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Introduction

e Vale is trialling a passive regeneration-type diesel particulate filter
(DPF) manufactured by Mammoth equipment on a Caterpillar AD30
haulage truck #231.

e CanmetMINING was contracted to provide an independent
assessment of the in-use performance of the DPF.
e Phase 1 - Surface workshop test - ECOM gas analyzer and smoke dot test.
e Phase 2 - Underground in-use test —- SEMTECH PEMS gas analyzer.
e Phase 3 — Laboratory assessment of emissions including VOC/PAH
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Vehicle and DPF System

e Test vehicle: Caterpillar AD30 Unit #231
e DPF: Mammoth DPF System #78183
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Phase 1: Workshop Steady-State Tests

e CanmetMINING performed a series of steady-state emissions
tests using an ECOM EN portable gas analyzer.

e These tests are similar to Vale’s internal test program.
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Steady-State Test Results

@ Gases and Smoke

Stall
Pre-DPF (engine out) and post-DPF (tailpipe)
smoke, CO, NO, and NO, concentrations are Eisiing
DPF
very close to the average values measured by
Vale’s program. There is a discrepancy in the 235
post-DPF NO, concentrations. NO, is very 471
sensitive to water so it is suggested that the Vale
ECOM be checked for adequate water removal. 21
NOx 492
Smoke 9
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Canadi

o Installed the SEMTECH on-
board emissions analyzer on
the truck deck. Connected to
the engine ECU datalink.

® Emissions measured pre-
and post-DPF during normal
haul operations. Gases and
particulate mass (DPM)
emissions.
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Haul Cycle

e The truck was side-loaded by LHD on 3650 level and then
hauled up to the 2020 ore pass on 3400 level.

® Our station was in 3400 shop where we checked filters and
sample probes.

3650 Level Loading
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Underground Test Results
e Diesel Particulate Matter (DPM filtration)
Gravimetric DPM Samples (1.7 L/m sample flow _—

Mass Time Volume DPM Reduction
)01(158 Location (mg) (min) (m?) (mg/m?) (%)

VM-
Pre DPF 5.017 40 0.0680 738
VM-
08 PostDPF  0.023 35 0.0595 04 99.5
6
4

VM-
0 Pre DPF 4.064 38 0.0646

62.9
rganic | Elemental Total
0 Post DPF 0.052 34 0.0578 0.9 98.6 Carbon Carbon Carbon Reduction
Location | (mg/ m? mg/ m3 mg/ m3 %o
[Ecioc |

1{@/[0]&} B Post DPF 0.175 0.025 0.200

I Brocorr 1720 28.298 45.507 99.6
fel[e]eri| PostDPE ¢ g5 0.098 0.183
I B PeDPF 4560 25.396 39.955 993

5.4
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Underground Test Results
e Carbon Monoxide (catalyst performance)

Truck 231 Haul Cycle CO Reduction
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Underground Test Results

e Nitrogen Dioxide (NO, catalyst performance)

Truck 231 Haul Cycle NO2 Reduction

60
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Conclusions Phases 1/2

e The stationary workshop tests conducted by CANMET are consistent with Vale’s own
internal data.

e The Mammoth DPF can achieve its claimed performance in-service by reducing the
mass of particulate emissions by 98-99% without an increase in NO, emissions.

e In fact NO, emissions were reduced by 17% and CO emissions were reduced by 85%
over the haulage cycle.

e The DPF system performance is consistent with other advanced catalyst systems
known to CANMET.

e The Mammoth DPF was removed and sent to CanmetMINING for laboratory engine
tests in Phase 3.

1+l
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Phase 3 —VOC / D-F / PAH / nPAH Tests

e Acomprehensive study of the emissions ©e Q00
performance of the DPF system took place in June _— M_;O O .
at the CanmetMINING diesel engine certification 00" oo OUC0
facility in Ottawa. ©

e Regulated emissions similar to the in-mine test " @@
were measured including CO, CO2, 02, NO, NO2, Q QQO
and DPM. gy ~ BN

> ©©

e Secondary emissions from the engine and DPF o ©‘©%
were also measured to include volatile organics ' mm v
(VOC), Dioxins/Furans, polycyclic aromatic Q0 d O
hydrocarbons (PAH) and nitrated (nPAH). oL @©®©

Cue)
Odﬂo 00
Notes: 'PAHs are on the EPARBC List (EPA, 1999c).
2PAHs identified as probable human carcinogens by the EPA (shown in bold).
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Volatile Organic Compounds
Benzene | Formaldehyde

