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Abstract 

More than six million people in the United States use wood stoves as their primary 

heat source. Wood stoves emit air pollutants that may impact health, e.g., wood 

combustion products are associated with premature death and aggravation of pulmonary 

and cardiovascular conditions. There are few studies investigating the efficacy of wood 

stove exchange programs (WSEPs) as a method to improve indoor air quality (IAQ).  In 

partnership with Washington County Department of Health and Human Services we 

conducted an air quality study to measure the impact of a WSEP on indoor and 

neighborhood levels of wood combustion products. Twenty households engaged in the air 

quality study, consisting of monitoring pre and post stove change-out where a newer, 

more efficient burning stove or gas insert was installed. Monitors deployed included low-

cost particle counters to measure indoor and outdoor particle levels, a blower-door test to 

measure residence airtightness, and stove use monitoring.  In five additional households 

we did more intensive monitoring which added deployment of a weather station and 

research grade monitors for carbon monoxide, black carbon, size resolved particles from 

10 nm – 10 μm, and in select homes, NO and NO2.  

Median levels of PM2.5 measured by PurpleAir sensors, pre and post-exchange were 

similar in magnitude when comparing across all homes, increasing indoors by 0.6 ug/m3 

and decreasing outdoors by 0.2 ug/m3
. Comparing air quality levels only during periods 

of woodstove use led to more marked differences when comparing pre and post-exchange 

impacts, with 12 of 17 homes exhibiting a median indoor PM2.5 reduction of 0.8 ug/m3
.    
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Additionally, 13 of 17 houses with data available showed large transient peaks of 

PM2.5 when first operating the new woodstove. This data was analyzed to find a PM2.5 

stove emission source strength for four homes. The four homes had an average stove 

source strength of 14,130 ug/h.  
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1 Introduction 

A substantial fraction of homes in the U.S. use wood as a heating fuel source: 11.6 

million homes used wood as either their primary or secondary fuel source as of 

20151.Wood stoves used to heat homes are often old and inefficient2 , and generate 

particulate matter (PM) and other products of incomplete combustion that leads to 

degraded air quality and increases potential for noncompliance with outdoor air quality 

standards. Furthermore, there exists evidence that shows indoor levels of particulate 

matter emitted from inefficient cook stoves may also be elevated and can adversely affect 

human health3.  

Human exposure to PM air pollution is associated with increased risk of various 

adverse health outcomes, including cardiovascular disease and overall mortality4–7.Time-

activity surveys reveal that we spend the vast majority of our time indoors8 ,  and as a 

result, most human exposure to PM occurs indoors9. Emissions of air pollutants from 

woodstoves may contribute to elevated human exposure via two pathways. First, if the 

woodstove is improperly vented, an indoor woodstove may act as a source of PM directly 

to the indoor space. Second, regions with a high number of inefficient household 

woodstoves may experience elevated outdoor air pollution from combustion products 

exhausted from woodstoves. Since all buildings require ventilation of indoor air with 

outdoor air, degraded outdoor air quality from woodstoves may adversely impact outdoor 

air. In fact, the EPA estimates that wood stoves, hydronic heaters, and fireplaces emit 

approximately 350,000 tons of PM2.5 (that is, PM < 2.5 μm) into U.S. airsheds each year10 

.  
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1.1 Review of Current Literature 

There exists a substantial body of literature concerning the impact of woodstoves on 

indoor air quality. From this literature and the associated health studies, and it is known 

that products of biomass combustion may impact human health11. However, much of this 

literature is focused on the developing world where indoor combustion of biomass is a 

primary fuel source for cooking and heating. The literature on indoor and neighborhood 

air quality impacts of woodstove use in the developed world is more limited. Prior studies 

that have investigated the impact of woodstove exchange programs on indoor particle 

levels generally come to mixed conclusions; these studies are summarized in Table 1.  
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Table 1. Summary of extant literature on indoor and neighborhood air quality impacts of wood stove exchange programs. 

Study  Loca

tion 

Size Constituents measured Effect 

T. Ward and 

Noonan 2008) 

Libby, MT 16 homes Indoor/outdoor PM2.5, Levoglucosan, 

Elemental carbon, DHA 

(dehydroabietic acid) 

71% reduction in average PM2.5 levels, 

45% reduction in levoglucosan, 6% 

reduction in BC. 45% 133% increase in 

DHA 

Tony Ward et 

al. 2011) 

Nez Perce 

Reservation, 

ID 

16 homes Indoor PM2.5, Organic and Elemental 

carbon, Levoglucosan, DHA, 

additional chemical markers of wood 

smoke. 

36% reduction in average PM2.5 levels, 

21% reduction in organic carbon, 63% 

reduction in levoglucosan. 

C. W. Noonan 

et al. 2012 

Libby, MT 21 homes PM2.5, Organic and Elemental 

carbon, levoglucosan, DHA, abietic 

acid 

41% reduction in indoor PM2.5. 39% and 

41% reduction in organic and elemental 

carbon, respectively. 81% DHA and 219% 

abietic acid increase. 

Curtis W. 

Noonan et al. 

2012 

Libby, MT 1200 stoves Ambient PM 2.5 and children’s 

respiratory outcomes via survey to 

parents 

27% reduction in ambient winter PM2.5, 

27% reduction in reported odds of 

wheezing, reductions in chances of: 

common cold: 25.4%, bronchitis: 54.6% , 

influenza: 52.3%, throat infection: 45%.   

T. J. Ward et 

al. 2009 

Libby, MT 1200 stoves Outdoor sampling only of PAHs and 

PM2.5 

64% reduction in phenolics and 

polycyclic aromatic hydrocarbons, 20% 

reduction in PM2.5 mass. 

T. J. Ward, 

Palmer, and 

Noonan 2010 

Libby, MT 1200 stoves Ambient PM2.5, Organic and 

Elemental carbon 

20% reduction in average outdoor winter 

PM2.5 levels. 28% reduction in 

woodsmoke-related PM2.5 

Bergauff et al. 

2009 

Libby, MT 1200 stoves Ambient PM2.5 and 7 chemical 

tracers of woodsmoke 

20% reduction in ambient PM2.5, 50% 

reduction in levoglucosan. Increase in 

resin acids. 

T. J. Ward et 

al. 2011 

Libby, MT 1200 stoves Ambient total, Organic, and 

Elemental carbon 

26% reduction in total carbon, no effect 

in elemental carbon, organic carbon 

reduction consistent with PM2.5. 
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           Table 1. Continued. 

 
Allen et al. 

2009 

Telkwa, 

BC, 

Canada 

15 homes 6-day sampling pre and post 

exchange of stove; PM2.5, 

Levoglucosan 

No effect observed for PM2.5 or 

levoglucosan 

T. J. Ward 

et al. 2017 

Missoula, 

MT 

16 homes Indoor PM2.5 and carbon 

monoxide 

No effect PM2.5., mass or particle 

count basis 

T. J. Ward 

et al. 2013 

Libby, 

MT 

1200 stoves 

exchanged,  

PM2.5 and levoglucosan within 

school 

Overall reduction in ambient 

PM2.5, but no significant change 

within the schools during 4-year 

sample period. 
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A major outcome of the existing literature on the subject of indoor air pollution and 

woodstove exchange programs is that controlled study of woodstoves in actual field 

environments is challenging, due to the presence of myriad confounders ranging from 

human behavior to fluctuations in outdoor levels of particles. There is general consensus, 

however, that outdoor air quality can be meaningfully improved by community-level 

interventions like woodstove exchange programs23. Wheeler et al. , in a study24 of 31 

homes in Canada using wood fuel as a heat source, report that both indoor and outdoor 

fine particles were elevated when woodstoves were in use. Similarly, Semmens et al.  

report indoor PM in 96 homes in the Northwestern US and Alaska, concluding that high 

indoor PM levels are attributed, in part, to biomass combustion.3 A study in the Northern 

Rocky Mountains showed PM2.5 reductions of ~75% in 16 homes where old stoves were 

replaced with EPA certified stoves18. Conversely, several recent studies have shown that 

woodstove interventions have no or limited impact on indoor PM levels22,25. In general, 

prior studies acknowledge important limitations with field studies attempting indoor air 

monitoring that generally include small sample sizes and short sampling durations, in 

some cases only 24-hour period were monitored. Human behavior and building type are 

also acknowledged as potential confounders. 

1.2 Washington County Wood Stove Exchange Program 

Washington County routinely ranks as one of the healthiest counties in Oregon, 

however, those rankings often mask concerning disparities. In particular, Washington 

County has some of the worst winter-time air quality in the state. A major source of 
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winter-time air pollution in Washington County is older and uncertified wood stoves. 

Nearly a third of households throughout the county have older wood stoves that produce 

an excessive amount of residential wood smoke, which negatively affects air quality, the 

local environment and residents’ health. In 2014, Oregon Department of Environmental 

Quality (DEQ) shared data from an air quality monitor within the city of Hillsboro that 

revealed levels of PM2.5 that exceeded the federal health-based standards for two years of 

a three-year period, putting Washington County at risk for violating the federal Clean Air 

Act.  

To help address winter-time air pollution in the county and prevent the county from 

going into non-attainment with the Clean Air Act, Washington County Department of 

Health and Human Services and the Office of Community Development partnered to 

develop the Washington County Wood Stove Exchange program (WSE) that provides 

grants (full cost) and rebates (between $1,500–$3,500) to households that change to a 

cleaner heating source. Woodstoves are operated by homeowners themselves and are thus 

not subject to the same regulations as other sources of air pollution. Thus, it is critical that 

communities be engaged and are active participants to enable a successful woodstove 

exchange program2.  

Since the launch of the WSE program on August 24, 2016, the program has received 649 

applications and completed 390 stove exchanges. Of these 390 exchanges, 250 were 

grant-based and 140 were rebate-based. The average payout was nearly $4,000 and the 

program leveraged more than $78,000 in utilizing other incentives and tax credits. The 

WSE estimates that over 28.86 tons of particulate matter pollution were prevented and 
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over 164 tons of other air pollutants (carbon monoxide, volatile organic compounds, and 

other hazardous air pollutants) were prevented. The WSE has a goal of replacing 700 old 

and uncertified woodstoves, and continuing to sustain the program through public and 

private partnerships.  

