Integrated Duty Cycle Protocol



Overarching Goals

* Protocol Goals
— Reflect typical loading patterns
— Reflect typical operating patterns

— Address variability by completing multiple runs of
the same protocol

* Meeting Goals
— Timeline development
— Identify areas that need data from research runs
— |dentify areas of consensus



Protocol Overview

 Compress entire protocol into a single day test

— Burn phases: startup, high, medium, medium-low
transition, and low

* Phases attempt to reflect common daily user practices such as
start-up and reloads.

* Phases end when 90% of fuel charge is burned.
* Three reloads during the protocol, with different coal bed weights.

— Piece sizes vary with phase:
e Start-up kindling and starter — 4 |b/ft3
 High-fire: small pieces — 5 Ib/ft3
* Medium-fire: large pieces — 7 lb/ft3

* Low-fire: mix of small and medium pieces — based on firebox
capacity — min of 9 |b/ft3



Changes from last iteration

* Operational protocol limited changes
— Provide a range for coal bed weights for reload. Need
to discuss what a reasonable range is and how to
apply.
* Fueling protocol — major changes
— Addressed typos that changed meaning in last
iteration

— Created draft fueling calculator

* De minimus kindling for small stoves of 1 Ib. Thoughts on
maximum amount?

* Changed target load piece sizes based on density of fuel
used.



Testing/Research at HLS

Six stoves

1. High mass construction, large firebox, tube/non-cat
emission controls

2. High mass construction, small firebox, catalytic emission
controls

3. Steel construction, large firebox, catalytic emission
controls

4. Castiron construction, small firebox, tube/non-cat
emission controls

5. Castiron construction, medium firebox, non-cat/non-
tube emission controls (this is likely a top loading unit)

6. Steel construction, medium firebox, tube/non-cat

emission controls
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Issues Raised on IDC test method

Fuel loading parameters

— Configuration laid out in test method or manufacturers
instructions?

Is it really one day, does it save time? Need to consider
time for pre-burns that are used in M28

— Timing analysis for medium stove
e M28 ~1780 minutes of burning — one preburn
* 3 runs of IDC ~1300 minutes of burning

What is the passing grade?
— Ending test at 90% cuts test run at each phase by 30-50%

How do measure efficiency?
— Move in the direction of ASHRAE standards or use TCC methods



Start Up Phase
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Comparison of Start Up Phase Data

Run Species

4/7 —-Maple 35 38 2.7 7.9 4.26 1.22
4/25 — Maple 2.3 58 6.65 7.8 6.88 2.99
4/26 — Maple 2.6 48 3.05 7.8 3.81 1.47

4/18 - Birch 2.0 65 5.47 7.7 5.05 2.52

4/29 - Birch 1.8 72 3.99 7.8 3.33 1.85

5/4 — Birch 2.4 55 6.57 7.8 7.17 2.99

Oak 3.4 40 11.6 7.9 16.9 3.7

3 ft maple 10.51

3 ftash 4.5 44 10.3 11.7 14.05 3.12



Start Up Phase Discussion ltems

* Loading density
— Amount of kindling
— Starter fuel

— Capacity to use in a wide variety of stoves sizes and
configurations

* Load configuration
— Manufacturers instructions
— Prescribed conditions

* End of Phase
— Questions about size of coal bed to light off high fire



Integrated Duty Cycle Test Method

HIGH FIRE PHASE






High Fire Discussion Items

* Timing of placing the high fire load
— It appears that wood could loaded earlier

e Amount of wood loaded

— 5lbs per ft3 - is it enough? What happens to
timing?



Comparison of High Fire Phase Data

Run Species Burn Rate Time (min) Load PM EF
(8/kg) (#) (g/kg) @90%
'I\)"ZS/ 10 2.47 144 9.58 15.68 3.99 1.62
oug Fir
M28/90
Doug Fir 3.48 93 9.58 15.68 6.18 1.78
4/7—Maple 3.0 61 6.0 9.3 5.90 1.97
4/25 - Maple 2.4 78 3.17 9.5 2.44 1.02
4/26 — Maple 33 55 4.17 9.8 4.55 1.38
4/18 - Birch 3.3 59 6.08 9.8 6.18 1.87
4/29 - Birch 3.6 54 7.15 9.9 3.33 1.85
5/4 - Birch 4.1 47 5.96 9.8 7.61 1.86
k
o2 3.6 52 5.7 9.4 6.2 1.7
Ash
3.0 69 8.0 10.2 6.9 2.3
Etaonvgee med 2.4-4.1 47 -78 3.17-80 93-102 244-761 1.02-23
3 ft maple 3.9 74 2.98 15.0 2.42 0.62

3ftash 3.4 84 6.02 14.7 4.30 1.26



MEDIUM FIRE PHASE



Medium Fire Phase

Run Species Burn Rate Time (min) Load PM PM EF
(8/kg) (#) (g/hr) (s/kg)

