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Residential Wood Combustion (RWC) Emissions

* Residential wood combustion is a 1 Ok i SR T
significant source of multiple pollutants Ap AL R
including PM, CO, and VOCs (both toxics

and precursors to PM and O,) "

* Measuring wood smoke emissions and R
translating to models is challenging:

* Fuel (wood species) vary Residential Wood Sources PM, ; Emissions
(tons/mi2). EPA 2020 NEI Exploration Tool.

Fuel moisture and condition vary
Real-world operations vary M
Standard test method procedures may Emissions [kt yr] | NEI 2020*
introduce biases PM, . 484 20.0%
Emissions chemical composition is complex VOC 460 4.6%

*Excludes dust, biogenic, and fire (wild,
prescribed and agriculture) sources



Standard methods for measuring RWC emission factors

- PM, - Measurement * Glass filters collect PM mass
N Stack _Glass Filters * Quartz Filters (not shown) measure
Sample OCandEC
|m3p.:n;er — Method 5H * IVOCs and SVOCs may condense to
<120C <20C the filter or break through
Dilution e Free * PM emission factor depends on the
Tunneli) T temperature and concentration of

the sample (Robinson et al., 2011)

<32C




Standard methods for measuring RWC emission factors

PM, . Measurement * Glass filters collect PM mass
] Stack ;Glass Filters * Quartz Filters (not shown) measure
Sample OCand EC These Methods are
ImD — Method5H . yocsand SVOCs may condense to
pinger : useful but may not
<120C <20C the filter or break through
.. capture the full extent
Dilution Glass Filters * PM emission factor depends on the .
: of emissions.
Tunnel e temperature and concentration of
@ — Vietho the sample (Robinson et al., 2011)
<32C . .
Applying speciation
VOC Measurement e Particles removed by the glass fiber profiles to these bulk
>110C filter before entering the Flame- metrics adds further
' Method 25a lonization Detector (FID). uncertainties.
Detector « Uncertain losses to filters, canisters,
ST o | and bags
G5 — “Z  Method °
<—  Offline M e * FID undercounts oxygenated carbons
Summa 3 i and doesn’t count non-carbon atoms.

Canister or - * The total NMOG reported depends on
Tedlar Bag SCED definition and losses.




Standard methods for measuring RWC emission factors

Research Questions:

- PM, - Measurement e Glass filters collect PM mass
Stack _Glass Filters e Quartz Filters (not shown) measure 1. Do these Methods
Sample OCandEC account for the mass and
Im:)plzn;er — Method3H . |y0Cs and SVOCs may condense to character of all reactive
<120C <20C the filter or break through organic carbon (ROC)
Dilution Glass Filters * PM emission factor depends on the emitted by wood-
Tunnel temperature and concentration of burning sources?
- — Method 5G the sample (Robinson et al., 2011) 2. H
<32 C z . How can we translate
these operational
VOC Measurement e Particles removed by the glass fiber definitions of PM and
>110C filter before entering the Flame- VOC to standard
I Method 25a lonization Detector (FID). definitions for use in the
Detector « Uncertain losses to filters, canisters, NEI and air quality
GE o) “L Method and bags meekE?
<—  Offline el 0.1c * FID undercounts oxygenated carbons 3. What is the impact on
Summa i and doesn’t count non-carbon atoms. B = e T ey
Canister or * The' tf)l'“a/ NMOG reported depends on and ambient organic
Tedlar Bag definition and losses. aerosol?




Reactive Organic Carbon (ROC) Framework

Volatili
Particle by — Gas

SVOC IVOC

ROC

Inventory

GROC

NMOG = VOCyg
+ VOCExempt - CH4

* foc =organiccarbon fraction from speciation profile
* OM:OC = ratio of non-carbonto carbon

CROC (Condensable Reactive Organic
Carbon)— compounds with volatility less
than C20 (n-Eicosane).