1.3 WSE Program Indoor Air Quality Study 

This study investigates the impact of a woodstove exchange program on indoor and 

outdoor air quality at homes in Washington County, Oregon. The study was designed 

with a tiered approach, where households were recruited to opt-in to engage in “basic” or 

“enhanced” air pollution monitoring. As will be discussed in detail subsequently, basic 

monitoring consisted of measurement of particulate matter with calibrated, low-cost 

light-scattering particle counters along with measurement of building airtightness and 

stove temperature. A subset of houses in the basic monitoring campaign included 

measurement of indoor-outdoor carbon dioxide levels. The enhanced monitoring program 

complemented these measurements with the deployment of additional air pollution 

monitoring equipment, specifically a reference-grade carbon monoxide monitor and 

seven-wavelength aethalometer. These advanced instruments enable measurement of 

additional indicators of biomass combustion, and will be used to inform understanding of 

the potential for a woodstove exchange program to impact a variety of metrics of indoor 

and neighborhood air quality. 

1.4 Source Strength Identification 

 In 13 of 17 homes, with data available, we observed large transient PM2.5 peaks 

associated with the first burn of the new stove. This data provided an opportunity to 
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investigate particle source and sink mechanisms by applying mass-balance principles to a 

substantial elevation and subsequent decay of indoor PM2.5. 

1.5 Scope of Study 

This study aimed to answer four main questions: 

Does the exchange of a woodstove for a more efficient form of heating impact 

indoor levels of air pollution? 

Does the exchange of a woodstove for a more efficient form of heating impact 

household outdoor levels of air pollution? 

Are periods of woodstove operation associated with elevated indoor or household 

outdoor levels of air pollution? 

  Are building weatherization (i.e. airtightness) metrics associated with indoor or 

household outdoor air pollution levels? 
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2 Methods 

2.1 Recruitment of Households  

Two requirements were necessary for inclusion of this study, firstly the household 

must have an existing woodstove or fireplace, and secondly it was required that the new 

heating source either be a new woodstove or a ductless heat pump.  Households were 

offered the opportunity to engage with the indoor air quality study during their discussion 

with a representative of the Washington County Office of Community Development 

regarding the Woodstove Exchange Program. Participants engaging in the indoor air 

quality monitoring portion of the study were offered a financial incentive to compensate 

for their electricity usage, and time. The protocol was reviewed and approved by the 

Institutional Review Board of Portland State University under protocol #184684. 

 

2.2 Indoor Air Quality Study Design 

Households agreeing to participate in the indoor air quality monitoring component 

of the WSE program were contacted 4 weeks prior to the stove exchange date to 

coordinate the installation of air and stove monitoring devices and to schedule the blower 

door test. During this installation, the homeowner was present and was asked to complete 

a questionnaire detailing their behaviors, perceptions, and household descriptors. 

Homeowners signed up for either “basic” or “enhanced” air quality monitoring. 

The details of these two options are explained below. During the actual woodstove 

exchange, where a certified contractor removed the old woodstove and installed a more 

efficient system (generally, but not always an EPA-certified woodstove), the stove use 

monitor was removed and placed on to a surface of the new heating device that would 
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provide a heat signature indicative of operation. Air monitoring continued with a goal of 

creating pre and post monitoring datasets of approximately equal duration. 

A table of deployed monitoring devices into homes participating in “basic” monitoring is 

shown in Table 2. Basic monitoring employed unobtrusive, low-cost sensors to enable 

monitoring for months with minimal disruption to the homeowner. 

Table 2. List of sensors used in "basic" monitoring. 

Constituent Method Device 
Time-

resolution 
Deployment 

PM2.5, PM10 

Low cost, 

light-

scattering 

sensor 

PurpleAir 

PA-II SD 

Real-time, <5 

min 

Entire monitoring 

period 

Stove 

operation 

Temperature 

sensor/logger 

Geocene 

Dot 

Real-time, <5 

min 

Entire monitoring 

period 

Building 

airtightness 

Whole-house 

blower door 

test 

Minneapolis 

Blower 

Door 

Once per 

home 
Once per home 

Carbon 

dioxide 

Non-

dispersive 

infrared sensor 

Onset 

MX1102 
5 min 

Entire monitoring 

period 

 

All instruments selected for basic monitoring are routinely used in building 

assessment and building science measurements. The PurpleAir PA-II is a widely used 

low-cost monitoring tool that has been shown to perform robustly in tracking changes in 

particle counts in the 0.3 – 10 micrometer range. The PurpleAir PA-II has been shown to 

be responsive to particle counts from a range of sources and generally within a factor of 

two compared to reference or research grade instrumentation 26,27. As will be discussed, 

we calibrated the PurpleAir PA-IIs prior to deployment by co-locating the devices with 

nephelometers maintained and calibrated to a gravimetric standard by the Oregon 
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Department of Environment Quality. We also co-located the PurpleAir PA-IIs with an 

indoor gravimetric sample to assess the general sensor response and appropriateness of an 

outdoor calibration factor for the measurement of indoor aerosol.  

The Geocene Dot is an evolution of the Berkeley Air Monitoring Group Stove 

Use Monitoring System 28, and includes a temperature sensor and logger that enables 

high time resolution and long-term surface temperature monitoring. Data from the 

temperature sensor provides an indication of the use of the heating device. Data was 

filtered to only include data when the stoves were active. Filtering was accomplished by 

analyzing stove temperature signatures and choosing threshold temperatures above which 

stove use was apparent. 

The Minneapolis Blower Door Test was used to conduct a multi-point blower 

door test that enabled estimation of pressure-flow relationships for each household at 

elevated indoor-outdoor pressure difference as well as back-calculation of estimate 

leakage area following established protocols 29 .  

A table of monitoring devices deployed into homes participating in “enhanced” 

monitoring is shown in Table 3. Note that the monitors described in Table 3 were 

deployed in addition to the monitoring conducted in the basic monitoring described above 

and listed in Table 2.  
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Table 3. List of sensors used in "enhanced" monitoring. 

Constituent Method Device Time-resolution Deployment 

Black carbon 5-wavelength 

aethalometer 

Magee 

Aethalometer 

Real-time, 5 

minute resolution 

due to switching 

valve 

3 days pre 

exchange, 3 days 

post 

Brown carbon 

(UVPM) 

5-wavelength 

aethalometer 

Magee 

Aethalometer 

Real-time, 5 

minute resolution 

due to switching 

valve 

3 days pre 

exchange, 3 days 

post 

Carbon 

monoxide 

Non-dispersive 

infrared with 

filter correlation 

Ecotech 

Serinus 30 

CO monitor 

Real-time, 5 

minute resolution 

due to switching 

valve 

3 days pre 

exchange, 3 days 

post 

 

The monitors listed in Table 3 provide additional measurements of air pollutants 

that inform our understanding of the potential for various byproducts of wood 

combustion to enter the indoor and surrounding outdoor environment as a result of 

woodstove operation. The measurement devices deployed for enhanced monitoring are 

substantially more expensive than those listed in Table 3, and thus could not be 

purchased with sufficient replication to enable months-long monitoring or simultaneous 

monitoring across multiple sites. Thus, we opted to target a four-day period prior to 

woodstove exchange and a three-day period post woodstove exchange where “enhanced” 

instrumentation could be deployed. These instruments were “active”, meaning they 

required sampling pumps to introduce air into the instrument; the instruments created 

noise due to their operation that may not have been acceptable to all homeowners. 

Homeowners were fully briefed on the instrumentation in accordance with the approved 

IRB protocol.  Further, because only one set of instruments was available, we installed a 

switching valve system that alternated sampling between the indoor and outdoor 

environment to enable measurement in two locations using one set of instrumentation.  
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The Magee Aethelometer is a seven-wavelength light attenuation monitor that 

enables measurement of the light attenuation of a collected mass of aerosol which 

deposits on a movable filter tape inside the instrument at a flowrate of 5 liters per minute. 

Analysis of the aerosol particles is conducting by measuring the transmission of light 

through the portion of the filter tape containing the sample versus the transmission 

through the portion acting as a reference area. The Magee Aethalometer has been widely 

used in studies assessing fossil and biomass combustion, and includes on-board 

algorithms for estimating black carbon levels as well as the contribution biomass 

combustion to aerosol mass30–32. We report black carbon from the light attenuation at 880 

nm and a proxy for brown carbon by the attenuation at 370 nm33.  

The Ecotech Serinus 30 is a non-dispersive infrared carbon monoxide monitor with gas 

filter correction that provides reference-grade measurement of carbon monoxide to a 

lower detection limit of 40 ppb across a range of 0-200 ppm. It is thus suitable for 

measurement of carbon monoxide as a tracer; note that we do not expect levels of indoor 

carbon monoxide due to the presence of a vented woodstove that would constitute an 

acute health threat.  

2.3 Description of Quality Assurance/Quality Control 

2.3.1 PurpleAir Monitors 

Low-cost particle monitors (PurpleAir PA-II) were co-located with Oregon 

Department of Environment Quality (ODEQ) Hillsboro Hare Field monitoring site for a 

period of two weeks from 9/27/2918 to 10/8/2018 where a light-scattering nephelometer 

operated by ODEQ recorded time-series PM2.5. The nephelometer was previously 
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calibrated using the Federal Reference Method combined with gravimetric measurements 

of PM2.5 collected over a period of greater than two years by the Oregon Department of 

Environmental Quality. Data from the PurpleAir was time-averaged to match the time 

resolution of the nephelometer and linear regression was performed to obtain a slope and 

intercept that allows the time-series PurpleAir data to be corrected to the nephelometer 

data.  

A site specific colocation between six purple air sensors and two low-volume 

gravimetric particle samplers (ARA N-FRM) was conducted over a period of three days 

in one participating household, E-31. Three gravimetric samples were collected over the 

three-day period, with the low volume gravimetric sampler collecting particles onto a 

filter over a 12 h, 27 h, and 24 h period. Note that non-24 hour periods were in two 

instances used due to the need to coordinate access to the indoor low-volume sampler 

with the homeowner. Appropriate corrections to the total sample volume were made by 

noting start and end times of the low volume gravimetric sampler. Woodstove operation 

occurred throughout the duration of the sampling. The two ARA N-FRM samplers were 

installed with PM10 and PM2.5 impactors to enable a site specific indoor calibration for 

both PM10 and PM2.5. We report on only PM2.5 for the purposes of this study.  The 

polytetrafluoroethylene (PTFE) filters from the ARA samplers were stored in a 

refrigerator when not in use, and were transported in a cooler to the ODEQ laboratory. 

ODEQ conducted pre- and post- gravimetric measurements to enable three indoor 

particle mass correction factors to be calculated   Additionally, stove use was monitored 
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with a Geocene Dot stove use monitor during the period of co-location. Results of 

PurpleAir co-locations and calibrations are provided in Section 4.2. 

2.3.2 Stove Use Monitor 

The Geocene Dot is a K-type thermocouple and temperature logger, appropriate 

for measuring temperatures from -100C to 400C. The thermocouples were purchased new 

from Geocene, Inc., and were factory calibrated with a reported accuracy of 0.5 ˚C across 

this range with a reported temperature resolution of 0.0625 ˚C.  

