannel 0.00 2.00

DragerComState 0.00 3.00

DragerErrorState 0.00 32.00
MeasurementTime 0.00 905.00

COconcentration 0.00 1778.00

NOconcentration 0.00 891.00

NO2concentration 0.00 163.00

NOXconcentration 0.00 963.00

AccelPedalPos1 0.00 100.00

WheelBasedVehicleSpeed 0.00 186.76

EngCoolantTemp ‐32766.00 124.00

TransOilTemp 0.00 0.00

TransOilPress 0.00 32761.50

Column Name Minimum Maximum

EngOilPress 0.00 16385.00

EngTurboBoostPress 0.00 32767.50

AirFilterRestriction 0.00 4.50

TransCurrentGear 0.00 4.00

TransSelectedDirection 0.00 7.00

BatteryVoltage 0.00 30.50

EngCoolantLevel 0.00 1.00

ActualEngPercentTorque 0.00 100.00

BrakeSwitch_1 0.00 1.00

TransRetarderSwitch 0.00 1.00

TorqueConvOilTemp ‐40.00 170.00

BrakeOilCoolingTemp ‐40.00 170.00

DumpHoistLeverStatus 0.00 240.00

DumpHoistLeverPos 0.00 100.00

IntakeManifoldAirTemperature ‐3276.60 95.90

DumperBedPos 0.00 655.20

TransRetarderControl 0.00 655.20

ParkingBrakeSwitch 0.00 1.00

BoxV 12.42 12.80

BoxT 23.16 60.05

FuelLevel 0.00 100.00

EngTotalFuelUsed 0.00 41238.98

TotalVehicleHours 0.00 17879.26

TotalEngineHours 63.18 627.32

Parameters Used In Analysis and Defining Working States

Engine Parameters Captured from Vehicle Telemetry System
Emission Concentration Measurements Captured
Used in defining Working State or Duty Cycles – see next slide

Aug. 24 ‐ Dec. 6, 2015 – 3,184,836 records captured! 

236©2016 Pattern Discovery Technologies Inc. ‐ . All rights reserved.

Graph of raw data – establishing Working State

Building models for classifying emissions

CO Concentration

% Engine 
TorqueAccel Pedal

Trans Gear

Engine Speed

Load
Idle

Transform Raw 
Data into 
Models that 
Describe 
Working States

• Low Idle
• High Idle
• Load
• Other
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Valid Emissions Measurements – Update to Dec. 6

Aug. 24, 2015 – Dec. 6, 2015  = 103 days = 242,152 tests at the exhaust (Channel 1)

Total Data Points Captured

3,184,836        

Valid Emission Measurements Captured

Total Channel 1 Channel 2

count 304,591            242,152       62,439          

seconds 304,591            242,152       62,439          

minutes 5,077                 4,036            1,041             

hours 85                       67                  17                   

Channel 1

242,152           

Working State 0‐250 250‐500 500‐750 750‐949 by State

All 63,155               66,531          73,688           38,778           242,152  

High RPM 6,733                 8,032            7,549              5,031              27,345    

Load 22,029               17,391          22,378           11,925           73,723    

Low RPM 13,016               13,728          18,367           7,446              52,557    

Other 21,377               27,380          25,934           14,376           89,067    

Approximate number of manual tests performed in 103 days = 6
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Visualization in Dashboard of Emissions Measurements

Average of all Working States over 250 hour increment
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Double Clicked on 0 – 250 with NO2 warning

Drill Down to 50 Hour Increments
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Double Clicked on NO2 warning in 100 hour interval

Drill to Hourly Increments on 100 hour interval
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Drill down to raw data graph for Hour 108

Per minute performance
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Drill down to raw data and corresponding engine
contributions
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By Working State – High RPM

Average of all Working States over 250 hour increment
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By Working State ‐ Load

Average of all Working States over 250 hour increment
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Most recent data

CO Concentrations over 25 hour averages

Data to Dec. 06, 
2015

Data from April 23 
to May 18 ‐ 2016
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Most Recent Data

NO2 Concentrations over 25 hour averages

Data to Dec. 06, 
2015

Data from April 23 
to May 18 ‐ 2016
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Most Recent Data

NO2 Concentrations over 25 hour averages ‐ Loaded

Data to Dec. 06, 
2015

Data from April 23 
to May 18 ‐ 2016

248©2016 Pattern Discovery Technologies Inc. ‐ . All rights reserved.

Most Recent Data

NO2 Concentrations over 25 hour averages – High RPM

Threshold rarely violated – equivalent to manual tests

Data to Dec. 06, 
2015

Data from April 23 
to May 18 ‐ 2016
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EmissionInsight™ for Underground Mining Equipment

Value to Mining Operations

Vehicle Production Value

# of vehicles 10

Shift length 10.5

Seat hours/shift 7.5

Tons/shift/vehicle 500

Tons/hour/vehicle 67

Value/ton ‐ Creighton 400.00$                

Value/ton ‐ Totten 250.00$                

Value/hour of each vehicle ‐ Creighton 26,800.00$          

Value/hour of each vehicle ‐ Totten 16,750.00$          

Assumptions

Shift length 10.5

Seat hours/shift 7.5

Tons/shift/vehicle 500

Value/ton ‐ Creighton 400.00$                

Value/ton ‐ Totten 250.00$                

Wages 34.00$                  

Overhead markup 200%

Hours to perform manual test 1

# of mechanics to perform manual test/vehicle 2

# of tests per month 1

# of scoops 10

# of haulers 5

# of days lost to production for fleet (Todd V) 4

% improvement to downtime losses ‐ reduce unexpected failures 25%

Production Value by Eliminating Manual Tests ‐ Creighton

Extra hours of operation by eliminating manual test/vehicle 1

Extra tons/month/vehicle 67

value/month/vehicle 26,800.00$          

Value for fleet/month (based on 10 scoops) 268,000.00$        

Overall value for fleet per year (x 12 months) 3,216,000.00$    

Reduced Downtime due to Unexpected Repairs ‐ Creighton

# of days/month/fleet 4

hours per day 15

total hours of downtime 60

% improvement to downtime losses 25%

additional tons month 1005

value per month 402,000.00$        

value per year 4,824,000.00$    
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SenzLogic
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EmissionInsight 2.0+ ‐ Development

