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IDC TESTING
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Stove1: IDC - PM Emissions 1/18/2018

160 : ;
—— PM Emissions (g/h) T
] Scale (kg) 100%PM total @ Minute 558 21
% Total PM
140 4 Yo ota : 3
Burn DBR Time PM  Load Burned PM PMEF
Phase (kg/h) (Min) (g) (wet Ib) (%) (g/h) (g/ke)
Startup | 3.4 | 59 | 65 | 123 | 800 | 66| 1.9 -18
1204 |High 47 | 64 | 29 | 153 | 900 | 27| 06
Medium | 2.8 | 149 | 59 | 211 | 900 |24 | 08
Transition| n/a 0 n/a n/a 90.0 | nfa| n/a
Low-90% | 2.0 | 365 [118.8| 36.7 | 90.0 [19.5| 9.8 15
1004 |FullRun | 2.6 | 637 |134.3| 854 | 90.0 |12.6| 4.9
= Emission rate, hi-fire to 90% low fire g/h: 13.2
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* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.

Minute of Test

Scale (kg)

- 100

-90

- 80

-70

- 60

o
o
PM total (%)

- 40

- 30

- 20




Stove 2




Stove 2: IDC - PM Emissions 1/24/2018

- 8.8
214 T
100%PM total @ Minute 464
-7.7
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—— PM Emissions (g/h)| [
Scale (kg) 55
= % Total PM '
o 12 1
@ Burn DBR Time PM Load Burned PM PM EF
2 Phase (kg/h) (Min) (g)  (wetlb) (%)  (g/h) (g/kg)
o Startup | 2.1 | 42 | 53 | 51 | 800 |76 3.7 |44
E 91 High 14 | 83 | 16 | 61 | 900 |11 08
= Medium 1.2 141 1.1 9.0 90.0 | 0.5 04
e ] Transition| n/a 1 n/a n/a 90.0 | nfa| n/a | 33
&4 Low-90% | 1.0 | 289 1.0 15.1 90.0 | 0.2 0.2
Full Run 1.2 | 559 9.0 353 90.0 | 1.0| 0.8
Emission rate, hi-fire to 90% low fire g/h: 0.4
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* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.
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Stove 3: IDC - PM Emissions 1/26/2018

100%PM total @ Minute 585

58.8 -
Startup | High Medium Low -20.3
50.4 - — PM Emissions (g/h)
Scale (kg) -17.4
% Total PM
49 0 Burn DBR Time PM Load Burned PM PM EF
a Phase (kg/h) (Min) (g) (wet 1b) (%) (8/h) (8/ke) | 14 5
= Startup 28 | 62 | 175 | 12.7 | 80.0 |169]| 6.1 :
5 High 49 | 65 | 7.7 | 161 | 900 | 71| 14
‘,;,’ Medium | 3.2 | 141 | 1.1 | 223 | 900 | 05| 0.2
5 33.6 1 Transition| n/a 18 n/a n/a 93.3 | n/a| n/a
@ Low-90% | 1.3 | 568 | 43 | 385 | 900 |05 | 03 | [ 11.6
= FullRun | 2.0 | 857 | 30.7 | 89.6 | 90.0 | 21| 11
w Emission rate, hi-fire to 90% low fire g/h: 1.0
E 25.2 1
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* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.
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Stove 4: IDC - PM Emissions 1/16/2018

21 4 —— PM Emissions (g/h) T
: : : Scale (kg) 100%PM tofél @ Minute 268
% Total PM
: - 4.83
: : 3 Burn DBR Time PM Load Burned PM PM EF
184 | | | Phase  (kg/h) (Min) (g)  (wetlb) (%)  (g/h) (g/ke)
; ; ; Startup 15 | 34 | 4.0 3.2 | 80.0 | 70| 46
High 34 | 24 | 20 40 | 900 | 49| 15 L4 14
) Medium | 35 | 33 | 0.9 56 | 92.0 | 17| 05
=N Transition| n/a 0 n/a n/a n/a | nfa| n/a
Low90% | 1.2 | 189 | 7.6 96 | 90.0 |24 | 2.0
FullRun | 1.7 | 283 | 145 | 223 | 90.0 | 3.1 | 1.8 345
< 12 Emission rate, hi-fire to 90% low fire g/h: 2.6
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: | / 5
ﬁ Smnup\ ‘// _276%
= i &)
g0 \ 3
E
- 2.07
6 .
N L 1.38
3 _H
1 L 0.69
O S A 0
' : I = v : 1 ' I I | 000
0 50 100 150 200 250