M28 2.49 4.85 15.66 1.89 0.76
Doug Fir 2.08 155 4.79 15.64 1.86 0.89
4/7 Maple 2.9 88 6.2 13.3 4.23 1.46
4/25 Maple 2.3 117 12.7 13.6 6.51 2.83
4/26 Maple 2.1 125 7.77 14.0 3.73 1.78
4/18 Birch 2.9 90 4.45 13.0 2.97 1.02
4/29 Birch 2.8 95 5.34 13.6 3.38 1.2
5/4 Birch 3.4 82 5.18 14.0 3.79 1.11
Oak 3.6 52 5.7 6.2 1.7
Ash 3.0 69 8.0 6.9 2.3
Range 2.1-36 52-125 297-69 1.02-2.83
3 ft maple 3.9 74 2.98 15.0 2.42 0.62

3 ft ash 3.4 84 6.02 14.7 4.30 1.26



Medium Fire Discussion Items

 Transition to low burn
* Fuel adjustments



LOW FIRE PHASE
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Low Fire Phase Data

Rate Time (Min) Load (#) PM (g/hr) PM EF (g/kg)
(kg/h)
13 315 24.0 15.6 4.57 4.05

M28 doug fir —

100% 1.

g’(')zf L= 1.55 208 24.0 15.6 6.92 4.46
B o: 1.9 209 NA 20.5 13.7 6.4
_ Ash 1.5 364 NA 28.0 7.1 4.6
P sirch 1.8 223 35.6 20.4 9.58 5.32
m Birch 2.0 193 59.8 20.6 18.57 9.30
_ ainch 17 0o 176 17.7 S
_ Maple 1.8 219 31.4 20.1 8.60 4.78
m Maple 2.0 168 12.8 17.0 4.57 2.29
P maple 1.5 208 32.3 17.7 9.32 6.21

Range 1.5-2.0 168 -364 17.0-28.0 457- 5 99-930

18.57
Maple 1.5 479 156 36.5 19.54 13.03
1.8

Ash 484 121 44.0 15.0 8.33



Comparison of Low-Fire Phase
)

Run Burn Rate | Time Load

Species (#)

M28 1.55 208 24 15.6 6.92 4.46
DEHE A5 1.33 315 24 15.6 4.57 4.05
4/7 1.8 219 31.4 20.1 8.60 4.78
Maple 1.1 411 31.4 20.1 4.58 4.17
4/25 2.0 168 12.8 17.0 4.57 2.29
Maple 1.1 340 12.8 17.0 2.26 2.05
4/26 1.5 208 32.3 17.7 9.32 6.21
Maple 1.1 321 32.3 17.7 6.04 5.49
4/18 1.8 223 35.6 20.4 9.58 5.32
Birch 1.1 420 35.6 20.4 5.09 4.62
4/29 2.0 193 59.8 20.6 18.57 9.30
Birch 1.1 404 59.8 20.6 8.89 8.07
5/4 1.7 200 17.6 17.7 5.28 3.11
Birch

1.1 342 17.6 17.7 3.09 2.57



FULL RUN ANALYSIS



Analysis Full Runs

Birch

4/18 2.2 460 51.7 50.9 6.74 3.07
4/29 2.3 430 76.6 51.8 11.38 4.95
5/4 2.5 392 35.3 49.3 5.40 2.16
Maple

4/7 2.3 436 47.6 50.5 6.55 2.85
4/25 2.2 432 35.6 47.9 4.94 2.25
5/4 2.0 440 47.6 49.3 6.49 3.25



NSPS Step 1 Medium Size Wood Stove using Teom PM

PM Emissions, Draft Cordwood Operations Protocol
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PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour

PM Emissions, Method 28
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour
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PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour

PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour
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PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour

PM Emissions, Draft Corcdwood Operations Protocol

NSPS Step 1 Large Size Wood Stove using Teom PM Measurements
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PM Emssions, grams/hour
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PM Emssions, grams/hour
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NSPS Step 1 Medium Tube Stove PM Emissions
Typical Operations Protocol
Cordwood Tests using Teom PM Measurements

—— Maple 4/7
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a/h

40

NSPS Step 1 Medium Size Wood Stove
. PM Emissions using Teom PM Measurements
\ M28 and Cordwood Tests
** DRAFT **

Hi Fire to 90% M28

—— 3-31 m28 hi
—— 4-07 maple hi
—— 4-25 maple hi
—— 4-26 maple hi
—— 4-18 birch hi
—— 4-29 birch hi
—— 5-04 birch hi

Minute of Test



ag/h

20

45

NSPS Step 1 Medium Size Wood Stove

PM Emissions using Teom PM Measurements

M28 and Cordwood Tests

Medium Fire to 90% 4-01 M28
** DRAFT **

—— 4-01 m28 med
— 4-05 m28 med
4-07 maple med
4-07 maple med
—— 4-25 maple med
—— 4-18 birch med
—— 4-29 birch med
—— 5-04 birch med