2.3.3 Carbon Monoxide Monitor 

We employed the Ecotech Serinus 30 (Automated Reference Method: RFCA-

0509-174) analyzer. The analyzer was factory calibrated prior to field deployment and 

the calibration was verified with span gas using a Dasibi Model 5008 dilution system and 

span gas on two occasions during the study. A calibration for the Ecotech Serinus 30 

carbon monoxide analyzer was conducted on 8/2/18. The calibration curve for the CO 

analyzer is attached in Appendix A. 

2.3.4 Aethalometer 

The aethalometer was maintained by performing a flow check prior to the 

initiation of the sampling campaign to confirm the instrument flowrate was 5.0 LPM, 

determined with a primary flow calibrator (Sensidyne, Gilibrator 2). This flow check was 

conducted and confirmed monthly for the duration of the campaign. The response of the 

optical detectors of the Aethalometer can be verified by a Neutral Density (ND) optical 

filter, recommended to occur yearly by the manufacturer. The instrument used in this 
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study was within the one-year period of factory calibration of the optical detectors for the 

duration of this study (the instrument was received in April, 2018 and first operated in 

July, 2018). However, to confirm the response of the optical detector, the instrument was 

co-located with a second Aethalometer that had undergone the ND optical filter 

calibration. The two instruments were co-located from 8/21/2018 – 8/22/2018 in a 

location where filtered laboratory air and a sample of urban air near a freeway were 

accessible to the instruments. This arrangement enabled the response of the two 

instruments to be compared for a range of black carbon levels. Results of this comparison 

are shown in Appendix 2, and show the instrument to have a strong correlation (r2 > 0.99) 

with the ND optical filter corrected aethalometer. Thus, we did not conduct an early NDF 

optical filter calibration on the instrument used during this study. Further details of 

calibration, data quality, personnel training, and instrument siting can be found in 

Appendix A.  

2.4 Data Analysis: Blower Door Test 

  A depressurization blower door test was conducted using the Minneapolis blower 

door and multipoint pressure and flow data was acquired and analyzed in accordance 

with a modified version of ASTM E779-03, Standard Test Method for Determining Air 

Leakage Rate by Fan Pressurization. (ASTM 2003) Note that data presented here have 

not been corrected for pressure differences incurred by temperature differences across the 

building envelope because blower door tests were conducted during an initial assessment 

prior to the deployment of indoor-outdoor monitoring devices. We note that this error is 

acceptable as it is approximated as 10% under extreme temperature differences 34.  
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Pressure-flow relationships were log transformed and plotted to determine the air 

leakage coefficient, C (m3/s/Pan), and the pressure exponent, n (-), of each house from a 

least squares regression fit of the linearized equation, shown below in equation 1. 

log Q = log C + n log ∆P Equation 1. Pressure flow relationship 

 

where Q is the flowrate measured by the blower door system (m3/s) and ∆P is the 

pressure drop across the fan measured by the blower door system (Pa).  

The multi-point blower door test was conducted with the intent of encompassing a range 

of envelope pressure differences that spanned 10-60 Pa. However, one typically reported 

metric of airtightness is the air changes per hour at 50 Pa. Our study design prioritized the 

measurement of multiple pressure drop-flow rate points, and were not always able to 

obtain a direct measurement at exactly 50 Pa in a timeframe acceptable to the study 

subjects. Therefore, we used the calculated best fit parameters for C and n to solve for the 

flowrate through the house at elevated pressure of 50 Pa, or Q50 Pa (m
3/s). This flowrate 

was normalized by the estimated volume of each home to calculate the air changes per 

hour at 50 Pa, or ACH50 (h
-1).  

The effective leakage area, ELA (m2) is the cross-sectional area of an orifice that 

would yield the same leakage flow rate as the building if subjected to a 4 Pa pressure 

difference. This value can be used in the Lawrence Berkeley National Laboratory 

infiltration model to estimate infiltration from the indoor-outdoor pressure difference or 

from environmental conditions like local wind speeds and indoor-outdoor temperature 



 
18 

differences. The ELA value was calculated from the previously defined C and n values 

by using the equation below.  

ELA =  √
𝜌

2
 𝐶Δ𝑃𝑟

𝑛−0.5 
Equation 2 . Estimated Leakage Area 

 

Note that we report the effective leakage area from data acquired from a depressurization 

blower door test only.  

Normalized leakage (NL, -) was calculated from the effective leakage area determined 

from the  equation 3, developed by the Lawrence Berkeley National Laboratory 35and as 

described in ASHRAE Standard 119. 

NL = 1000 × (
ELA

Afloor
) (

H

Href
)

0.3

 

 

Equation 3. Normalized leakage area. 

 

 

 

2.5 Data Analysis: Estimation of WSE Impacts on Indoor and Outdoor Pollution 

A primary motivation of this study is to ascertain the impact of the woodstove on 

exposure to indoor air pollutants that may be generated by wood burning heating devices. 

Presumably, more efficient woodstoves emit fewer air pollutants into the outdoor or 

indoor space, reducing exposures to air pollution. However, in a field study, many 

variables cannot be controlled. The households involved in this study are engaging in 

behaviors and activities that are variant in time and variant across households. In 

addition, regional ambient background levels of air pollution are changing on diurnal, 

weekly, and seasonal time-scales. Thus, a variety of empirical approaches were taken 
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here as a first-step in developing an understanding of a woodstove exchange’s impact on 

local and indoor air quality.  

First, we assess the impact of the woodstove exchange on “local outdoor” air 

quality; for this analysis, unless otherwise noted, we refer to outdoor air quality as the 

measurements made outside a particular home, typically in proximity to the building 

itself from a sensor installed on an exterior façade of the building not near the exhaust of 

the woodstove. We investigate the potential for the woodstove exchange to impact local 

outdoor air quality by comparing local outdoor levels of air pollution pre- and post-

woodstove exchange. This comparison should be interpreted cautiously, as background 

levels of air pollution changed over the course of the study for some deployments.  

Similarly, we compare absolute levels of indoor air pollution measured pre and post 

exchange to inform understanding of how the woodstove exchange impacts true 

exposures to air pollution. From the perspective of exposure to the measured air 

pollutants, this metric is a direct representation of whether the woodstove exchange 

program reduced exposures to air pollution.  

 In this report, we report summarize PM2.5 data with the median value. We do so 

as the measured distributions for temperatures and air pollutants were generally non-

normal in their distribution. We compare medians of distributions (e.g., the median value 

of PM2.5 level prior to woodstove exchange to the median PM2.5 level post woodstove 

exchange) using the nonparametric statistic test, the Wilcoxon rank sum test. The PI has 

used this test to make comparisons of similar environmental air pollution data in the 

previous studies 36. Differences between indoor and outdoor PM2.5 levels are compared 
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before and after the exchange to do a bulk normalization. This is an attempt to 

compensate for fluctuations in outdoor PM2.5 throughout the duration of sampling.  

2.6 Source Strength Analysis 

Data from the intense first burn emission event was used to investigate stove source 

strength. A commonly used37 macroscopic model of particle decay was applied to our 

data with the aim of quantifying a woodstove emission rate. Subsequent work could 

investigate the chemical and physical processes governing the emission event observed. 

Emission mechanisms are complex and outside the scope of this study.  

 This emission data has two distinct regions, the first half is an intense injection 

event and the second half is a decay period. Each section can be independently modeled 

according to equation 4, where λ (hr-1) is the air exchange rate under “natural” (i.e., 

indoor-outdoor pressure driven flow due to buoyancy and meteorology per normal 

occupancy conditions), S is the source strength (ug/h)  and V(m3) is the volume of the 

building.  

  
dC

dt
=  −λC +  λCout + S/V 

Equation 4. General differential 

equation for change in concentration 

 

Integrating equation 4, PM2.5 concentration can be isolated as a function of the initial 

concentration, Ct=0 (ug/m3), the loss rate coefficient, k (hr-1), the particle penetration 

factor, P, and S (ug/h) the source strength, the air exchange rate and time, as shown in 

equation 5:  
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Ct = Ct=0 e−t(k+λ)

+ (
λPCout

(k + λ)
+

S

(k + λ)
) (1 − e−t(k+λ)) 

Equation 5. Non-linear 

curve fit for an injection 

period.                           

              Using equation 5 and MATLAB’s non-linear curve fitting tools, the injection 

period data is used to find P, k, λ and a first source strength S1. S1 is a combination of two 

sources, the off gassing particulate emission unique to the first burn, and the emission due 

to the actual wood burning. To ensure realistic values were determined, P was limited to 

the interval [0,1], lambda was set on the interval [λnatural , 100] where λnatural is the natural 

ventilation rate given by equation 6 below. The air exchange rate at 50psi, ACH50 was 

calculated from blower door data.    

 

λ =
ACH50

18
− 0.08 

Equation 6. Estimation of natural 

ventilation rate.  

 

Next equation 5 was fit to the decay period data to find S2, the emission due to only wood 

stove burning. During this data fit, the only fit variable was S2 as k, λ , and P were 

identified in the injection period fit.  
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3 Results and Discussion 

3.1 Recruited Households 

In total, twenty households were enrolled into the woodstove exchange program 

indoor air quality monitoring study. No homes included in the study were located near 

major roadways or other visually identifiable sources of air pollution. Note that all homes 

were stand-alone dwellings and were generally not in close proximity to other houses. A 

summary of the characteristics of the included households is shown below in Table 4, 

including characteristics of the household as well milestones relevant to the indoor air 

quality study. Fifteen households were engaged in the basic air monitoring effort while 

five of these households were engaged in the enhanced air monitoring effort.  

Homes involved in the study were built between 1925 and 2001, with an average 

household building age of 50 years. Home sizes ranged between 1100 - 3200 ft2 with an 

average size of 1830 ft2.  Household income ranged from $6700 – 110,000, averaging 

$46150.  In general, homes participating in the indoor air quality study received an 

upgraded wood burning device, as was the case for 18 out of 20 participating homes. 

Two of the twenty homes received non-wood burning stoves, with homes E-32 and E-34 

receiving a ductless heat pump and gas insert, respectively.  

Households involved in the study were assured anonymity as per the institutional 

review board agreement. Each household is thus referred to by an anonymized code B-X 

or E-X where X is the number of the household engaged in the study and the “B” or “E” 

indicator preceding the number indicates the household engaged in the basic (B) or 

enhanced (E) monitoring study.  
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Due to a relatively mild winter in late 2018 and early 2019, wood stove exchanges 

began later than in past years of the woodstove exchange program. Table 4 indicates that 

the first stove exchange began in November, with the majority of stove exchanges not 

beginning until the end of January 2019. This contributed to a slightly lower than 

expected participation in the indoor air quality monitoring study of the woodstove 

exchange program. Nevertheless, as can be observed in the literature review summary 

(Table 1), this study, with nineteen participants with data available, constitutes one of the 

largest studies of pre- and post-woodstove exchange indoor air quality conducted to date. 
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Table 4. Characteristics of study homes and sampling periods. 