GROC (Gaseous Reactive Organic Carbon)
—compounds with volatility greater than
C20.

GROC = [IVOC + VOC]

*  VOCgempt = 8as-phase compounds exempted from the regulatory definition of VOC



Reactive Organic Carbon (ROC) Framework

Volatili
Particle by — Gas

 CROC (Condensable Reactive Organic
Carbon)— compounds with volatility less
than C20 (n-Eicosane).

SVOC IVOC

ROC GROC  GROC (Gaseous Reactive Organic Carbon)
—compounds with volatility greater than
? C20.
Emission { GROC = [IVOC + VOC(]
Inventory NMOG = VOCyg
+ VOCExempt - CH4

* foc =organiccarbon fraction from speciation profile
* OM:OC = ratio of non-carbonto carbon
*  VOCgempt = 8as-phase compounds exempted from the regulatory definition of VOC



Fi re pl ace pi ne smo ke Resolved Gas-Phase Organic Compounds
R VTN T I

Use a detailed speciation  reportedby schaver et al. et

3 rOfi | e to Si m u | ate TeSt (2001) and NOIte et al' (2001) 1nm:n:-—1;:32::11&?::::?:::531460} u
Guaiacol and Subst. Guaiacols {1330)
Non-Methane Organic Compound Emissions Aliphatic Aldehydes
.\/l et h O d m e a S u re m e n tS 2mfc|mm Fireplace Combustion of Pine Wood 50004 (4090} |
Aliphalic Ketones (S64)
E | || Dicarbonyls (1240)
.. . _QE 2005 Resoiad GasPhase o Cither Organic Compounds (817)
» 226 explicit species measured £% oo S oo _/
: : 2%
* Semivolatile components £ 9 10000 =
. pe . | ﬁe“_m Pariie-Fhase ™ Resolved Particle-Phase Organic Compounds
quantified in both gas and B O e L Lo o_asto b
. Particle-Phase Compounds (3240) Substituted
particle phases. v T | )
* ECfraction =1.4% EE— .
Levaglucosan (1375)
e NMOG/OM =2.1 -
* Unresolved non-methane "N\ coeroganc conpomsin |
(0] rga g] ic ga S = 8 . 1% FIGURE 1. Mass balance on the non-methane organic compounds emitted from the fireplace combustion of pine wood.

] Schauer et al. (2001): https://pubs.acs.org/doi/full/10.1021/es001331e
* Unresolved pa rticle = 61% Nolte et al. (2001): https://pubs.acs.org/doi/full/10.1021/es001420r



https://pubs.acs.org/doi/full/10.1021/es001331e
https://pubs.acs.org/doi/full/10.1021/es001420r

Assign unspeciated mass to reproduce observed volatility trends

Particle Volatility » Gas |
0.6 i
6 LVOCs | SVOCs IVOCs
|
— 4 * pvapMW u SpeCIated 0.5+ = L:urnhut B
= C - = field
&D RT WC - startup
00 m RWC - high
Lo 2 0.4 - B May et al 2013 —
; l l l f’
ol om .. . NN NN § 0a- | a
2 - 3 &
Iog10 c* (T = 298) 0.2 ' B
6 |
m Speciated 17 0
c i
o m Unspeciated 0040 & -
fn 2 0 1 2 3 | 4
E K Log saturation concentration, C'[pg rn-s}
. & § B E B B B B B N B B B | . 1 . . . . . l l Woodsmoke volatility distribution