Current and future development

CSV Historian

Emissions 
& Engine 
Data

PDT
Analytic

s
Engine

Preprocessed Data
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To 
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Best Practices

Repair Guidelines

Troubleshooting Guidelines

Dynamic PM Updating

Evaluation of Maintenance 
Effectiveness

Develop KPI’s  for 
Maintenance Intervention

Model “States” of Operation

Onboard Emissions 
Monitoring

Engine and Operator 
Diagnostics

Journey to Streamlined Maintenance in Mining

254©2016 Pattern Discovery Technologies Inc. ‐ . All rights reserved.
254

EmissionInsight™

Questions and 
Answers
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Epiroc Canada

Blaine Vatcher

Product Manager Underground Equipment

Epiroc Part of the Atlas Copco Group

256
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RAMBLER - FLEET

258

EQUIPMENT
GENERAL OVERVIEW

TIER LEVELS
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LOADER PORTFOLIO

Tunnel / Gallery size Direct Control System Rig Control System

Low seam

ST7LP

Small

ST2G ST7

Medium

ST1030 ST14

Large

ST 18

259

ST = Scooptram
ST14 = 14 tonne

L150

260

TRUCK PORTFOLIO

Tunnel / Gallery size Direct Control System Rig Control System

Low seam

MT436LP

Small

T16 - Aramine MT2010

Medium

MT 431/MT436 MT42

Large

MT 5020 / MT 65

260

MT = Minetruck
MT42 = 42 tonne
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Cummins QSM11 Tier 4 interim engine installation

 Cummins QSM11 
– Meets Tier 4 interim regulations

– Tested for MSHA/CANMET

 The engine requires Ultra Low Sulphur Diesel 
(ULSD) fuel (15ppm)

 Exhaust temperatures will be higher during 
active regeneration

 Diesel Particulate Filter (DPF) is a part of the 
after treatment system

Scooptram ST14

262

 Tier 4 final and Stage V - bringing particulate matter (PM) and nitrogen oxides 
(NOx) to near zero levels

 Benefits 
– Lower exhaust levels (PM and NOx)

– Engine installation integrated in design of MT42

– Reduced fuel consumption vs Stage IIIA / Tier 3 engine

– Lower noise level

– Electronic retarder – “Telma”

New engine alternative - Cummins QSX 15 - EPA Tier 4 final / EU Stage IV

Please note! Only for markets with Ultra Low Sulphur Diesel (ULSD) and low ash engine oil. 

MINETRUCK MT42
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New engine alternative - Cummins QSX 15 - EPA Tier 4 final / EU Stage IV

MINETRUCK MT42

264

MINETRUCK MT42

 Why: TIM SANFORD, P. Eng. Vice President, Technical Services

– OH&S requested us to consider Tier4 for lower NO2 and improved ventilation

 Goal reduce NO2 to 0.2ppm from the 2ppm

– Economic less ventilation requires less electricity

– Improved environment for all employees

§264

Rambler Mine feedback:

Limited data from customer
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MINETRUCK MT42

 J Lindsay Mine engineer
– Newfoundland OHS legislation allows for variance in the ventilation requirements (standard set a 144.8 CFM per BHP) 

when an engine has been tested by an approved laboratory. As per CANMET, the Tier 4F engines have a rated 
ventilation prescription of 19,800 CFM. This represents a 54% decrease (from 36,700 CFM) over the alternative Tier 3 
engine.

 Corey Greenham, H&S - CSO, RSO, MRT
– The initially PM emissions check does identify that the Tier four engine is a much cleaner burning engine.

OH&S

266

 Tier 4 final requirements at site:

– Operations feedback:

 We needed to train our operators on 

– the benefits

– how TIER 4F works

– proper use of DPF

– what fuel to use

– Follow up on any issues they brought up 

– Maintenance feedback:

 Local engine support out of Nova Scotia and St John’s

– Inform, start up & warranty registration

 Rambler was using the ultra low sulfur fuel

 Training similar to operators to get “buy in”

 AC stocked spare dpf filter locally

– Replacing it every 5,000hrs

‒ Increased operating costs with this filter

New engine alternative - Cummins QSX 15 - EPA Tier 4 final / EU Stage IV

MINETRUCK MT42
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TELEMETRICS DATA COLLECTION – “CERTIQ”

Machine status and follow up

Equipment with 
on-board computer

Access point

Mobile Device

Local server Central server

3rd Party integration

User

 We are currently collecting telemetrics from the ST14 & MT42

268

FLEET MANAGEMENT 

 Machine information 
– Engine hours 

– Fuel consumption

– Event logs

– Machine alarms

– Idle versus loaded

– Tones moved

 Service planning 
– Service countdown 

– Service log 

 Utilization

Machine status and follow up