 

 

 

 

 

 

 

 

 

 

P = primary heat source, S = secondary heat source

Home 
Year 

built 

Square 

footage 

(ft2) 

Pre-

exchange 

sampling 

start date 

Stove 

exchange 

date 

Heating source, 

post-exchange 

Household 

income 

Primary or 

secondary 

heat source 

B-1 1984 3000 10/18/2018 11/8/2018 Wood stove insert 21000 S   

B-2 1950 1820 11/8/2018 11/28/2018 Wood stove insert 46000 P 

B-3 2001 3200 11/29/2018 12/14/2018 Wood stove 36000 P 

B-4 1978 1800 12/6/2018 12/21/2018 Pellet stove insert 42000 P 

B-5 1962 1100 12/6/2018 12/20/2018 Wood stove 107000 P 

B-6 1974 1100 1/18/2019 2/14/2019 Wood stove insert 6700 P 

B-7 1978 1600 1/21/2019 1/24/2019 Wood stove 37000 P 

B-8 1930 1800 2/15/2019 2/20/2019 Wood stove 43000 P 

B-10 1983 1700 2/22/2019 2/25/2019 Pellet Stove 69300 P 

B-11 1976 1900 3/1/2019 3/21/2019 Wood stove insert 110000 S 

B-12 1981 2700 3/26/2019 4/12/2019 Wood stove 68000 P 

B-13 1925 1300 4/11/2019 4/15/2019 Wood stove 48000 P 

B-14 1925 1800 3/28/2019 4/18/2019 Wood Stove 7700 P 

B-15 1967 1200 4/3/2019 5/14/2019 Wood Stove 42000 P 

B-16  1960 2100 4/18/2019  planned  Gas insert  52000  S  

E-31 1971 1300 1/21/2019 1/23/2019 Wood stove 28000 P 

        

E-32 1991 1500 1/28/2019 2/7/2019 Ductless heat pump 38000 P 

E-33 1981 1800 2/15/2019 2/21/2019 Wood stove  22000 P 

E-34 1968 1100 3/1/2019 3/13/19 Gas Insert 59000 S 

E-35 1982 2800 3/25/2019 3/29/2019 Pellet stove n/d S 
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3.2 Results of PurpleAir Sensor Quality Assurance Efforts 

PurpleAir sensors were employed in this investigation for “basic” monitoring 

efforts due to their low-cost which enabled multiple monitoring sites to be operated in 

parallel and for sensors to be simultaneously deployed to the indoor and outdoor 

environments at each house. Also, as noted previously, evidence for reliable reporting of 

particulate matter levels exists in the research literature when PA-IIs are calibrated. We 

conducted a group co-location to calibrate sixteen PA-IIs at the Hillsboro Hare Field 

ODEQ site. PurpleAir PA-IIs were co-located for a period of several weeks at the 

Hillsboro Hare Field site where nephelometers were recording time series data; the 

nephelometers were calibrated to a gravimetric standard by the Oregon Dept. of 

Environmental Quality and proven robust over a 2-year period. An example of a 

calibration curve resulting from the co-location is shown below in Figure 1, where the 

nephelometer is plotted as the independent variable vs. the PurpleAir data of a single 

sensor.  

 

Figure 1. Example of one PurpleAir PA-II co-location with Oregon DEQ calibrated 

 nephelometer. 
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Results of the calibration of the sixteen PurpleAir sensors are shown below in 

Table 5. As can be observed, PurpleAir sensors behaved similarly, with slopes and 

intercepts that were consistent across sensors. The average slope correction necessary to 

the Purpleair was 1.88 with a standard deviation of 0.08, implying that the PurpleAirs 

have a tendency to consistently over-estimate outdoor PM2.5 levels at this site by 

approximately a factor of 2. The offset shows that there is a tendency to over-estimate the 

zero by approximately 2 µg/m3.  

Table 5. Summary of calibration results of co-located PurpleAirs with ODEQ reference 

nephelometer. 

Purple Air ID Slope Y-intercept R2  

60 1 94 4B 45 79 1.89 -2.37 0.90 

60 1 94 4B 45 85 1.89 -2.37 0.90 

60 1 94 58 A0 9D 1.98 -2.12 0.89 

68 C6 3A 89 1D 78 1.86 -1.68 0.90 

68 C6 3A 8E 59 42 n/d n/d n/d 

68 C6 3A 8E 8D 7 1.89 -2.05 0.89 

68 C6 3A 8E 8E FA 1.86 -1.72 0.84 

84 F3 EB 45 31 65 1.76 -0.99 0.87 

84 F3 EB 45 60 5C 1.90 -2.51 0.90 

84 F3 EB 91 44 3D 1.91 -1.92 0.89 

84 F3 EB 91 44 5A 1.73 -2.02 0.89 

84 F3 EB 91 44 5F 1.89 -2.37 0.90 

84 F3 EB 91 44 79 1.71 -1.35 0.83 

84 F3 EB 91 AC 75 1.93 -1.98 0.90 

84 F3 EB 91 AE 9 1.93 -2.01 0.90 

EC FA BC B B1 6F 2.01 -2.34 0.90 

average 1.88 -1.99 0.89 

standard deviation 0.08 0.42 0.02 

 

We also explored the comparison of PurpleAir reported and nephelometer 

corrected PM2.5 values to a co-located indoor gravimetric sample. We conducted this 

indoor intercomparison to evaluate the differences between both “raw” PurpleAir data 
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and nephelometer corrections of PurpleAir sensors with a sample of indoor aerosol. We 

deployed six PurpleAir sensors to an indoor environment (household B-31) and requested 

that the homeowners engage in extended duration woodstove operation. The homeowners 

reported that their woodstove was operating nearly continuously during the three-day 

period in which we conduct this intercomparison. Note that because this period was one 

of intensive indoor woodstove operation, we treat this comparison as exploratory; the 

appropriateness of density and shape factor corrections to convert light scattering particle 

count measurements to mass concentrations units for indoor vs. outdoor aerosol is a 

subject of intensive study and would require further investigation to fully assess. For 

example, there exist many potential confounders in determining a broadly applicable 

indoor aerosol correction factor/calibration including variation in indoor particle 

resuspension, human activity, and woodstove combustion.  

Our preliminary data indicates that indoor aerosol during periods of woodstove 

operation may be different than that of outdoor aerosol, for which the PurpleAir sensors 

were calibrated as a group at the Hillsboro Hare Field site. Note that because the 

sampling occurred indoors, access to the low-volume sampler required coordination with 

the homeowner; thus, gravimetric samples taken with the low-volume gravimetric 

sampler occurred over 12, 27, and 24 hour periods. Appropriate corrections to sample 

volumes were made in calculated mass concentrations from gravimetric measurements. 

Detailed results of the gravimetric analysis and low-volume sampler are provided in 

Appendix 2 in Table A-4 and Table A-5. 
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Table 6 below shows the results of a co-location between six PurpleAir sensors 

and a low-volume gravimetric sampler with a PM2.5 size selective inlet installed. The 

sensors were all co-located in the center of the living room of household B-31 with the 

sensors or inlets placed at approximately breathing height. Note that the “raw” PurpleAir 

data is the sensors reported value of mass concentration for PM2.5 time-averaged for the 

same period of the operation of the gravimetric sampler; the PurpleAir sensors include 

on-board algorithms that estimate this value from the size-resolved particle counts across 

six size bins. The results show that PurpleAir sensors, on average, reported mass 

concentrations of indoor PM2.5 during this 24-h period that were within 41-86% of the 

gravimetric value. This contrasts with the nephelometer-corrected PurpleAir ouput which 

reports 51-70% of the gravimetric value. This divergence indicates that the correlations 

developed at Hillsboro Hare Field result in an under-reporting of indoor aerosol for > 2 

µg m-3 where the calibration intercept has a smaller effect on the correction. This finding 

indicates the possibility of environmental and/or aerosol shape, density and optical 

characteristics that are different between the indoor and outdoor aerosols during co-

location activities. 

Table 6. Summary of indoor co-location of six PurpleAir sensors. 

 A1 A2 A3 

Sampler 

PA 

Raw* 

Neph-

corr PA% Grav# 

PA 

Raw 

Neph-

corr PA Grav 

PA 

Raw 

Neph-

corr PA Grav 

PA 4585 0 .65 1.60 

2.33 

9.25 6.13 

13.24 

22.82 13.30 

28.54 

PA 5942 0.75 n /d 9.04 n/d 22.80 n/d 

PA 1AE9 1.12 1.62 11.69 7.10 24.66 13.81 

PA E8D7 1.03 1.63 11.14 6.99 32.13 18.13 

PA 605C 0.84 1.76 9.26 6.18 20.04 11.84 

PA 4479 1.36 1.58 11.26 7.36 21.89 13.56 

*PurpleAir reported PM2.5 value from time duration of gravimetric measurement 

%Corrected to ODEQ calibration nephelometer 

#Gravimetric measurement  
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Additional a likely contributor to the divergence between the indoor and outdoor 

co-locations is the humidity differences between the two co-location events. During the 

co-location at Hillsboro Hare Field, the average relative humidity was ~50%. During the 

indoor co-location, the average relative humidity was lower, ~30%, in part due to near-

continuous woodstove operation that resulted in warm indoor temperatures. The 

Plantower sensor, two of which are used in the PurpleAir sensor, are known to have 

relationships with relative humidity. A prior study of the response of the Plantower 

sensor indicates that these sensors may under-estimate mass concentrations 

measurements at lower relative humidities and over-estimate at higher relative 

humidities38, consistent with the findings of our two co-location efforts. Again, it should 

be noted that for all comparisons in this report, we apply nephelometer corrections to all 

PurpleAir data, due to the preliminary nature of this indoor co-location and the indoor 

conditions of near-continuous woodstove operation that were not necessarily 

representative of actual indoor houses. Because our study focuses on relative metrics (i.e., 

comparisons of air quality impacts pre- and post-exchange), the implications of differing 

indoor and outdoor calibration factors are mitigated.  