10 11 (Sinha et al., 2022)

https://pubs.rsc.org/en/content/articlehtml/2023/ea/d2ea00080f

Iog10 Cc* (T = 298)



https://pubs.rsc.org/en/content/articlehtml/2023/ea/d2ea00080f

Assign unspeciated mass to reproduce observed volatility trends

PartiCIe VOIatIIIty > GaS
6 PM temperature sensitivity is similar
to that observed in previous biomass
MW  m Speciated . _
=~ 4| x_Prap?W p burning studies
2 RT
2 2
s Do —— May et al. (2013)
. l l = ——— ROC (This Study)
©
2 - 3 10 11 e 0.8
Iog10 c* (T = 298) §
o 0.6
° @)
M Speciated )
O
a 4 o 0.4 \
o B Unspeciated « —
= [ \\
= 7]
~ 2 o 0.2 - \
; J. LB i B :
0 0.0 . ; . :
10 11 20 40 60 80 100 120
Iog10 c* (T - 298) Temperature (C)

1,000 Monte Carlo Runs varying Unspeciated Emission Factors and O:C




Assign unspeciated mass to reproduce observed volatility trends

Volatility

Particle » Gas

6 \ \,
= 4 c* = PrapMW 1 Speciated Predict Add Up
2 RT
= 2
Ll

-2 3 10 11
Iog10 Cc* (T 298)
6
M Speciated [ J [ G ROC J

“-’t'; 4 B Unspeciated
=<
ie 2 i * * “ i
w

0 J. i ﬁ B

10 11
Iog10 Cc* (T 298)

1,000 Monte Carlo Runs varying Unspeciated Emission Factors and O:C



Assign unspeciated mass to reproduce observed volatility trends

Volatility

Particle » Gas
6 \ \V
—~ 4 . pvapMW M Speciated Predict
¥ RT I BE—
2 2
] ?
Lu °
-2 3 10 11
Iog10 Cc* (T 298)
?
6 !
W Speciated [ NMOG H GROC J
i‘; 4 B Unspeciated
=<
- i ﬁ ﬁ ﬁ i
L
0 J. i ﬁ B

10 11
Iog10 Cc* (T 298)

1,000 Monte Carlo Runs varying Unspeciated Emission Factors and O:C



Impact of partitioning on Method 5G and 5H measurements

Sum EFs for CROC compounds from

PM, . Measurement Schauer profile
iy CROC/OM =

Stack Glass Filters

Calculate particle-phase EF given

—
Sampli'—o:)—'-—» Method 5H filter temperature and OA conc.
Impinger

<120C <20C 3.5

Dilution
Tunnel

—f— Method 5G
—f— Method SH

Glass Filters 3.0

— Method 5G = 2.1

o | Ambient
<32¢C S 0

QS 1.5] Lab:

o Dilution Ratio ~10-20

©10

0.5 / \
0.0 / 100 10 1 0.1 \ 0.01
OA Concentration [mg m~—3])

Laboratory conditions—need to Ambient conditions—need to add
‘ discount absorption of IVOCs. Multiply SVOCs broken through the filter.
#2 by 0.77 for 5G and 0.72 for 5H. Multiply by 1.55 for 5G and 1.27 for 5H.




Impact of partitioning and functionality on FID detection

Method TO-15

Canistersand bags:
VOCs «/
IVOCs X

Lu et al., Atmos, Chem and Phys. 2018.
https://acp.copernicus.org/articles/18/17637/2018/

- Temperature independent correction

VOC Measurement

>110C
Flame lonization Method 25a
Detector
% OT> mk Method
- ne -~ 710-15
Summa v

Tedlar Bag



https://acp.copernicus.org/articles/18/17637/2018/

Impact of partitioning and functionality on FID detection

Method TO-15

Canistersand bags:
VOCs «/
IVOCs X

Lu et al., Atmos, Chem and Phys. 2018.
https://acp.copernicus.org/articles/18/17637/2018/

- Temperature independent correction

VOC Measurement
>110 C

Method 25a

Flame lonization
Detector

Summa
Canister or
Tedlar Bag

Method 25a
Inline FID with glass filter (110 C)
(c)
] — May et al. (2013)
5 107 — mg (This Study} 1.0
g o 0.9
2 5 08 ALA
= 0.6 o “\ ‘
2 2 071 <
o © Ay~
E o4 2 06- A A
w2 A 0.54 Linear Fit A ., &
G rECN=-0.61 (O/C) +0.99 N
E 0.0 0.4 R2 =0.92 &
T 4o 60 a0 100 120 T T T T T T
Temperature (C) 00 02 0.40/00.6 08 1.0