= 90% 4-05 m28

60 70 80 90 100 110
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a/h

113
110 A
109 A
100 A
99 A
90 A
89 1
80 A
73 A
70 A
69
60 A

NSPS Step 1 Medium Size Wood Stove
PM Emissions using Teom PM Measurements
M28 and Cordwood Tests
“* DRAFT **

Low Fire to 90% M28

— 3-31 m28 low
—— 4-07 maple low
—— 4-25 maple low
— 4-26 maple low
— 4-18 birch low
— 4-29 birch low
—— 5-04 birch low

All cordwood PM is 0 after minute 205

Minute of Test

180

200




PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM

Measurements

105 4
100 +

70
65
60

55 1

PM Emssions, grams/hour

50 4
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9% total PM

Maple, 4/7/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 4.57 g/h

100

T
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percent bumed, percent total PM
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol 100%
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements ]
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
105 -
100 4
95 -
90 1
85 -
80 -
75
70 — PMgh
65 -
60
o Maple, 4/7/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 4.57 g/h
50 4 Emission rate, hi-fire to 90% low fire: 6.77 g/h
Emission rate, start-up to 90% low fire: 6.55 g/h
457 Burn  BRate Time* PM Lload %load PM** PMEF
40 4 Phase  (kg/h) (Min) (8) (#)  burned (g/hr)  (g/kg)
Start up 3.5 38] 27] 79 20% | 426 1.22
35 1 High 3.0 61| 60| 93 90% | s5.90[ 1.97
30 4 Medium 2.9 88| 6.2] 133 90% | 4.23| 1.46
Transition n/a 28| 08 nfa| 98.5% nfal n/a
25 1.8 219 90% | 8.60| 4.78
tow 3 an | 1 291 00| ass| aaz
20 1 23 436 | | oo _90%| es5] 2ss
15 4 Full Run 17 ] ' 100% | 455 2.68
10
5_
D_
A A= e e e s e L L e e——
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NSPS Step 1 Medium Size Wood Stove using Teom PM

PM Emissions, Draft Cordwood Operations Protocol
Measurements |

[==]
[=]
1

-
o
1

-
[=]
1

[=3]
o
1

PM Emssions, grams/hour

[=x]
(4]
1

(%] (] P - 4] [4,]
[=] [+)] [=] [4)] o [4)]
1 1 1 1 1 1

/
/ —— PMg/h

% burned

90% medium burned

% total PM

Maple, 4/25/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 3.18g/h
Emission rate, hi-fire to 90% low fire: 4.64g/h

Emission rate, start-up to 90% low fire: 4.94 g/h

100

-+ 75

T T T T T T
= on on =1] =1] =~
o [=] on [=] o [=]

=y
[=]
percent bumed, percent total PM

Burn BRate Time* PM Load %load PM**
Phase (kg/h) (Min) (g) #) burned (g/hr)
Start up 2.3 58] 665] 7.8 20% | 6.88 35
High 2.4 78] 3.17] 95 90% | 2.44 a0
Medium 23| 117|127 136 90% | 6.51
Transition n/a 81| 0.20 nfal 92.6% n/a L 25
20| 168 90% | 4.57
L 128 17.0
ow 11| 340 100% | 2.26| 2.05 | F20
22| 432 90% | 4.94 | 2.25
Full Run 16| 60a] 20| Y1 100w | 3s54] 221 | [ 15
K| L
@ 10
g
=
3 r 5
+ e N
w 0N o wo mo wo oo wo wowowowo wo o o
wn — O < O M~ @ O N MO W O o G — N T WM~ 0 — O 9 0
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

T T T T T T T T T T T T T T T T T T T T T T T T T
105
100 -
95
90
85
80 -
75
70 4 — P gfh
65
60
55 Maple, 4/25/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 3.18g/h
50 1 Emission rate, hi-fire to 90% low fire: 4.64g/h
45 4 Emission rate, start-up to 90% low fire: 4.94 g/h
Burn BRate Time* PM Lload % load PM** PMEF
40 A Phase  (kg/h) (Min) (g} (#)  burned (g/hr) (g/kg)
25 | Start up 2.3 58| 6.65| 7.8 20% | 6.88| 2.99
High 2.4 78| 3.17| 95 90% | 244 102
30 4 Medium 2.3 117 | 12.7] 136 90% | 651 2.83
Transition n/a 81| 0.20 n/a 92.6% n/a n/a
25 4 20| 168 90% | 457 | 2.29
L - 12.8| 17.0 : : '
20 4 oW 11| 340 100% | 2.26 | 2.05
2.2 432 90% | 494 225
35.6| 47.9
15 4 Full Run 1.6 604 100% 354 | 221
10
5 -
0_'-|"|"|-'|"|"|"|"|'-|"|"|-'|"|"|"|"|'-|"|"|-'|"|"|"|"|'-|"|"|-'|"|"|"|"|'-|"|"|-'|"|"|"|"|'-|"|"|-'|
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PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100%