3.3 Household airtightness monitoring 

Infiltration is airflow across a building envelope that results of indoor-outdoor 

pressure differences created by wind and/or indoor-outdoor temperature differences. A 

blower door test provides quantitative data from a short-term test that enables 

determination of the relationship between airflow across a building’s envelope at a range 

of artificially elevated pressure differences. This data can be normalized to typical 
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indoor-outdoor pressure differences to enable modeling of infiltration airflows across the 

building and enables calculation of normalized metrics that enable comparison across 

buildings (e.g., the leakage area and normalized leakage). The results of the blower door 

results from each home are tabulated in Table 7. The ACH50 and the effective leakage 

area calculations are graphed in Figure 2. 

The estimated ACH50 and leakage areas calculated inform our understanding of the 

potential for building leakage to contribute to indoor air pollution. These variables will be 

used subsequently to explore their ability to explain variation in observations of indoor-

outdoor air pollution differences. They also may be used to inform homeowners of 

opportunities for increasing the heating effectiveness of their new woodstoves, in turn 

reducing biomass needed to achieve a given indoor temperature setpoint. For example, 

two homes, B-13 and B-14, had very high leakage areas and ACH50. This implies that 

substantial improvements in household energy efficiency could be realized by 

weatherizing and air-sealing, while still maintaining an infiltration rate conducive to 

dilution of indoor generated air pollution. However, weatherization to reduce air 

exchange may create unintended consequences for indoor air quality, as it reduces the 

dilution of indoor sources of air pollution with outdoor air that may be cleaner than 

indoor air 39.  

In general, this subset of Washington County homes appeared subject to air leakage 

generally consistent with recommendations of the 2009 International Energy 

Conservation Code (IECC). The 2009 IECC recommends < 7 ACH50 for the Oregon 

climate zone 40; the median of the homes in this dataset was 11.1 ACH50. Although, as 
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shown in Figure 2, the dataset is subject to high variability with eleven homes having 

ACH50 greater than 10 h-1. Two homes have ACH50 of 29 h-1 or greater and should be 

advised to consider weatherization and air sealing to reduce biomass usage for heating to 

reduce cost to the homeowner and to reduce air pollution emissions from biomass 

burning for heating.  

Table 7. Household airtightness metrics, flow coefficient, C, and pressure exponent n. 

 C n  ACH50* Leakage area  

Normalized 

leakage 

Home (m3/s/Pan) (-)  (h-1) (m2) (-) 

B-1 0.06 0.83 7.68 0.07 0.37 

B-2 0.13 0.60 11.70 0.11 0.81 

B-3 0.12 0.55 5.02 0.10 0.48 

B-4 0.09 0.62 8.74 0.08 0.57 

B-5 0.21 0.59 30.57 0.19 2.14 

B-6 0.03 0.83 11.07 0.04 0.42 

B-7 n/d n/d n/d n/d n/d 

B-8 0.00 0.99 1.77 0.01 0.06 

B-10 0.15 0.58 13.36 0.13 0.96 

B-11 0.11 0.69 13.35 0.11 0.91 

B-12 0.09 0.72 9.07 0.10 0.57 

B-13 0.35 0.49 29.29 0.27 2.64 

B-14 1.19 0.33 38.31 0.73 5.27 

B-15 0.03 0.74 6.16 0.03 0.30 

B-16 0.21 0.48 10.20 0.16 0.95 

E-31 0.07 0.64 11.06 0.07 0.69 

E-32 0.10 0.65 12.80 0.10 0.78 

E-33 0.06 0.68 7.53 0.06 0.42 

E-34 0.04 0.76 9.09 0.04 0.45 

E-35 0.20 0.60 12.22 0.18 1.03 

Median 0.10 0.64 11.06 0.10 0.69 

*ACH = Air changes per hour 
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Figure 2. Summary of ACH50 and Effective Leakage Area calculations across homes 

involved in the indoor air quality study of the Washington County Woodstove Exchange 

Program. 

The normalized leakage reported in Table 7 is a widely reported metric of 

airtightness, with leakage measurements being available for thousands of homes across 

the United States 35. A study of 79 homes in Oregon resulted in a value of normalized 

leakage of 0.40 35, slightly lower than the value of 0.69 reported here. As is the case with 

the calculated ACH50 values, these data are subject to variability in the WSE indoor air 

quality study dataset, with some homes experiencing substantial normalized leakage. 

Nevertheless, the comparison to a prior study of homes in Oregon yielding a similar 

result lends confidence in the method used to report various metrics of airtightness in this 

sample of homes.   

3.4 Air Monitoring Results: Household Temperatures 

Table 8 shows the summary of indoor and outdoor temperatures across the monitoring 

campaign. As can be observed in the columns reporting indoor median temperatures, the 
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indoor environments were maintained at typical, comfortable indoor temperatures in all 

houses for which measurements are available. Note that instrument failures (due to sensor 

error or the household unplugging the sensor) resulted in loss of data for households B-4, 

B-6, B-13, B-15, and B-16. While the monitoring of indoor thermal comfort was not the 

primary goal of this study, it is nevertheless promising to see that indoor temperatures 

post-exchange were maintained at typically comfortable indoor levels after the new 

heating device was installed.  

Table 8. Magnitudes of measured indoor and outdoor temperatures pre and post 

exchange. 

 Pre-exchange Post-exchange 

Household Median 

Outdoor Temp 

(◦C) 

Median Indoor 

Temp (◦C) 

Median 

Outdoor Temp 

(◦C) 

Median Indoor 

Temp (◦C) 

B-1 16.7 25.0 11.7 23.3 

B-2 11.7 23.3 10.0 22.8 

B-3 9.1 25.6 10.6 26.3 

B-4     

B-5 11.2 31.7 10.6 31.7 

B-6 11.7 11.7 26.11  

B-7 12.2 27.8 9.4 30.0 

B-8 8.9 26.7 7.2 26.1 

B-10 10.3 26.7 7.4 22.2 

B-11 10.6 26.7 12.8 26.1 

B-12 15.6 22.8 16.7 23.3 

B-13     

B-14 14.1 21.7 16.3 22.2 

B-15     

B-16     

E-31 11.7 22.8 12.2 22.2 

E-32 8.9 25.6 5.0 26.1 

E-33 10.0 27.2 10.0 27.2 

E-34 7.8 23.9 14.4 24.4 

E-35 12.7 23.9 16.1 24.6 

 

 

 

 



34 
 

3.5 Air Monitoring Results: Example Time-series Data (Basic Monitoring) 

As discussed in Section 3.2, households involved in “basic” air monitoring focused 

on measurement of indoor and outdoor temperatures, size-resolved particulate matter 

levels (with analysis focusing on PM2.5), woodstove temperatures, and for some homes, 

indoor carbon dioxide levels (as a proxy for occupancy). Time-series data for one 

household, B-10, is shown below in Figure 3. Time-series measurements for temperature, 

PM2.5, ΔPM2.5 and stove temperature are provided in Appendix 3 for all households.  

 
Figure 3. Example time-series data from wood stove exchange household B-10. 

As can be observed in Figure 3, indoor temperatures were routinely higher than 

outdoor levels in household B-10, explained by the presence of indoor heat sources. This 

Woodstove exchange 
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household experienced a woodstove exchange on February 25th, as reported in Table 4. A 

recurrent observation in most (13 of 17 households with data available), was an 

associated extreme peak in indoor PM2.5 on the first usage of the new stove. This 

phenomenon can be observed in the elevated peak on Feb 25th (blue line) for indoor 

PM2.5; indoor levels exceeded 200 µg/m3 during the first operation of the new woodstove. 

It can be observed that this is associated with the first use of the stove by observed the 

temperature profile of the stove on the day of Feb 25th. We observed similar behavior in 

indoor PM2.5 levels associated with the stove’s first use in 12 out of 16 households for 

which data is available. This leads us to recommend consideration for a “first burn” to be 

conducted when the home is not occupied by the homeowner.   

Prior to the exchange, the indoor PM2.5 level in house B-10 had a median value of 

4.9 µg/m3, subsequent to the exchange, the median indoor PM2.5 level was 2.8 µg/m3. 

Therefore, in absolute terms, PM2.5 levels were reduced in this household post woodstove 

exchange. However, there are many drivers of indoor levels of PM2.5, including non-

woodstove indoor sources and outdoor levels of PM2.5. To ascertain if changing outdoor 

levels explained the differences in indoor PM2.5 pre and post-exchange we calculated the 

indoor-outdoor PM2.5 difference, also reported in Figure 5. The figure shows that indoor-

outdoor levels were similar (i.e. indoor levels were near outdoor levels for the duration of 

the monitoring campaign), with the exception of several indoor particle emissions events. 

On a median basis, the indoor-outdoor PM2.5 difference in household B-10 decreased 

from 0.33 µg/m3 to -0.45 µg/m3. This implies that after accounting for the potential 

impact of changing outdoor levels on indoor levels, indoor PM2.5 levels were lower post-
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exchange relative to outdoor levels. Further analysis will be necessary to ascertain the 

impact of air exchange as a function of indoor-outdoor pressure difference to calculate 

indoor source strengths pre and post-woodstove exchange. 

3.6 Air Monitoring Results: Comparison of PM2.5 Pre- and Post exchange 

Summarized in Table 9 are the magnitudes of PM2.5 measured via PurpleAir sensors 

placed inside and outside each of the twenty homes participating in the study. 

Table 9. Magnitudes of measured indoor and outdoor PM2.5 pre- and post-exchange. 

 Median outdoor PM2.5 (μg/m3) Median indoor PM2.5 (μg/m3) 

Home 
Pre-

exchange 

Post-

exchange 
Change 

Pre-

exchange 

Post-

exchange# 
Change 

B-1 10.6 8.96 -1.67 5.4 6.0/5.9 0.57 

B-2 10.8 7.79 -2.97 7.9 5.2/4.0 -2.69 

B-3 8.0 3.73 -4.29 7.6 5.0/5.0 -2.53 

B-4    11.2 12.4/11.8 1.23 

B-5 10.9 5.07 -5.88 6.0 3.7/3.6 -2.30 

B-6 10.2 6.9 -1.06 7.1 6.1/6.0 -1.1 

B-7** 3.1 9.43 6.31 31 42/41 10.8 

B-8 3.5 3.90 0.41 2.3 6.2/6.2 3.86 

B-10 4.6 3.28 -1.27 4.9 2.8/2.7 -2.05 

B-11 4.7 6.72 2.06 3.9 4.7/3.0 0.83 

B-12 3.3 3.01 -0.25 1.6 2.1/2.0 0.52 

B-13    1.9 2.6/2.6  

B-14 2.3 3.41 1.10 1.6 2.5/2.6 0.92 

B-15 3.4 3.2 -0.21    

B-16       

E-31 2.7 2.63 -0.10 2.1 3.0/4.7 0.97 

E-32 9.1 4.67 -4.42 7.7 3.8/3.8 -3.97 

E-33 4.6 6.05 1.48 4.3 6.8/6.8 2.45 

E-34 5.7 7.53 1.86 0.98 4.8/4.7 3.85 

E-35 2.0 3.53 1.58 1.1 2.1/2.0 1.02 

Median 4.6 4.9 -0.18 4.6 4.8 0.76 

Median-NP##    4.6 4.3 0.63 

**indoor smoking occurred 

# The indoor peak observed following installation and first operation of the stove is excluded from this 

data. The second value shown is the indoor median with the peak excluded. All calculations are made with 

data including the peak unless indicated. 