Minute of Test

* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.
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Stove 5: IDC - PM Emissions 1/12/2018

100%PM total @ Minute 428
98 - \ -12.6
84 1 start up' High Medium Low -10.8
—— PM Emissions (g/h)| [
| Scale (kg)
70 % Total PM -9.0
% Burn DBR Time PM Load Burned PM PMEF [
@ Phase  (kg/h) (Min) (g)  (wetlb) (%)  (g/h) (g/kg) =
5 561 Startup | 4.6 | 30 [ 67 | 84 | 800 [135] 29 || 7o =
g High 3.8 57 | 294 | 106 90.0 |31.0f 8.3 %
S Medium 22 | 144 | 15 146 | 90.0 |0.6*| 0.3* 5
; 42 Transition| n/a 8 n/a n/a 95.0 | n/a| n/a
o ] Low-90% | 2.3 | 218 | 2.6 248 | 90.0 0.7 | 03 |[ 54
Full Run 25 | 460 | 39.7 | 584 90.0 |52 | 20
Emission rate, hi-fire to 90% low fire g/h: 4.6
28 - * these data corrected for PM loss; uncertainty is ~ 50%)
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* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.
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Stove 6: IDC - PM Emissions 1/9/2018

—— PM Emissions (g/h) /T -12.8
1339/ —— scale (kg) p .
% Total PM 100%PM total @ Minute 403
] Burn DBR Time PM Load Burned PM PM EF L 112
114 4 Phase (kg/h) (Min) (g)  (wetIb) (%) (g/h) (e/ke)
Startup 4.2 34 3.9 8.4 80.0 | 6.9 1.6
High 45 | 48 | 1.0 | 107 | 900 | 13| 03
1 IMedium 21 | 137 | 05 14.8 90.0 | 0.2 | 01 L 96
Transition| n/a 0 n/a n/a 90.0 | nfa| n/a '
935 1|Low-90% | 1.7 | 245 | 610 | 21.1 | 90.0 |14.9] 87
Full Run 2.3 | 470 | 66.5 55.0 90.0 | 8.5 3.7
1 Emission rate, hi-fire to 90% low fire g/h: 8.7 8.0
E ; ; = 0.
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* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.

- 100

-90

- 80

-70

- 60

o
o
PM total (%)

- 40

- 30

- 20

-10




PM CAPTURE
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PM Capture M28 High Burn
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Stove 6 - 99.5%
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captured at 90%
load consumed.
B remaining time to 100% fuel load burned
190% load burned (% of time)
| . 1 100% PM (% of time)
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PM Capture M28 Medium Burn

/ Stove 4- 96% of PM
captured at 90%

Stove 1

Stove 2
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Stove 4

Stove 5

Stove 6

load consumed

M remaining time to 100% fuel load burned
M 90% load burned (% of time)
B 100% PM (% of time)



PM Capture M28 Low Burn

120
Stove 4 - 96% of PM
/ captured at 90%
100 -
Stove 5 —98% of PM
80 -
captured at 90%
60 -
No data for Stove 3
— low fire went out
40 -
20 - . .
H remaining time to 100% fuel load burned
B 90% load burned (% of time)
B 100% PM (% of time)
0
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STOVE TEMPERATURE DATA



Average Stove Temp (F)

560

Average Stove Temp (F)
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Stove Temp — Max Air Setting
Non-Catalytic Stoves

Stove 1

Load DBR

PM  PMEF

—— M28R - High Fire to 90%

(wet Ib) (kg/h) (g/h) (g/ke)
M28R 22 2.09 |24.2 | 3.22
IDC 36.7 2.0 195 9.8
Stove 5
Load DBR PM PM EF
(wet Ib) (kg/h) (g/h) (g/kg)
M28R | 15.1 343 | 126 | 3.76
IDC 10.6 3.8 31.0| 83

—— IDC - High
700
Stove 4
600 -
c
(=%
£
2 500-
[}
3
w
a -
Z load DBR PM PMEF
300 (wet Ib) (kg/h) (g/h) (g/kg)
M28R| 5.7 4.46 |2.11/| 0.48
IDC 4.0 34 | 49 | 15
200 . - -
6361
Stove 6
5834
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E
R
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3
w
&
€ 477+
g
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Load DBR PM PM EF
424 (wet Ib) (kg/h) (g/h) (g/kg)
M28R | 16.1 422 | 3.26 | 0.77
IDC 10.7 4.5 1.3 0.3