1,3-Butadiene Acetaldehyde

Secondary emissions tests . _sswmmmsmw
1 293: 7,8 h ..a‘_' (1,2,3,7,8 PsCDD)

,2,3,4,7,8 hiorodi P 1,2,3,4,7,8 HeCDD,

e Secondary emissions analyzed during the course of [123873 ibenz-p-dincn (1,2,3,5,75 FyCDD

. ,2,3,7,8,9 Hexachlorodibenzo-p-dioxin (1,2,3,7,8,9 HgCDD.
this test were selected from the EPA, VERT, and 12,3,4,6,7,8 Heptachlorodibenzo-p-dioxin (1,2,3,4,6,7,8 H,CDD)
. Octachlorinated dibenzo-p-dioxin (OsCDD)
NATO lists. 3,3,7,8 Tetrachlorodibenzofuran (2,3,7,8 TaCDF)
. ,2,3,7,8 Pentachlorodibenzofuran (1,2,3,7,8 P;CDF)
2,3,4,7,8 Pentachlorodibenzofuran (2,3,4,7,8 P:CDF)
e The engine test procedure was the ISO8178 C1 2478 Pertaetlonndbenacfuren CAA TS PEOR)
CyCle . .2,3,6,7,8 Hexachlorodibenzofuran (1,2,3,6,7,8 HsCOF
,2,3,7,8,9 Hexachlorodib 1,2,3,7,8,9 HCOF

i
e The sampling was to EPA Method 5 / TO- P AT e e

6,7,8 Heptact

15/11A/23; Environment Canada EPS 1/RM/2&3 L3878 Festaordbensofuan (1.22,4.7.50 /COF)
and CARB 430.

. . Polynuclear Aromatic Nitrat_ed Polynuclear
e Analysis to SwRI procedures with surrogate Hydrocarbons (PAHs) | ATomate Budracarbons
injection for quality control. Er— ;::_r+:gm§ mj;
. . Chrysene 3-nitro-phenanthrene
@ Comprehensive full test in June 2022 Benzla) snthracens “nitro-phenanthrene
Benzo(b)-fluoranthene -nitro-anthracene
e Preliminary data received Sept 2022 o r T
Indene(1,2,3- cd) pyrene 1-nitro-naphthalene
Naphthalene
1-Methyl naphthalene
2-Methyl naphthalene
Acenaphthene
Acenaphthylene
I*I Natural Resources  Ressources naturelles m [ Phenanthrene
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Phase 3 - Test ceII conflguratlon
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Method 5 - Sample trains
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Phase 3 — Preliminary Results VOC

e Not all results are in yet.
e Still waiting for VOC/SVOC species and certain PAH/nPAH
e Expected in October

1,3-Butadiene Emissions (pg/s) Benzene Emissions (pg/s)
SetPoint Date Inlet Outlet Qutlet to Inlet Inlet Outlet Outlet to Inlet
Average Difference | % Difference Average Difference | % Difference