Note that some homes do not have data available due to sensor error or the 

homeowner deactivating power to the instrument for a period of time that resulting in 
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insufficient monitoring data. Ultimately, 16 households had adequate data to report on 

outdoor PM2.5 levels pre and post-exchange while 17 households had adequate data to 

report on indoor PM2.5 levels pre- and post-exchange. Nine of sixteen homes with 

available data experienced a reduction in absolute levels of local outdoor PM2.5 while 

seven of seventeen homes experienced a reduction in absolute levels of indoor PM2.5 post 

woodstove exchange. The median change in local outdoor PM2.5 was a reduction of 0.18 

µg/m3 while the median change indoors was an increase of 0.57 µg/m3. 

As can be observed in boxplots shown in Figure 4, there existed variability in pre- 

and post- magnitudes of indoor and outdoor levels of PM2.5 before and after the 

woodstove exchange. In general, distributions of PM2.5 were observed to be non-normal; 

subsequent analysis include non-parametric tests and report median values that are less 

impacted by outliers and transient events. From a standpoint of human exposure, the 

median in this case will be more representative of a long-term exposure concentrations. 

Transient events which result in elevated, acute exposures are also of concern, and future 

exposure modeling using this data could consider employing a time-concentration model 

of exposure that employs empirical data measured with ~1 min time resolution to capture 

dynamics of indoor and outdoor exposures.  
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Figure 4. Boxplots showing variability in measured indoor and outdoor PM2.5 levels at 

each household. 

It should be noted that observed changes in indoor and outdoor PM2.5 levels may 

not be due solely to the presence of a more efficient heating device. Depending on the 

timing on the installation, changes in regional ambient PM2.5 may have contributed to a 

reduction in indoor PM2.5, particularly for woodstove exchanges occurring towards the 

Spring, when meteorology associated with greater atmospheric mixing and higher 

atmospheric mixing height contribute to higher regional ventilation and lower levels of 

air pollution. Further, changes in occupant behavior and activity, and changes in 

neighborhood scale local sources are also possible. Figure 5 shows the regional PM2.5 as 

measured by Oregon DEQ at the Hillsboro Hare Field monitoring for the period in which 
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woodstove exchange events occurred. During the winter periods of November through 

February, regional PM2.5 is elevated and variable compared to a general trend of lower 

levels beginning in March 2019. Further effort to parse local outdoor (i.e. at the 

household) vs. regional effects of PM2.5 levels on the measured indoor and outdoor PM2.5 

relationships will improve understanding of the impact of regional PM2.5 as a possible 

confounder in this study.  

 

Figure 5. Regional PM2.5 levels as measured ODEQ at the Hillsboro Hare Field site for 

10/19-6/19 

Indoor levels of PM2.5 pre and post-exchange were also variable across homes; 

seven homes experienced a reduction of absolute levels of PM2.5 while eight experience 

an increase. Across all households, median levels of PM2.5 were similar pre- and post-

exchange, with an increase of 0.57 µg/m3 measured when considering all homes in the 

dataset.  
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As discussed previously, there exist many sources of indoor PM2.5, including 

outdoor PM2.5. Thus, normalizing the measured indoor PM2.5 levels for the monitored 

PM2.5 enables a rough proxy for the contribution of indoor sources to PM2.5 to be made. 

The ΔPM2.5, or the indoor PM2.5 minus the outdoor PM2.5 is reported for all households 

with sufficient data to enable the calculation in Table 10. In contrast to the comparison 

shown in Table 9, where only absolute magnitudes are considered, fewer households 

experience a reduction in ΔPM2.5, with only 5 of 16 households experience a reduction in 

ΔPM2.5 when comparing pre- and post-exchange data.  

We speculate that this reduction is due to some households engaging in the study 

during a period of improving regional outdoor air quality (Figure 5). For example, 

household B-6 experienced a reduction in absolute levels of indoor PM2.5, but 

experienced an increase of ΔPM2.5 (indicating that relative to outdoor levels, indoor levels 

were higher post exchange). Household B-6 had a woodstove exchange relatively late in 

the season, with the new stove being installed Feb. 14th, 2019. The divergence in indoor 

air quality metrics (PM2.5 levels vs. ΔPM2.5) for B-6 from Table 9 to 10 indicate that 

outdoor air quality improved with a greater magnitude than the observed improvement in 

indoor air quality pre- and post- stove for this household. This high-level analysis 

demonstrates the complexity of source apportionment; attributing the effect of the 

woodstove exchange to a quantitative improvement in indoor or local outdoor air 

pollution is challenging given the dynamic and uncontrolled nature of both the indoor and 

outdoor environments in which the study was occurring. Nevertheless, the 

parameterizations developed here imply that the woodstove exchange, when considering 
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the central tendency across all homes, did not have an outsize effect on ΔPM2.5; the 

median across all homes showed an increase of 1 µg/m3 albeit with large variability 

across individual households. 

Table 10.Magnitudes of indoor minus outdoor levels pre and post exchange. 

 Median ΔPM2.5 (indoors – outdoors) (μg/m3) 

Home Pre-exchange 
Post-

exchange 

Change in 

ΔPM2.5 

B-1 -5.28 -3.03 2.24 

B-2 -2.86 -2.59 0.27 

B-3 -0.45 1.31 1.76 

B-4    

B-5 -4.94 -1.37 3.58 

B-6 -3.13 -0.86 2.26 

B-7 27.55 32.04 4.50 

B-8 -1.15 2.31 3.46 

B-10 0.33 -0.45 -0.78 

B-11 -0.80 -2.03 -1.23 

B-12 -1.72 -0.95 0.77 

B-13    

B-14 -0.74 -0.92 -0.18 

B-15    

B-16    

E-31 -0.68 0.39 1.07 

E-32 -1.38 -0.92 0.45 

E-33 -0.23 0.74 0.96 

E-34 -4.69 -2.70 1.99 

E-35 -0.90 -1.45 -0.55 

Median -1.02 -0.92 0.96 

 

The parameterization of ΔPM2.5 provides the relative difference between indoor 

and outdoor PM2.5 levels. The controlling driver linking indoor and outdoor air pollution 

for an indoor environment is ventilation. We conducted blower door tests to enable 

calculation of metrics representative of household airtightness (a proxy for ventilation 

rate), including the normalized leakage area. In Figure 8, we plot the normalized leakage 

area vs. the ΔPM2.5. As can be observed in the plot, 89% of the variance in post minus pre 

ΔPM2.5 can be explained by the airtightness metric normalized leakage area. This finding 
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indicates that woodstoves act as a source to the indoor environment, including during the 

observed “first burn” that created a large peak of indoor particulate matter indoors. 

Household specific impacts may be better explained if site-specific ventilation conditions 

are considered. As shown in Figure 8, homes with higher normalized leakage areas, and 

thus higher ventilation rates for a given indoor-outdoor pressure difference, would 

ventilate particle of indoor origin out of the space more rapidly than homes with lower 

normalized leakage areas 

 
Figure 6. Regression of normalized leakage area vs. change in indoor-outdoor PM2.5 

(ΔPM2.5) level (post exchange minus pre exchange). 

 

Given that this was a field study the strength of this correlation was not expected. One 

observation that can be made from Figure 6 is that “tight” homes exhibit an increase in 

the indoor-outdoor PM2.5 after the exchange and “leaky” homes exhibit a decrease after 

the exchange. The assumption that during woodstove operation, indoor levels of PM2.5 
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are higher than outside can help to explain the observed phenomena.  An initial 

hypothesis for this observed correlation is that upon receiving a new woodstove, homes 

with large NLA are more likely to have increased stack effects study using the database 

created in this project will continue to investigate household ventilation as an explanatory 

variable for woodstove-indoor air quality relationships. 

 The conclusions made around this set of data imply that it is better for your health 

to live in a home with high ventilation. While there are distinct benefits of having high 

ventilation rates within homes, it is important to note that thermal comfort and heating 

costs are often negatively impacted with increased air exchange rates. With increased air 

exchange rates, it becomes harder to heat the home efficiently, and thermal comfort may 

be diminished. Additionally, while the energy required to increase air exchange rate is 

often negligible (for example increased exhaust fan duty cycle) the energy to heat the 

home increases dramatically as heated air is released to the outdoor environment. In order 

to build a functional ventilation design for a home, factors including thermal comfort, 

energy costs and pollution build up must all be carefully considered. Recently “smart” 

ventilation systems have proven to be effective at balancing air flow, energy usage and 

indoor air quality41.  

 

3.7 Air Monitoring Results: Influence of Stove Operation on Air Pollution Levels 

Data populating Table 12 was analyzed in a similar manner as the data reported in 

Table 9, however, in Table 12 data was filtered to only include periods when the stoves 

were active. Filtering was accomplished by analyzing stove temperature signatures and 

choosing threshold temperatures above which stove use was apparent. Data in which the 
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stove was off was removed.  Participants were not required to use their stove a specific 

amount of time and as the season progressed warmer weather was more common, and 

stove use tended to decrease. Table 12 shows larger overall decreases in PM2.5 levels both 

indoors and outside compared to Table 9. This is to be expected as the magnitude of 

PM2.5 levels is greater during active stove use.
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Table 11.Median outdoor and indoor PM2.5 pre and post exchange during periods of 

woodstove operation. 