496+

8

Average Stove Temp (F)

248

372

310+

Stove Temp — Max Air Setting
Catalytic Stoves

Stove 2

M28R
IDC

496

434-
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5 3721
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o

£ 3101
load DBR PM PMEF I
(wet Ib) (kg/h) (g/h) (g/kg)
10.1 | 1.83 |2.79| 1.53 248.
61 | 14 |11/ 08

—— M28R - High Fire to 90%)
——IDC - High

Stove 3

M28R
I0C

Load DBR
(wet Ib) (kg/h)

PM  PMEF
(g/h) (e/ke)

216 | 4.73

1.54 | 0.21

16.1 4.9

7.1 14




Stove Temp — Medium Air Setting

590
Stove 1
5314
s
Q
5
'_472'
[+}]
3
7]
> 413
]
<
Load DBR PM PMEF
354 1 (wet Ib) (kg/h) (g/h) (g/ke)
M28R | 21.7 264 | 46 | 1.76
IDC 2141 2.8 24 | 0.8
464 -
Stove 5
s
o 406
£
(7
[
Qo
3
& 348
[}
&
] load DBR PM PMEF
< 290+ (wet Ib) (kg/h) (g/h) (g/kg)
M28R | 15.8 1.33 2.7 | 2.04
IDC 14.6 2.2 0.6* | 0.3*
232- * these data corrected for PM loss; uncertainty is ~ 50%)
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Average Stove Temp (F)
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4601
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Non-Catalytic Stoves

M28R
IDC

—— M28R - Medium Fire to 90%
—— IDC - Medium

Stove 4

M28R
IDC

Load

Load

DBR PM  PMEF

(wet Ib) (kg/h) (g/h) (g/kg)

5.4

224 | 58 | 2.62

5.6

3.5 1.7 | 05

DBR

(wet Ib) (kg/h)

Stove 6

PM  PMEF
(g/h) (g/kg)

16.1

2.01

147 | 0.73

14.8

21

02 | 0.1
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Average Stove Temp (F)
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Stove Temp — Medium Air Setting
Catalytic Stoves

Stove 2

N
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Average Stove Temp (F)

PM PMEF

‘M28R

10.1

1.52

1.6 | 1.06/ i

IDC

9.0

1.2

05 | 04 ]

Stove 3

Load DBR PM PMEF
(wet Ib) (kg/h) (g/h) (g/ke)
M28R| 216 | 4.73 | 1.54 | 0.21
IDC 16.1 49 7.1 1.4

— M28R - Medium Fire to 90%
—— |DC - Medium
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Average Stove Temp (F)
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Stove Temp — Lowest Air Setting
Non-Catalytic Stoves

Stove 1

Load DBR PM  PMEF

(wet Ib) (kg/h) (g/h) (8/kg)
M28R | 22 2.09 |24.2| 3.22
IDC 36.7 20 |195| 9.8

load DBR PM PMEF

(wetIb) (kg/h) (g/h) (g/ke)
M28R | 1579 | 1.7 | 2.0 | 117
248 | 23 |07 | 03

Stove 5

——M28R - Low Fire to 90%

— |DC - Low
Load DBR PM PM EF
553 (wet Ib) (kg/h) (g/h) (8/kg)
M28R | 5.45 0.99 26 | 2.62
s 9.6 1.2 2.4 2.0
w
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]
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248

load DBR PM PMEF

(wetIb) (kg/h) (g/h) (e/ke)
M28R| 16.1 | 1.75 | 4.9 | 2.81
oC | 211 | 17 |149]| 87




Average Stove Temp (F)
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Stove Temp — Lowest Air Setting
Catalytic Stoves

Stove 2

M28R
IDC

load DBR PM PMEF

(wet Ib) (kg/h) (g/h) (g/kg)
10.25 | 151 | 2.6 | 0.76
151 [ 1.0 |02 ] 0.2

468

g

312

Average Stove Temp (F)

G

§

Stove 3

N

— M28R - Low Fire to 90%

—— |DC - Low



STACK TEMPERATURE DATA



Stack Temp — Max Air Setting

Non-Catalytic Stoves

—— M28R - High Fire to 90%

—— 1DC - High
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Stack Temp — Max Air Setting
Catalytic Stoves
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—— M28R - High Fire to 90%,
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Stack Temp — Medium Air Setting
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Stack Temp — Medium Air Setting
Catalytic Stoves