100

T i T T T T T T T =y

105
100

75 4

70 1

PM Emssions, grams/hour

65
60 A
55 1
50 A
45 A

40 1

T
-
— —

T
=~
o

/ ©
/ £ .-: ) — PMag/h 65 E
2 / % burned o
|5 / /’! % total PM L 60 ©
o -—
7] / / c
E . J 55 8
%‘ / Maple, 4/26/17 **DRAFT** E}
/ / Emission rate, hi-fire to 100% low fire: 5.29g/h a0 -
! !
! ! Emission rate, hi-fire to 90% low fire: 6.82 g/h L 45 E
E / Emission rate, start-up to 90% low fire: 6.49 g/h S
% | Burn BRate Time* PM Load %load PM** PMEF L 40 f
B { Phase (kg/h) (Min)  (g) (#) burned (g/hr) {g/kg) S
/ I,#' Start up 2.6 48| 3.05] 7.8 20% | 3.81| 147 L a5 E
| High 3.3 55| 4.17 9.8 90% 455 1.38 Q
,f Medium 2.1 125 | 7.77] 14.0 90% | 3.73| 1.78 30
)
/ Transition n/a 2 23 n/a 91% n/a n/a 25
1.5 208 90% 932 6.21
L 323 17.7
o 11| 3 100%]| 604] 549 | | 4
2.0 440 90% 6.49 3.25
4761 49.3
Full Run 1.7 553 100% 5.16 | 3.04 F 15
10
F5
/
III'I LELELE B | T LA LA | LB L | Trrrrrrrrrqrrrrrrqyrrrrrrrprrrrrrrr e O
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100%

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
105 A
100
95 4
90 1
85 4
80 +
75
70 - — PMgh
65 4
60
a5 Maple, 4/26/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 5.29g/h
50 A Emission rate, hi-fire to 90% low fire: 6.82 g/h
Emission rate, start-up to 90% low fire: 6.49 g/h
45 1 Burn  BRate  Time® PM Load %load PM** PM EF
40 4 Phase  (kg/h) (Min}  (g) (#)  burned (g/hr) (a/kg)
Start up 2.6 48 | 3.05 7.8 20% 3.81 1.47
35 1 High 3.3 55| 4.17 9.8 90% 4.55 1.38
30 4 Medium 2.1 125 | 7.77 14.0 90% 3.73 1.78
Transition n/a 2 23 n/a 91% n/a n/a
25 1.5 208 90% 9.32 6.21
Low t1| 321|323 Y i00% | 604 549
20 1 20wl o5 90% | 6.49| 325
15 Full Run 1.7 553 ’ i 100% 516 | 3.04
10 A
5_
0_
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100%

percent bumed, percent total PM

PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements i
T T T T T L e e 100
105 A [z - P
rl" - —"'-N—N_A’_L B 95
100 - /
95 -
90 1
P L R TR LR R RN Y .:’I..
85 f
80 -
754 —— PMgh
_ 701 % burned - 65
5 % total PM
9 65 - 60
@ B
£ - E / . L
g ° 3 / Birch, 4/18/17 **DRAFT** 55
O 554 £ / Emission rate, hi-fire to 100% low fire: 4.69 g/h L 50
o |' { % f." Emission rate, hi-fire to 90% low fire: 7.02 g/h
‘é 50 4 £ Emission rate, start-up to 90% low fire: 6.74 g/h L 45
£ 45 S _
w =2 Burn BRate Time* PM  Load % load PM** PMEF - 40
= 404 Phase (kg/h) (Min) (g) (#) burned (g/hr)  (g/kg)
o Start up 2.0 65 | 5.47 7.7 80% 5.05| 252 F 39
35 7 B High 3.3 59| 608| 98| 90%| 618| 187
20 4 hMedium | 29 90| 445 130 o0%| 297| 102 30
Transition n/a 19 | 0.06 nfal 98.4% n/a n/a L 25
25 1.8 223 90% 9.58 | 5.32
L 35.6 | 20.4
20 il 420 100% | 5.09| 462 L 20
2.2 460 90% | 6.74| 3.07
51.7 | 509
15 Full Run 1.6 657 100% | 4.72| 295 r15
107 5 L 10
a
° Il\m ! M -e
J o
0_' LN L L L LB L L L L L L L LY BB L L L L L L L L L LB L L L L L L L LB BN L L LB L L BB LB 0
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol 100%
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements !
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
105
100 A
95
90
85
80
754 —— PMgh
70
65
601 Birch, 4/18/17 **DRAFT**
55 - Emission rate, hi-fire to 100% low fire: 4.69 g/h
Emission rate, hi-fire to 90% low fire: 7.02 g/h
50 4 Emission rate, start-up to 90% low fire: 6.74 g/h
45 _
Burn BRate Time* PM Load %load PM** PMEF
40 A Phase (kg/h)  (Min) (&) (#)  burned (g/hr) (g/kg)
Start up 2.0 65 | 5.47| 7.7 80% | 5.05| 252
357 High 33 s9|608| 98 90% | 6.18| 1.87
a0 | hMedium 2.9 90 | 4.45 | 13.0 o0% | 297 102
Transition nfa 19 | 0.06 nfa| 98.4% n/a nfa
25 + 1.8 223 90% 9.58 5.32
L 35.6 | 20.4
20 4 s 420 100% | 509 | 462
2.2 460 90% | 6.74| 3.07
15 - Full Run 1.6 657 “*7 | %[ 1o0% | a72| 295
10 4
N e VNN
0 -
e e e e e
O w o Wwo Wwo N o wo Lo wo Lo Lo wo wo wWwo nowo omo wo owmwo wmwo wo wo oo wmwo
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol |

100%

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100

T T T T T T T T L B | T T T T T T

T
|
o

| { f —— PMgih =
70 f Jf / % burned 6o 0
| f % total PM 8
65 - [ / / - 60 ©
| o { —
| J c
60 - / .') £ I L 55 @
| / 2 j' ]
55 1 ||| { E Birch, 4/29/17 **DRAFT** - 50 &
50 4 | ." o / Emission rate, hi-fire to 100% low fire: 7.66 g/h 2
[ ."I £ Emission rate, hi-fire to 90% low fire: 12.17 g/h r4s E
45 II ||' E-§ Emission rate, start-up to 90% low fire: 11.38 g/h 3
| @ Burn BRate Time* PM  Load %load PM** PMEF - 40 E
Phase (kg/h) (Min) (g) (#)  burned (g/hr)  (g/kg) | 45 O
Start up 1.8 72 399 7.8 20% 3.33 1.85 8
High 3.6 54| 7.15 9.9 90% 7.94 2.21 F 30
Medium 2.8 95| 5.34 13.6 90% 3.38 1.2
Transition n/a 13 1 nfal 93.4% n/a n/a F 29
— 2.0 193 90% 18.57 9.30
L 59.8 20.6 L
o 11 404 100% | 8.89 | 807 20
2.3 430 90% | 11.38 | 4.95
F 15
Full Run 1.7 641 766 °18 100% 7.17 4.22
3 F 10
o
[=]
5|/ -5
T T T T L L 'L'$I:I' T TTT T TTT T T TTTroIT T T T T T TTT T T T T T TrTrrrrryrryrrrrrrrrrrrr T 0
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PM Emssions, grams/hour

NSPS Step 1 Medium Size Wood Stove using Teom PM Measuremen

PM Emissions, Draft Cordwood Operations Protocol

ts

T T T T T T T T T T T T
105
100 A
95 -
90
85
80 -
75 -
—— PMg/h
70 -
65 -
60
557 Birch, 4/29/17 **DRAFT**
50 4 Emission rate, hi-fire to 100% low fire: 7.66 g/h
Emission rate, hi-fire to 90% low fire: 12.17 g/h
45 4 Emission rate, start-up to 90% low fire: 11.38 g/h
Burn BRate Time* PM  Load %load PM** PMEF
407 Phase  (kg/h)  (Min)  (g)  (#) burned (g/hr) (g/kg)
a5 Start up 1.8 72 | 3.99 7.8 20% | 3.33| 185
High 36 54|7.15] 9.9 90% | 7.94| 221
30 Medium 2.8 95| 534 136 90% 338 | 1.2
25 | Transition n/a 13 1 nfa 93.4% n/a n/a
2.0 193 90% | 18.57 | 9.30
L 59.8 | 206
20 4 W I 404 100% | B.89| B.07
2.3 430 90% | 11.38 | 4.95
4 76.6 | 51.8
13 Full Run 17 6a1 100% | 7.17 ] 4.22
10
5_
0_ T T T T T T T T T T T Trrrrr| T T T T T T T TrrrrrJrrrrrry Trrprrryrryrryrrqyrryreryrrrrerprrrprrrrrprrrprrp e
O W o Ww o w o w o Wwo o wo wo wmwo n O wo wo v o wo wowo wo wo wo wo um o un o
~— O T O M~ OO O N MWL OO OO~ NI OLUM~O0O0O OO T O MMONOMWMOODOOD— NI WLM~N0O0 ~—MF O
e o o o o o~ NN NN NN OO0 0000 SsS 3§ S5 39 OS5 9§ oI 00w mn om0 o oo
Minute of Test



PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

LU A s ) B S B B B B B 100
— |
T 100% - 95
e
,_.;.c—"_”— ....................................................................................... =Ty
-1 85
-+ 80
- 75
- 70
—— PMgh
% burned I 65
% total PM
- 60
Birch, 5/4/17 **DRAFT** r a5
Emission rate, hi-fire to 100% low fire: 4.69 g/h
- | . b N - 50
/ f Emission rate, hi-fire to 90% low fire: 5.11 g/h
50 4 II /| =z { Emission rate, start-up to 90% low fire: 5.40 g/h L 45
45 4 I| / | :E, fl Burn BRate Time* PM load %load PM** PMEF
I / I.' -E J.J Phase (kg/h) (Min) (g) (#) burned (g/hr) (g/kg) - 40
40 [ I 2 / Start up 2.4 55| 657] 7.8 20%| 7.47] 2.99
|| Ve ,'I UEJ / High 4.1 47 | 5.96 9.8 90% 761 186 F 33
39 1 i/ | 2 / Medium 3.4 82| s.18] 140 90% | 3.79] 111
ap 4 J | b4 I,-" Transition n/a 6 0 nfa| 92.6% nfal nfa 30
i 17 200 | 17.6 | 177 90% | 5.28]| 3.11 | 55
/ Low
II‘.* 1.1 342 100% 3.09| 257
! 2.5 392 90% 540 2.16 -
{ 353 | 493 20
/ Full Run 1.9 534 100% 3.97| 2.09
F 15
= L 10
g
g I|
E |’I L5
Ty 0
R e e R R = e e e e LS e R
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PM Emssions, grams/hour

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

PM Emissions, Draft Cordwood Operations Protocol

T L

T T T T T T T T T T T T T T T
105 +
100%
100
95 H
90
85 4
80 +
[Eh —— PM g/h
70 4
65 H
80 1 Birch, 5/4/17 **DRAFT**
55 4 Emission rate, hi-fire to 100% low fire: 4.69 g/h
Emission rate, hi-fire to 90% low fire: 5.11 g/h
50 Emission rate, start-up to 90% low fire: 5.40 g/h
45 4 Burn BRate Time* PM load %load PM** PMEF
Phase (kg/h) (Min) (g) (#) burned (g/hr) (g/kg)
40 A Start up 2.4 55| 6.57 7.8 20% 717 2.99
High 4.1 47 | 5.96 9.8 90% 7.61 1.86
35 1 Medium 3.4 82| 518| 140| ©90%| 3.79| 111
a0 4 Transition n/a 6 0 n/a 92.6% n/a n/a
Low 1.7 200 | 17.6 17.7 90% 528 311
25 A 1.1 342 100% 3.09| 257
2.5 392 90% 540 2.16
20 A 35.3 49.3
Full Run 1.9 534 100% 397 209
15 4
10 +
5 -
U_' L L L N BN L B L B LN BN L HLA S LU AL LA AL B L L |
o N O un O W O un O W o w o wo uw o v O w o
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol 100%
NSPS Step 1 Large Size Wood Stove using Teom PM Measurements |
T T T T T T T T T T T T T T T T T T T T T i i i i i i i i - 100
110 /
105 A _— 9
QOO ooy T gm =T}
2
95 Ao A '.’I' Q. L a5
[ 2
90 =
............................. | PM g/h - 80
85 — % bumed
""" | —— % total PM e
80
' J: - 70
75 1 f f." E
=
70 |'| 2 Large Ash, 04/14/17 **DRAFT** - 65
| f‘ 3 Emission rate, hi-fire to 100% low fire: 8.18 g/h
65 I' i E / Emission rate, hi-fire to 90% low fire: 11.80 g/h r 60
60 4 { Ie’ - [ Emission rate, start-up to 90% low fire: 11.92 g/h 55
f [ é / Burn BRate Time* PM Load %load PM** PMEF
55 |'I I.r = r,a" Phase (kg/h) (Min) (g) (#) burned (g/hr) (g/kg) L 50
5 | | =N / Start up 45 44 | 103 117 20% | 14.05] 3.12
( { 2l | / High 3.4 84| 6.02[ 147 90% | 4.30] 126 L 45
45 I Medium 2.4 165 | 17.7 20.8 90% 6.44 | 2.68
40 4 Transition n/a 1] n/fa n/a 90% n/a nfa - 40
1.8 484 90% 15.0 | 8.33
L 121} 44.0 L
35 o 12| 809 100% | 8.97] 7.48 3
2.2 780 90% | 11.92 | 7.01
30 A F 30
Full Run 1.7 1105 155 912 100% 8.42 | 495
25 1 F 25
20 1 L 20
15 A
“ga - 15
10 A &
e - 10
91
0+ = -5
II' TT T rTr T T T T T T T T T T T T T T T T T T T T T T T T T T L UL | T T T T T T 0
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol 100%
NSPS Step 1 Large Size Wood Stove using Teom PM Measurements |
T T T T T T T T T T T T T T T T T T T T T T T T T
110 -
105
100 A
95
90 |
—— PMgh
85
80
75
70 4 Large Ash, 04/14/17 **DRAFT**
Emission rate, hi-fire to 100% low fire: 8.18 g/h
65 Emission rate, hi-fire to 90% low fire: 11.80 g/h
60 4 Emission rate, start-up to 90% low fire: 11.92 g/h
Burn BRate Time* PM  Load %load PM** PMEF
55 4 Phase (kg/h) (Min) (8) (#) burned (g/hr) (g/kg)
50 4 Start up 4.5 44| 103 117 20% | 14.05| 3.12
High 3.4 84| 6.02| 147 90% | 430 1.26
45 Medium 2.4 165 | 17.7 | 208 90% | 6.44| 268
40 4 Transition n/a 1| nfa n/a 90% n/a n/a
1.8 484 90% | 15.0| 833
35 - tow 2] soa] 2| O Too%| se7] 748
2.2 780 90% | 11.92| 7.01
30
Full Run 17] 1105] 2| 12 100% | saz| ass
25
20 A
15 o ®
o
10 4 E
Q
5 - 5
. E
A
o (o] o (=] o o (=] (=] (=] o [on] (=] o o o o o (=] (=] [on] (=] (=] o (=] (=] o o o o o o (=] o (=]
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PM Emssions, grams/hour