 Median outdoor PM2.5 (μg/m3) Median indoor PM2.5  (μg/m3) 

Home 
Pre-

exchange 

Post-

exchange 
Change 

Pre-

exchange 

Post-

exchange# 
Change 

B-1 11.4 9.7 -1.7 5.4 4.5/4.5 -0.88 

B-2 21.6 8.3 -13.3 14.1 7.7/7.0 -8.0 

B-3 7.8 3.7 -4.1 8.0 5.2/5.1 -2.8 

B-4    13.7 17.2/16.9 3.5 

B-5 10.5 5.2 -5.4 6.4 3.7/3.6 -2.7 

B-6 14.6 9.1 -5.5 7.9 7.3/7.0 -0.62 

B-7 3.6 9.7 5.7 45.0 44.2/43.4 -0.75 

B-8       

B-10 4.7 2.9 -1.7 4.5 3.8/3.3 -0.69 

B-11 5.8 6.3 0.56 4.9 3.3/2.7 -1.6 

B-12 5.2 2.4 -2.8 2.6 2.1/1.7 -0.43 

B-13       

B-14 4.1 2.4 -1.8 5.3 2.7/2.7 -2.6 

B-15 3.7 2.6 -1.1    

B-16       

E-31 4.3 3.1 -1.1 2.8 12.5/7.6 9.6 

E-32 25.4 4.7 -21 17.9 3.6/3.7 -14.2 

E-33 4.6 6.1 1.5 4.3 6.8/6.8 2.5 

E-34 5.4 8.8 3.4 4.3 5.2/4.9 0.8 

E-35 1.9 5.1 3.2 1.1 2.3/2.3 1.2 

Median 

(stove on) 5.41 5.18 -1.74 5.34 4.83 / 4.7# -0.72 / -1.02# 

Median (all data)* 4.62 4.87 -0.18 4.6 4.8 0.76 

*median of all data is taken from Table 9 
#Second data value excludes the indoor peak observed following installation and first operation of the new 

stove. 

 

The data reported in Table 12 show that  reductions in outdoor PM2.5 occurred for 

10 out of 15 households (67%) when only considering periods of stove use, compared to 

9 of 16 households (56%) when all outdoor data is considered, as in Table 9. For indoor 

levels of PM2.5, the change is more marked. Twelve of 17 households (71%) experienced 

a reduction in absolute levels of indoor PM2.5 post woodstove exchange when considering 
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only periods of stove use, compared to only 7 of 17 (41%) households experiencing a 

reduction of indoor PM2.5 when all data is considered.  

3.8 Air Monitoring Results: Example Time-series Data (Enhanced Monitoring) 

As discussed in Section 3, five homes opted for “enhanced” monitoring, where 

additional air monitoring devices were deployed into the homes. Shown below in Figure 

7 are results of enhanced monitoring from household E-31. Note the presence of 

additional metrics of air pollution, including UVPM (an indicator of biomass burning), 

black carbon, and carbon monoxide.  

The enhanced monitoring of E-31 started on 1/21/19 at approximately 12:00pm 

and continued until 1/25/19 at 2:00pm. The exchange took place on 1/23/19 at 12:00pm. 

There were two distinct woodstove signatures that occurred before the and after wood 

stove exchange. Concentrations of exterior particulate matter were much more intense 

before the wood stove exchange. Very large spikes of black carbon, and UVPM can be 

seen during the two burn periods before the swap. These particulate signatures decreased 

drastically during the two burn periods after the swap. This is a good indication that 

complete and efficient combustion was occurring in the new stove, with possible impact 

on near-household outdoor air quality conditions.  

As noted earlier the first burn of a new wood stove appears to cause a very large 

indoor particle emission event. This is clearly present in all the particulate measurements. 

Interestingly this appears to be isolated to the indoor environment as outdoor levels do 

not rise uncharacteristically. One possible explanation is that this particle emission 

process is not directly related to combustion, which would be able to exit the chimney, 
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but that the emission is related to a process occurring on the exterior surface of the stove 

as it is heated during the first use. 

Additionally, it can be seen that the occurrence of intense carbon monoxide 

emission events is more likely during pre-exchange sampling. While the data does not 

give a clear indicator of why this may be it could be theorized that stove door use could 

be a cause. The residents noted that the new stove burned for a much longer period 

without having to add wood and tend to the fire. This would result in less stove door 

opening and exposure to wood smoke. 

In contrast to the household E-31, household E-32 received a ductless heat pump. 

As can be observed in Figure 9, it appears that during the first operation of the heat pump 

(determined by the temperature sensor which was placed near the outlet of the indoor 

terminal of the heat pump), there was no indoor peak of particles during first operation, 

likely due to the lower operating temperature of the air circulating through the indoor 

terminal of the ductless heat pump. 
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Figure 7. Example of time-series measurements for enhanced monitoring household, E-

32. 

Reported below in Table 12 are the summary results for carbon monoxide for the 

five households involved in enhanced monitoring. Out of the five houses involved in 

enhanced monitoring, four had outdoor carbon monoxide levels decrease after the 

exchange occurred.  

Table 12.Magnitudes of measured indoor and outdoor carbon monoxide levels pre and 

post-exchange. 

 Average Outdoor CO (ppb) Average ΔCO (indoors – outdoors) (ppb) 

Home 
Pre-

exchange 

Post-

exchange 

Change 

in CO 

 Pre-

exchange 

Post-

exchange 

Change in 

ΔCO. 

 

E-31 63.9 51.9 -12.0  6.6 5.1 -1.5  

E-32 172.4 107.1 -65.3  116.9 27.9 -89.0  

E-33 202.8 204.0 1.1  -4.6 14.2 18.8  

E-34 405.9 250.9 -155  -149.1 1.3 150  

E-35 158.3 155.2 -3.1  -8.7 24.6 33.3  

Avg. 200.6 153.8 -46.9  -7.8 14.6 22.4  

 

10

20Temperature  

°C          

WS-32

Exchange date: 07-Feb-2019 12:00:00

50

100

150

PM2.5      

ug/m3      

200PM10       

ug/m3      

5

10
UVPM      

Brown Carbon Indicator

ng/m3       

10
4

5

10

Black Carbon

ng/m3      

10
4

1000

2000CO        

ppb       

Feb 05 Feb 06 Feb 07 Feb 08 Feb 09 Feb 10 Feb 11

Time 2019   

14
16
18
20
22

Stove Temp

°C        

Indoor

Outdoor

Wood stove exchange 



49 
 

Reported in Table 13 are black carbon summary results for the five households involved 

in enhanced monitoring. Outdoor black carbon decreased in two of the homes involved in 

enhanced monitoring. Only one house showed an increase in black carbon. This increase 

can likely be attributed to the large particulate emission event often observed during the 

first burn of the new stoves.   

Table 13. Magnitudes of measured indoor and outdoor black carbon (BC) levels pre and 

post-exchange. 

 Average Outdoor BC (ng/m3) Average ΔBC (indoors – outdoors) (ng/m3) 

Home 
Pre-

exchange 

Post-

exchange 

Change 

in BC 

 Pre-

exchange 

Post-

exchange 

Change 

in ΔBC. 

 

E-31 328.6 158.7 -170  -51.2 373.8 425  

E-32 3196.3 345.9 -2850  -2621.6 -28.3 2593  

E-33 675.2 713.4 38  489.4 7.4 -482  

E-34 312.6 693.7 381  72.0 -12.8 -85  

E-35 221.2 239.2 18  76.4 -142.9 -219  

Avg. 946.8 430.1 -516.6  -407.0 39.4 446.5  

 

In Table 14 levels of UVPM are reported for enhanced monitoring households. 

UVPM is subsequently referred to brown carbon, as UVPM is the optical absorbance at a 

wavelength associated with products of biomass combustion. Outdoor levels of brown 

carbon decrease in 4 out of the 5 homes in the enhanced monitoring.  One home exhibited 

no change. Differences between indoor and outdoor levels of brown carbon before and 

after the wood stove exchange decreased in 3 of the 5 homes. Similar to levels of black 

carbon it is likely that the increase observed in homes E-31 and E-32 is due to the large 

particulate emission events observed with the first burn of a new wood stove.  
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Table 14. Magnitudes of measured indoor and outdoor brown carbon (BrC, given by 

UVPM as described in the methods) levels pre and post-exchange. 

 Average Outdoor BrC (ng/m3) Average ΔBrC (indoors – outdoors) 

(ng/m3) 

Home 
Pre-

exchange 

Post-

exchange 

Change in 

Out. BrC. 

Pre-

exchange 

Post-

exchange 

Change 

in ΔBrC. 

E-31 
779.4 237.4 -542.0 -219.3 626.3 845.7 

E-32 
3611.6 736.1 -2875.5 -2371.7 -79.1 2292.6 

E-33 1325.5 1325.5 0.0 373.7 152.1 -221.6 

E-34 
561.7 1245.4 -683.7 143.0 -91.4 -234.4 

E-35 
397.5 382.0 -15.5 686.4 -162.7 -849.1 

Avg. 
1335.1 785.3 -823.3 -277.6 89.0 366.6 

 

3.9 Bulk Statistical Analysis 

To determine whether differences in PM2.5 pre and post exchange were statistically 

significant, two tools were used. Standard MATLAB box plots were created to compare 

pre and post values of PM2.5. and to evaluate normality of distributions. It was determined 

by the boxplots that the distribution was non-normal. A sign test was then used to 

determine whether the difference in medians was significant for each nonparametric data 

set. A statistically significant difference between two medians will result in a p-value less 

than 0.05.  All values in Figure 9 shown below were during periods of stove use.  
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Figure 8. Statistical analysis of PM2.5 medians before and after exchange 

In Figure 8, all p-values exceed 0.05 which implies that the difference in median 

values pre and post exchange, in all comparisons, was not statistically significant. From 

this it can be deduced that for the homes included in this study, the wood stove exchange 

program was not an effective means of lowering indoor or local outdoor levels of PM2.5.  
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3.10 Emission Event Source Strength Analysis 

Below is a set of time resolved data for one example home, B-7, during the first burn 

event there is a very large spike in PM2.5.  

 

 

 
Figure 9. Time resolved data for home B-7.  

“First-burn” event 
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Looking closely at the large peak, the non-linear fit, equation 6, was fit to both the 

injection and the decay period as described in section 3.6.

 

Figure 10. Non-linear curve fit for home B-7. 

The value of S2, the source during the decay period can solely be attributed to normal 

stove operation. Figure 9 shows that stove operation continued even after began to decay. 

This is why it is valid to assume that there is still a source during the decay period.  

Even though 13 out of 17 homes with data available showed a large transient peak, only 4 

had peaks that were amenable to this type of analysis. Peaks that could not be used had 

data sets that were too small, or not smooth in their transitions between injection and 

decay periods. Below are stove source strengths for 4 new woodstoves. The values 

calculated are considered realistic when compared with literature values of common 

household activities such as walking, vacuuming and folding laundry42. 
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Table 15. Fit parameters derived from fitting equation 6 to experimental data.  

Home Penetratio

n Factor 

Loss 

Coefficient K 

(hr-1) 

𝛌  
(hr-

1) 

S1 Emission Peak Source 

Strength (ug/h) 

S2 Normal 

Operation Source 

Strength (ug/h) 

B-6 0.23 0.27 0.5 76859 10709 

B-10 0.99 0.00 0.7 20702 9432 

B-11 

0.84 

1.24 0.8

4 71619 

13078 

E-31 

1.00 

1.01 0.5

3 125630 

23304 

 

3.11 Key Findings 

• Median levels of PM2.5 pre and post-exchange are similar across all homes.  

o Median change in household outdoor PM2.5 was -0.2 µg/m3 (post minus pre) 

o Median change in indoor PM2.5 was +0.8 µg/m3 (post minus pre) 

o Median change in indoor PM2.5 was +0.6 µg/m3 (post minus pre) when excluding 

peak due to first burn 

• For 13 of 17 houses with data available, large transient peaks of PM2.5 (>100 µg/m3, 

measured via PurpleAir sensor) were observed following first stove use. Operating 

the newly installed stove with the home unoccupied for the first burn may be 

considered.  