Stove 2
Stove 3
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— M28R - Medium Fire to 90%
— |IDC - Medium



Stack Temp — Lowest Air Setting
Non-Catalytic Stoves  —us wmeows

—— |DC - Low
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Stack Temp — Lowest Air Setting
Catalytic Stoves
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— M28R - Low Fire to 90%
——IDC - Low



BURN RATE DATA
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M28 vs. IDC Burn Rates
Non-Catalytic Stoves (kg/hr.)
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M28 vs. IDC Burn Rates
Catalytic Stoves (kg/hr.)
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IDC Protocol
Burn Rate by Stove
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EMISSION FACTOR
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M28 vs. IDC Emission Rates
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M28 vs. IDC Burn Rates
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IDC Protocol
g/kg by Stove
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IDC Protocol
by Stove g/kg (no#5)
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EMISSION RATE DATA
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M28 vs. IDC Emission Rates
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IDC Protocol
g/hr by Stove
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IDC Protocol
by Stove g/hr (no#5)
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M28 vs. IDC Emission Rates
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BURN RATE /EMISSION FACTOR
ANALYSIS
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START-UP ANALYSIS



Bottom Up Start-up Load Stove 2 — Top Down
March 1, 2018 start-up Load 2/27




Stove 2: PM Emissions - IDC (1/24/18) vs Bottom-Up (2/27/18) vs Top-Down* (2/28/18)

[ — v s, R o : PM Emission (g/h)
33.6 ' ' ! —IDC
IDC start-up i 1 |
Mt ssssndaciiibisssissssisicenssatnasessestessssisassnas : ............. ,.: : R&D (Boﬁom-Up)
RIS | FOTS—— Topdownstartup! i . B Top: Down]
28.8 i i | Test BUM  DBR Time PM  Lload BumedPM  PMEF
: : : Phase (kg/h) (Min) (g)  (wetlb(%) (g/h) (g/kg)
] 5 5 5 jpc  [Stertup| 2.1 | 420 | 53 | 51 | 800 | 76 | 37
; | ; High | 1.4 [83.0] 16 | 61 900 | 1.1 | 0.8
24.0 : : : - up/Startup| 26 | 330 | 47 | 52 | 790 | 85 | 33
; E E - High | 2.1 [86.0| 07 | 65 | 900 [ 05 | 0.2
= 1 ; 5 i Top-Downs{Statup| 15 | 580 | 44 | 5.2 | 770 | 46 | 3.0
=) : : : High | 180 |10.0 | 0.7 | 65 | 30 | 44 | 0.2
» 19.24 : ) : - - ——————
= ' : : :
.Q ! ]
1] 4 ' '
2 : :
E ‘ i
14.44 : !
= : :
°- : :
9.6-
4.8J 5 5
0.0 1
T T T T I
0 25 50 75 100 125

Minute of Test

* Real-time PM Measurements obtained with Teom. On average Teom measurements are 10% less than filter measurements.
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Comparison of SU Test Runs
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Time
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m S1 bottom up
S11DC top down

m S5 bottom up
S5 IDC top down

Stove 2

PM

Stove 6

B S2 bottom up
H S2 IDC top down

1 S2 top down

B S6 bottom up
B S6 top down
1 S6 IDC top down



Comparison of SU Test Runs
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IMPACT OF INCREASING
HIGH FIRE LOAD



Changing High Fire Fuel Load

Full IDC load — HF at 5lbs/ft3 Start-up and HF load at 7lbs/ft3
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Impact of Increasing High Fire Load

kg/h

FET]

S1High5lb  S1High7Ib
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S5 high 5 Ib

g/kg

S5 high 7Ib

S1 High 5lb

S1 High 7 Ib

S5 high 5 Ib

S5 high 71b

Min

181

S1High5lb S1High7Ib S5high51b S5 high 7Ib

g/h
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g’h

120

Stove 5, Startup and Hi Fire, Jan. 12 (IDC) and March 2 (R&D)

110 A

100 o

90 4

80

70 1

60

50 -

40

30 A

20 1

10

start/hi topdown, 5&/ft3
— start/hi bottom up, 7#/ft3

top down, 5#/ft3

1/12: 25 g/h
3/1: 23 g/h

Both run-times are 90 minutes

Minute of Test



Discussion/Next Steps