May et al., Journal of Geophys. Res. (2013)
https://agupubs.onlinelibrary.wiley.com/doi/f

Hurley et al. Atmos. Meas. Tech. (2020)
https://amt.copernicus.org/preprints/amt-

ull/10.1002/jgrd.50828 2020-44/amt-2020-44.pdf



https://acp.copernicus.org/articles/18/17637/2018/
https://amt.copernicus.org/preprints/amt-2020-44/amt-2020-44.pdf
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/jgrd.50828

Impact of partitioning and functionality on FID detection

Method TO-15
Canistersand bags:

Method 25a
Inline FID with glass filter (110 C)

= o]
¢ o) ©F pethod

~—  Offline

Summa
Canister or
Tedlar Bag

v

GC-FID

~— TO-15

VOCs «/
IVOCs X 0
Lu et al., Atmos, Chem and Phys. 2018.
https://acp.copernicus.org/articles/18/17637/2018/ 3.5 1 MethOd T0'15
. . 3.0 -
- Temperature mdependentcorrectlon -
E 2.5 1
e
QO 2.0 - Method 25a
1 1
g 1.5 4 —
VOC Measurement O 10
>110C 05 4 —— Inline FID
Flame lonization Method 25a Offline FID
Detector EI-D T T T T T
20 40 60 a0 100 120

Temperature (C)
GROC/FID: Method TO-15 = Multiply by 3.0

Method 25a = Multiply by 1.6 (assuming 110 C)



https://acp.copernicus.org/articles/18/17637/2018/

Impact of update on RWC emission factors

60 -
mm NMOG GROC
— 907 mm OM = CROC
| i
= 30 V ROC
. i
= 20
10 -
0- , s : .
Conventional Certified Indoor Fireplaces Outdoor Synthetic
Woodstoves  Woodstoves Furnaces Devices Firelogs

Total ROC increases (32-56%), but part of CROC will evaporate at ambient conditions.



Simulate WINTER Campaign with CMAQ Levoglucosan Measurements

January 29 — March 13, 2015

GEOS-Chem simulates OA, HOA, BBOA, and OOA well with semivolatile
POA and SIMPLE SOA approaches (Schroder et al., 2018; Shah et al., 2019)

e 2011 NEI POA was reduced by 50% based on preliminary evaluations

Latitude (degrees)

- -

3 000 0.05 0.10 0.15 0 [

28 4a) Levoghucosan (pm’} -
Ll L) Ll Ll

LI e ol T anci bl Deat b b T .y T

* Residential Wood contributes 30-100% to the organic aerosol burden

(Sullivan et al., JGR, 2019) 5 LI I
CMAQ Simulations
e EPA Air Quality Time Series Project (EQUATES) emissions for 2015 :
e Cases: ;

1. Carbon Bond v6 with Nonvolatile POA

2. Community Regional Atmospheric Chemistry Multiphase oo,
Mechanism (CRACMM) with svPOA (May et al., 2013) &

@\ el ¥ K
Y A SN -
P RIS R d % Y ™7 ™ T T ——— ——
3. CRACMM with new ROC emission factors B f 2w 0 5 0

Latitude (degrees)

Longitude (degrees)



Impact of update on CMAQ predictions for WINTER Campaign

ROC svPOA
Nonvolatile May et al. (2013) ROC
5000 | 1 1
4000 - . i
Assume
= 4000 — measured
= £ 3000 - . - RWC OA is
S S 35% of total
= = measured OA
< < 2000 - - :
4 ;
1000 1 . 1
0 i T T 0 - T T e T ™ T
0.0 2.5 5.0 0 2 0 2 0 2