PM Emissions, Draft Corcdwood Operations Protocol

NSPS Step 1 Large Size Wood Stove using Teom PM Measurements
T T T T T T T T T T T T T T T T T — T T T T T | —— T T 100
—
105 B
,f’ﬁf 100% %
100 4 -
.................................. e T e L GO
—— PMg/h
' % burned "1 80
% total PM L7
B *k *ok 70
Z Large Maple, 04/08/17 **DRAFT s
2 - Emission rate, hi-fire to 100% low fire: 10.56 g/h F 65 O
Elz Emission rate, hi-fire to 90% low fire: 14.41 g/h o
E § Emission rate, start-up to 90% low fire: 14.11 g/h - 60 2
E|© Burn BRate Time* PM Load %load PM** PMEF 55 E
S Phase (kg/h) (Min) _ {g) (#)  burned (g/hr] (g/kg) o
| | o Start up 3.7 57[9.98] 123 20%] 1051] 284 || . L
50 |I III High 3.9 74| 2.98 15.0 90% 2.42 0.62 o
| f Medium 31| 12efso1| 203] 90%| 239] 077 | [ 45 8
45 |I ||r Transition nfa 2| nfa n/a 90% n/a n/a 3
| { 1.5 479 90% | 19.54 | 13.03 F40 =
_ | L : 156 365 : ' 5
40 | | o 11| 728 100% | 12.86 | 11.69 Q
22| 740 90% | 1411 641 | [%° &
174 84.1 =%
Full Run 1.7 989 100% | 10.56| 6.21 L ap
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I,rflj Mo
/ | /
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PM Emssions, grams/hour

PM Emissions, Draft Cordwood Operations Protocol
NSPS Step 1 Large Size Wood Stove using Teom PM Measurements

T T T T T T T T
105 r
100 - 100%
95
90
—— PMgh
85
80
75 Large Maple, 04/08/17 **DRAFT**
70 4 Emission rate, hi-fire to 100% low fire: 10.56 g/h
Emission rate, hi-fire to 90% low fire: 14.41 g/h
65 7 Emission rate, start-up to 90% low fire: 14.11 g/h
60 4 Burn BRate Time* PM Load %load PM** PMEF
Phase  (kg/h) (Min)  (g)  (#)  burned (g/hr) (g/kg)
55 A Start up 3.7 57| 9.98 12.3 20% | 10.51| 2.84
50 High 3.9 74| 2.98 15.0 90% 242 | 0.62
Medium 3.1 126| 5.01 20.3 90% 239 077
A5 4 Transition n/a 2| n/fa n/a 90% n/a n/a
1.5 479 90% | 19.54 | 13.03
i L 156 36.5
40 o 11| 728 100% | 12.86 | 11.69
35 4 2.2 740 90% | 14.11| 6.41
174 84.1
Full Run 1.7 989 100% | 10.56| .21
30 A
25 1
20 4
15 A
10
5 .
D .
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PM Emssions, grams/hour

PM Emissions, Method 28
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100

T T T T I T T T T

=
| / B - 65 0
/ E —
25 / 3 Ry
/ o — PMgh 602
/ 5 9 =
/ [ % burmed | 55 o
/ —— % total PM 2
/ ]
20 - / re0 =
3
/ M28 high, 03/31/17 **DRAFT** 45 =
( Burn BRate (kg/h)  Time* PM**  Lload % load PM** PMEF L 40 sl
15 4 Phase (Min) (2) (#)  burned (g/hr)  (g/kg) E
High 3.48 93 9.58 | 15.68 90 6.18 1.78 L a5 2
High 2.47 144 9.58 | 15.68 100 3.99 1.62 8
30
F 25
F 20
15
10
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PM Emssions, grams/hour