SetPoint 1 19-Jul-22 0.44 0.44 o.00 0.00 21.8 20.9 -0.89 -4.07
SetPoint 2 20-Jul-22 0.39 0.39 0.00 0.00 11.9 8.18 -3.72 -31.2
SetPoint 3 21-Jul-22 0.51 0.31 0.0 0.00 12,2 5.63 -6.57 -53.8
SetPoint 4 22-ul-22 0.22 0.22 o.0a 0.00 27.2 20.2 -7.06 -25.9
SetPaint 5 25-Jul-22 0.28 0.28 0.00 0.00 9.37 6.72 -2.65 -28.3
SetPeint 6 26-Jul-22 0.22 0.22 o.0a 0.a0 5.57 2.16 -3.41 -61.2
SetPoint 7 27-Jul-22 0.13 0.13 0.00 0.00 24.2 20.9 -3.25 -13.4
SetPoint 8 28-Jul-22 0.18 0.18 o.00 0.00 5.21 1.25 -3.95 758
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Phase 3 — Preliminary Dioxins/Furans
o All dioxins / furans data received for all eight modes.
e TEQ pending for all eight modes.
Inlet Run 2 Qutlet Run 2A Outlet Run 2B Difference in o .
r 20-Jul-22 r 20-Jul-22 r 20-Ju-22 Outiet Averages Emissions | ° Difference in
Congener 14:14 - 16:42 09:35 - 12:15 14:12 - 17:02 (Outet from Injety |  EMmission Retes
3 3 3 3 (Qutlet from Inlet)
(pg/m’) (ng/s) (pg/m’) (ng’s) (pg/m’) (ng/s) (pg/m’) (ng/s) (ngls)
2,3,7,8 - T,.CDF* 5.96 2.32E-03 2.07 6.94E-04 1.98 6.38E-04 2.02 6.66E-04 -1.66E-03 -71.3
1,2,3,7,8 - PsCDF 1.85 7.20E-04 1.93 6.48E-04 1.77 5.73E-04 1.85 6.10E-04 -1.10E-04 -15.2
2,3,4,7,8 - PsCDF 1.85 7.20E-04 1.93 6.48E-04 1.77 5.73E-04 1.85 6.10E-04 -1.10E-04 -15.2
1,2,3,4,7,8 - HiCDF 1.79 6.97E-04 1.86 6.24E-04 1.71 5.51E-04 1.78 5.88E-04 -1.09E-04 -15.6
1,2,3,6,7,8 - HiCDF 1.49 5.80E-04 1.72 5.78E-04 1.54 4.97E-04 1.63 5.38E-04 -4.27E-05 -7.4
2,3,4,6,7.8 - HCDF 1.85 7.20E-04 1.9 6.59E-04 177 5.73E-04 1.87 6.16E-04 1.04E-04 144
12,3,7,89 - HCDF 2,03 7.89E-04 2.14 7.17E-04 194 6.27E-04 2.04 6.72E-04 AATE-04 -14.9
1,2,3,4,6,7,8 - H,CDF 1.07 4.18E-04 1.31 4.39E-04 1.37 4.43E-04 1.34 4.41E-04 2.34E-05 5.6
1,2,3,4,7,8,9 - H,CDF 1.37 5.34E-04 1.62 5.43E-04 1.71 5.51E-04 1.66 5.47E-04 1.34E-05 25
OsCDF 1.31 5.11E-04 1.48 4.97E-04 1.37 4.43E-04 1.43 4.70E-04 -4.06E-05 -7.9
2,3,7,8- T,CDD 1.76 6.85E-04 2.14 7.17E-04 1.94 6.27E-04 2.04 6.72E-04 -1.30E-05 -1.9
1,2,3,7,8 - PsCDD 1.52 5.92E-04 1.28 4.28E-04 1.37 4.43E-04 1.32 4.36E-04 -1.57E-04 -26.4
8 - H,CDD 1.43 5.57E-04 1.96 6.59E-04 1.44 4.65E-04 1.70 5.62E-04 4.73E-06 0.8
8 - H,CDD 1.25 4.88E-04 1.69 5.67E-04 1.27 4.11E-04 1.48 4.89E-04 1.10E-06 0.2
9 - HsCDD 1.31 5.11E-04 1.79 6.01E-04 1.34 4.32E-04 1.57 5.17E-04 6.04E-06 1.2
1,2,3,4,6,7,8 - H,CDD 1.43 5.57E-04 1.38 4.63E-04 1.47 4.76E-04 1.43 4.69E-04 -8.82E-05 -15.8
0sCDD 1.58 6.15E-04 2.14 7.17E-04 1.61 5.19E-04 1.87 6.18E-04 2.62E-06 0.4
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Trial Test Trial Test
. . — e Engine Out DPF Out
I OXI n S u rﬂ nQa 14:30 - 16:40 14:35 - 16:45
AT I WHO NATO WHO NATO
Congener WHO-TEF | NATO-TEF| TEQ Max | TEQMin | TEQMax | TEQ Min | TEQ Max | TEQMin | TEQ Max | TEQ Min
Factors | Factors (pg) (pg) (pg) (pg) (pg) (pg) (pg) (pg)
2,3,7,8 - T.COF 0.1 0.1 14.1 14.1 14.1 14.1 3.0 30 3.0 3.0
H H 2,3,7,8 - T.ICDF* 0.1 0.1 26 26 26 26 3.0 3.0 3.0 3.0
° TEQ IS asing le 1,2,3,7,8 - PsCDF 0.03 0.05 0.52 0.52 0.87 0.87 0.17 0.17 0.28 0.28
Welghted average 2,34,7,8 - PCDF 03 05 10.1 10.1 16.8 16.8 1.7 0.87 2.9 1.5
P 1,2,3,4,7,8 - HCDF 01 0.1 45 45 45 45 0.80 0.80 0.80 0.80
tOXICIty for all D/F 1,2,3,6,7,8 - HCDF 01 0.1 1.5 15 1.5 15 0.39 0.20 0.39 0.20
com pounds related 2,3,4,6,7,8 - HCDF 01 0.1 1.8 1.8 1.8 18 0.4 0.22 0.4 0.22
. 1,2,37,8,9 - HCDF 01 0.1 0.32 0.16 032 0.16 0.4 0.22 0.4 0.22
to the most toxic 1,2,3,4,6,7,8 - FiCDF 0.01 0.01 029 0.29 029 0.29 0.07 0.07 0.07 007
H 1,2,3,4,7,8,9 - H,CDF 0.01 0.01 0.046 0.023 0.046 0.023 0.038 0.019 0.038 0.019
Species. 0sCDF 0.003 0.001 0.013 0.006 0.004 0.002 0.021 0.010 0.007 0.003
e Developed by the 2,3,7,8 - T,COD 1 1 36 18 36 18 37 19 37 19
WHO/EPA and 1,2,3,7,8 - P,CDD 1 05 3.4 34 1.7 17 43 22 22 1.1
1,2,3,4,7,8 - HCDD 0.1 0.1 0.31 0.16 031 0.16 0.34 0.17 0.34 0.17
NATO. 1,23,6,7,8 - FeCDD 04 0.1 0.27 0.14 0.27 0.14 0.20 015 0.2 015
1,2,3,7,8,9 - HCDD 01 0.1 0.27 0.14 027 0.14 0.27 0.14 0.27 0.14
P Slg nificant reduction 1,2,3,4,6,7,8 - H,CDD 0.01 0.01 0.060 0.060 0.060 0.060 0.059 0.030 0.059 0.030
X 0:CDD 0.0003 0.001 0.003 0.003 0.011 0.011 0.003 0.002 0.010 0.005
in TEQ by the DPF.
WHO-TEQ (Primary Column)
WHO-TEQ (Second Column
NATO-TEQ (Primary Column)
NATO-TEQ (Secondary Column
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Trial Test Trial Test
. " Engine Out DPF Out
Compound < <
Phase 3 —_ Prellmlnary 14:30 - 16:40 14:35 - 16:45
(ng) (ng)
Naphthalene 33,600 21,400
PAH / n PAH 2-MethyInaphthalene 28,500 4,530
1-MethyInaphthalene 15,700 1,980
. L. . 2,6 & 2,7-Dimethylnaphthalene 11,900 500
e Still waiting for comprehensive modal Acenaphthylene 364 27
Acenaphthene 399 45.4
PAH / nPAH data' Fluorene 1,020 91
Phenanthrene 3,300 1,530
e PAH results shown here. Anithracene 103 - 10
. . . 2,3,5-Trimethylnaphthalene 1,800 62.8
e Conventional PAHs significantly ety phenanirens 322 159
red uced by DPF Fluoranthene 542 438
Pyrene 824 226
Benz(a)anthracene 43.0 6.7
Chrysene 78.1 13.2
Benzo(b)fluoranthene 18.4 4.7
Benzo(k)fluoranthene 18.3 3.6
Benzo(e)pyrene 47.6 < 1.0
Benzo(a)pyrene < 1.0 < 1.0
Perylene < 1.0 < 1.0
Indeno-1,2,3(c,d)pyrene 11.3 10.5
Benzo(g,h,i)perylene 46.5 62.5
Dibenz(a,h)anthracene < 1.0 < 1.0
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Phase 3 — Preliminary PAH / nPAH