. OA Concentration ug sm=3 . RWC OA Concentration ugsm™3 I



Impact of update on CMAQ predictions for WINTER Campaign

fvcroa BN feointrireoa = OA Conc.
BN fyobieoa EEE frwcoa

0.8 - Urban =————4=— Suburban =———f=——o= Rural

OA Fraction

10° 10° 10* 103 102
Population

[
U T T T
0.00 0.05 0.15 0.25 0.40 0.60 1.00

Concentration [ug m~3]

*Averages are population-weighted







Evaporation lifetimes of organic compounds during filter processing

Filters offgas for 1-5 days

Evaporation Timescales at Varying Depth before weighing.

Layer Depth
1.E+09 LVOC svocC IVOC voC
1.E+07 —o—1um Evaporation
- 1.E+05 —e—10um
>
S 1.E+03 1 *—0.1 mm
— Remains
9 1E+01 b — — — — — 1 mm
(o T | S
S reor [IIIIITIIIS . | N
E 1.E-03 lEvaporates ......... 0 min
1eo0s | YO SO iy
o7 our Layer Depth depends on
- --1Day concentrationin
1LE09 — —1 Week experiment and duration
6 -5-4-3-2-1012 3456 7 8 9101112 _ _
N Ref. Timescale of experiment
log10(c*)

Adapted evaporation timescale calculation from Seltzer et al. (ACP, 2021) designed for VCP emissions.



Relationship between ROC and Test Methods

SVOC IVOC VOC

ROC GROC
Method 25a: Online-FID
Test ) (Total Hydrocarbon)
Methods Method TO-15: Canister-FID
(Total Hydrocarbon)
Ty + VOCExempt - CH4




Determine Method basis for each RWC source

Reference 2020 NEI Technical Support Document, AP-42 and supporting studies.

Conventional Woodstoves Method 5H Tedlar Bag (TO-15)
Certified Woodstoves Method 5H Tedlar Bag (TO-15) A
Indoor Furnaces Method 5G Method 25a B
Fireplaces Method 5H Canister (TO-15) A
Outdoor Wood Burning Devices Method 5H Tedlar Bag (TO-15) A
Synthetic Firelogs Method 5G Method 25a B
Approach A . Approach B |
VOC Speciate fu rther g VOC Convert SfueriLaetf g
ROC — —
Schauer et al. Scha(Iuer e)t al. g Schauer et al. g
(2001) 2001 — (2001) —




Impact of update on RWC emission factors and OA potential

60 1
mm NMOG GROC
— 907 mm OM mm CROC
ICJ\ 40 -
<
o 30
& 201
10
0-
Conventional Certified Indoor Fireplaces Outdoor Synthetic
Woodstoves  Woodstoves Furnaces Devices Firelogs
~ 100
Y SOA mmm POA
> 80-
ke,
— 60+ Account for
g, activity, POA
% partitioningand
: 207 1st-generation
O 0. : . SOA yields
Conventional Certified Indoor Fireplaces Outdoor Synthetic

Woodstoves  Woodstoves Furnaces Devices Firelogs




Impact of update on hazardous air pollutants

600

-1

Emissions [kt yr
0]

s o &

o o o

o

S 500

W
o
o

TOG

BN NEI
B ROC

Total HAPs

Fraction

1.0

0.8 1

e
[=p]
1

o
W=
i

0.2 1

“Top 10 HAPs

1.
1,3-butadiene

Toluene 0.8 -

Naphthalene
Propanal
1,2-Benzenediol
M & p-cresol
Benzene

Phenol

Fraction

Formaldehyde 0.2 -

Acetaldehyde

0.0 -

m
0

e
[=p]
1

o
W=
i

Sector

Synthetic
Firelogs

Outdoor
Devices
Fireplaces
Indoor
Furnaces

Certified
Woodstoves

Conventional
Woodstoves

Total TOG emissions increase by 50% but HAP emissions stay roughly the same.