PM Emissions, Method 28
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

T T T
40 A
100%
35 A
30 A
25 A
—— PMgh
20 ~
M28 high, 03/31/17 **DRAFT**
Burn BRate (kg/h)  Time* PM**  Lload % load PM** PMEF
15 4 Phase (Min) (g) (#)  burned (g/hr) (g/kg)
High 3.48 93 9.58 [ 15.68 90 6.18 178
High 2.47 144 9.58 [ 15.68 100 3.99 1.62
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
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PM Emssions, grams/hour

40

39

30

25

20

PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100

—

100%

——

/ —— PMgh =
/ = % burned L 65 O
/ g % total PM =
/ a L 60 ©
-f; EDQ =
g 5
- - 55 8
/ . @
] f y, M28 medium, 04/05/17 **DRAFT** L 50 2
. o
f / ]
| / Burn BRate (kg/h)  Time* PM**  Load %load PM** PMEF Fr45 E
| Phase (Min) (g) (#) burned (g/hr) (g/kg) B
' Med 2.08 155 479 | 1564 | 90 186 | 0.89 - 40 =
Med 1.64 245 479 | 1564 | 100 | 117 | 072 | s S
(i1}
(o
L 30
L 25
L 20
L 15
L 10
L5
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PM Emissions, Method 28
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

40 -

30 A

PM Emssions, grams/hour
[
=

—— PMgh

M28 medium, 04/05/17 **DRAFT**

Burn BRate (kg/h)  Time* PM**  Load 9% load PM** PMEF
Phase (Min) (g) (#) burned (g/hr] (g/kg)
15 | Med 2.08 155 4.79 15.64 S0 1.86 0.89
Med 1.64 245 4.79 15.64 100 1.17 0.72
10 4
5 .
04 S
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PM Emssions, grams/hour

PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100

40 -

o]
o
1

%]
=
1

=y
o
1

) T T ™ T T ™ T T T

100%

—— PMg/h
% burned
% total PM

90% burned

M28 medium, 04/01/17 **DRAFT**

F 95

r 90

L 85

v 80

b 75

- 55

r 50

45

percent bumed, percent total PM

Burn BRate (kg/h)  Time* PM**  Load % load PM**  PMEF L 40
Phase (Min) (g) (#) burned (g/hr) (g/kg)
/ Med 2.49 154 4.85 15.66 90 1.89 0.76 F 35
_j' Med 1.64 254 4.85 15.66 100 1.15 0.70 0
F 25
- 20
- 15
10
F5
o
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PM Emssions, grams/hour

PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

T T T T T
40 4
100%
35
30
—— PMgh
25
20
M28 medium, 04/01/17 **DRAFT**
Burn BRate (kg/h) Time* PM**  Load %load PM** PMEF
15 4 Phase (Min) (g) (#)  burned (g/hr) (g/kg)
Med 2.49 154 4.85 15.66 90 1.89 0.76
Med 1.64 254 4.85 15.66 100 1.15 0.70
10 4
5 .
0 e
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PM Emssions, grams/hour
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PM Emissions, Method 28

NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

100%

— 100

T = T e ———

4 100%

- 85
- 80
-+ 75
- 70
=
B —— PMgih - 650
3 % burned &
< % total PM - 60 .2
S =
F 55 g
@
- 50 <
o]
]
F45 E
M28 low, 4/2/17 **DRAFT** a
- 40 =
Burn BRate (kg/h)  Time* PM Load % load PM** PMEF a5 8
- —
Phase 90% 100% (Min) (g) (#) burned (g/hr) (g/kg) g
Low 1.55 208 | 24.0 15.6 90 6.92 | 4.46 L 30
Low 1.13 315 | 24.0 15.6 100 457 | 4.05
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PM Emssions, grams/hour

PM Emissions, Method 28
NSPS Step 1 Medium Size Wood Stove using Teom PM Measurements

T T T T T T T T T T T T T T T T T T T T
40 ~
35 1
30 ~
—— PMgh
25
20 A
M28 low, 4/2/17 **DRAFT**
151 Burn BRate (kg/h)  Time* PM  Load 9%load PM** PMEF
Phase 90% 100% (Min) (g) (#) burned (g/hr) (g/kg)
Low 1.55 208 | 24.0 15.6 90 6.92 | 446
Low 1.13 315 | 24.0 15.6 100 457 | 4.05
10 4
5 -
0 -
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g/h (Teom) at 200 cfm tunnel flow

M28 High Fire, Teom g/h, October 2017 HLS
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g/h (Teom) at 200 cfm tunnel flow

M28 Medium Fire, Teom g/h, October 2017 HLS
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g/h (Teom) at 200 cfm tunnel flow

M28 Low Fire, Teom g/h, October 2017 HLS
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