e Nitrated PAH (nPAH) data

. Trial Test Trial Test
show increases of some Engine Out DPF Out
H Compound < <
species by the DPF. 14:30 - 16:40 14:35 - 16:45

. . (ng) (ng)
e Unlike VOC, SVOC, Dioxins T-Nitronaphthalene 27.5 440
Furans and PAHS, on|y 2-Nitronaphthalene 205 414
about half of the nPAHSs are o Naniracene 370 e
-Nitrophenanthrene 2.54 1.63
reduced by the DPF 3-Nitrophenanthrene 3.51 5.14
system. 3-Nitrofluoranthrene 2.21 1.25
1-Nitropyrene 8.20 3.32

e 1-Nitronaphthalene, 2-
N itronaphthalene, 3- Surrogate Recovery for this compound was noted to be low by the analytical laboratory
Nitrophenanthrene are
increased by the DPF.
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Preliminary Results:

e Lab engine testing of primary emissions (CO, CO,, NO, NO, and
DPM) confirmed similar reductions seen in the fiefd tests.

e Secondary emissions of VOC, SVOC, Dioxins/Furans and
PAH/nPAH showed reductions in most species — with the exception
of nPAH where some showed increases across the DPF.

e This is similar to other DPF systems where catalytic activity is
known to promote nitration.

e Overall the DPF application appears to be a net benefit for
emissions reduction.

@ Comprehensive results will be available in Oct/Nov for a full report.

( j 5.4
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© His Majesty the King in Right of Canada, as represented by the Minister of Natural Resources, 2022
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