• Variability in impacts on indoor and household PM2.5 were observed across 

households. 

o Seven homes experienced reductions in indoor PM2.5 levels post-exchange while 

ten homes experienced an increase post-exchange (Δ: max +11 µg/m3 , min -4 

µg/m3) 

• Comparing air quality levels only during periods of woodstove use led to more 

marked differences when comparing pre and post-exchange impacts. 
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o 12 of 17 households had reduced levels of indoor PM2.5 post woodstove 

exchange when considering only periods of stove use (vs. 7 of 17 when 

considering all periods)  

o The median change in indoor PM2.5 was -0.72 µg/m3 (post minus pre, stove 

on only), or -1.0 µg/m3 when the peak due to first burn is excluded 

• Statistical comparison of bulk PM2.5 levels, indoors and outdoors indicates that the 

wood stove exchange program had negligible impact on the air quality in and around 

the homes that participated in this study. 

• Airtightness is anti-correlated with changes in a proxy of indoor PM2.5 source 

strength, implying homes with high ventilation removed indoor emissions from the 

woodstoves. 
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4 Conclusion 

This study aimed to investigate the relationship between woodstove exchange that 

replaced older, inefficient woodstoves with new heating systems and indoor and 

household outdoor air quality levels. The investigation primarily focused on particulate 

matter, with indoor-outdoor PM2.5 measurements made in seventeen out twenty 

households engaged in the study. Additional measurements include size-resolved 

particulate matter across the 0.3 – 10 micrometer range, measurements of household 

airtightness, woodstove temperature as a proxy for stove use, and in select households, 

optical absorption properties of indoor and outdoor aerosol and indoor and outdoor 

carbon monoxide levels.  

The sample, consisting of twenty households in which measurements were made, 

constitutes one of the largest studies of indoor and outdoor pre- and post-woodstove 

exchange air quality measurements conducted to date. Major observations include that 

the woodstove have a relatively modest impact on absolute magnitudes of household and 

indoor PM2.5 levels. Median indoor and outdoor levels of PM2.5 pre and post-exchange 

were similar in magnitude when aggregating across all homes for which data is available. 

Across all homes, median household outdoor PM2.5 was 0.3 µg/m3 lower post-exchange 

(4.6 vs 4.9 µg/m3), while indoor PM2.5 levels were 0.3 µg/m3 higher post-exchange (4.3 

vs 4.7 µg/m3). 

There existed substantial variability and mixed effects in the observations on indoor 

and household PM2.5 pre and post woodstove exchange observed across the sample of 

homes. While aggregate differences were small as noted above, seven homes experienced 
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reductions in indoor PM2.5 levels post-exchange while ten homes experienced an increase 

in indoor PM2.5 post-exchange. One household experienced an 11 µg/ m3 increase in 

indoor PM2.5 post-exchange (though it should be noted that occupants smoked cigarettes 

inside this household) while another house experienced a 4 µg/m3 decrease. Attribution of 

these effects solely to the woodstove is difficult, however, since ambient regional 

background PM2.5 changed over the course of the study and the households and 

neighborhoods themselves were dynamic and uncontrolled in this observational study.  

In an attempt to better isolate the effect of the woodstove, we compared air quality 

levels only during periods of stove use, as indicated by an installed stove surface 

temperature monitor. Pre- and post-exchange comparisons of  for only periods when the 

old and new stoves were operating led to more marked differences when comparing pre 

and post-exchange impacts. For this analysis, 12 of 17 households had reduced levels of 

indoor PM2.5 post woodstove exchange when considering only periods of stove use (vs. 7 

of 17 when considering all periods). The median change in indoor PM2.5 post-exchange 

was also affected. When only considering periods of stove operation, absolute 

magnitudes of indoor PM2.5 post-exchange were 0.8 µg/m3 lower than pre-exchange, 

compared with a 0.6 µg/m3 increase post-exchange when all time periods are considered.  

We observed substantial indoor emission events of particles during the new 

woodstove’s first use. For 13 of 17 houses with data available, large transient peaks of 

PM2.5 (> 100 µg/m3) were observed following first stove use. Of the four houses not 
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experiencing a peak, two received pellet stoves (which reach lower surface temperatures 

than wood burning stoves) and one received a ductless heat pump. It is recommended that 

the installed stove be operated with the home unoccupied for the first burn, if possible. 

This emission event is generally not observed on subsequent stove use periods, thus we 

speculate that this first-burn indoor emission event is the result of an emission from 

heating of the surface finishing on the new woodstove. 

Finally, we used measured metrics of airtightness, in this case, the normalized 

leakage area, determined from data acquired with a depressurization blower door test of 

each home, to explain variance in indoor-outdoor air pollution relationships. We 

observed that the normalized leakage areas of homes are strongly anti-correlated (r2 = 

0.89) with measured changes in a proxy of indoor PM2.5 source strength. We speculate 

that this indicates that high ventilation was protective of indoor emissions from the 

woodstove, most likely a result of higher ventilation and thus removal of indoor PM2.5 

originating from the “first burn” emission event noted previously. We suspect this first-

burn emission event is an important driver of this observed relationship since the median 

values of pre- and post-exchange indoor PM2.5 indicated that the woodstove was not a 

primary determinant of indoor PM2.5 levels.  

Reduction of PM2.5 exposure is a concern in Washington County as the winter-time 

particulate matter levels often surpasses the threshold of “healthy air” as defined by the 

Oregon Department of Environmental Quality. Woodstove exchange programs have been 

shown to be effective in improving regional air quality, but there is less research showing 

their impact on the specific indoor environments. This study attempted to answer the 
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question of what if any impact does a wood stove exchange program have on the indoor 

air quality. It was found that there was very little reduction in PM2.5 within the homes.  In 

general people with less time averaged exposure have improved health outcomes 

compared to people with high levels of exposure43.  This study implies that for significant 

reduction in PM2.5 within a home, methods other than a wood stove exchange should be 

used.  
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5 Limitations and Future Work 

5.1 Limitations 

There are a few factors that made this work challenging. Originally during home 

recruitment it was expected that we would have more than 20 homes participate in this 

study. Unfortunately, the 2018-19 heating season was the shortest heating season since 

the start of the Washington County Wood Stove Exchange season.  Colder temperatures 

did not arrive until November 2018, one month later than expected, and warmer 

temperatures returned much earlier than typical in years past. This reduced the number of 

applicants to 104 as compared to 150 from the two previous seasons.  Not only did the 

short heating season reduce overall applicants it made it difficult to collect long sets of 

data which would have better outlined stove effect and eased comparison between homes.  

Additional data was lost due to household disturbances.  Sensors would be 

unplugged or misplaced during data collection periods. Even though the majority of the 

instruments in the sampling suite were functional, if one was missing it became hard to 

do comparative measurements, and the depth of analysis in a particular house was 

diminished.  

 

5.2 Future Work 

Future analysis is necessary to gain a more quantitative conclusion of stove 

particulate source strengths. While newer more efficient stoves theoretically result in 

more complete combustion and less particulate emission, homeowner stove use habits 

can result in large emission events in the home. Each individual house could have pre and 
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post source strength analysis performed to better understand the wood stove exchange 

impact on air quality on a house by house basis.  
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Appendix A: Quality assurance and quality control, supplemental information. 

Calibration and Data Quality Criteria for Monitoring Devices 

Instruments used in this study followed the calibration criteria shown in Table1 and other 

relevant quality assurance/quality control information is provided in Tables A-2 and A-3. 

Low-cost light-scattering instruments (in this acse, PurpleAir PA-II sensors) required 

assessment and determination of acceptable correlation coefficient, as these instruments 

do not have an available EPA standard protocol established for use. For the purposes of 

this study, we assume an acceptable level of specification for calibration is a coefficient 

of determination of at least 0.80.  Other instruments used in this study followed standard 

protocols implemented previously by Oregon Department for Environmental Quality or 

the U.S. EPA.  

Table A-1. Calibration Criteria for Monitoring Devices 

Parameter Calibration Frequency Spec 

PM 

estimates 

via 

PurpleAir 

Field co-location 

and calibration as 

described in Section 

3.3 

Start of project or 

every six months 
Correlation coefficient > 0.80 

Stove Temp 

One-point 

temperature 

audit 

annually < +2°C 

CO Multi-Point Span 

Start of 

monitoring 

or once per 

year. 

Span : range 0.5 – 5ppm 

< +10.1% (percent difference) 

Zero: drift < + 0.41 ppm (24 hr), < + 

0.61 ppm (>24hr-14 day), Span drift 

< + 10.1 

% 

Black 

Carbon 

Multi-point Flow 

Verification Optical 

calibration by 

Vendor 

Start of 

monitoring 

or once per 

year. When 

new, or 

when 

needed. 

5 lpm ±10% design flow 

±10% design audit flow 
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Table A-2. Calibration Criteria for Monitoring Devices 

Parameter Reporting 

Units 
Zero Precision Accuracy(Bias)

* 
Data Completeness** 

CO ppm(V) < 24hrs = 0.4 

1-14 days = 6.1 

< ±10.1% < ±10.1% >75% of minutes for hourly average. 

 

BC lpm Lk Check= 

1.0 

< ±10.1% < ±10.1% >75% of hours for daily average. 

 

PM2.5 est. (-)    >85% of hours per sampling period 

 

To comply with PSU Institutional Review Board policies, approval of the deployment of 

the location of instrumentation was required by the homeowner, including whether the 

researcher’s preferred location was acceptable to the homeowner. While we discussed the 

need for particular locations for sampling devices with each homeowner, ultimately, a 

site-specific decision was made in consultation with the homeowner regarding the 

placement of each sensor.  

PM2.5 Continuous Sensors (PurpleAir and Aethalometer) 

Outdoor siting criteria 

When siting a visibility monitor that uses a probe, the probe should be located from 2 to 

15 m above the ground. The probe is to be more than 1 m vertically and horizontally 

away from any supporting structure, and at least 2 m from any nearby small obstructions 

(poles, pipes, cables, etc.), or other sampler or probe intakes. The distance between the 

probe and any obstacle that protrudes above the probe must be more than twice the height 

that the obstruction extends above the probe. The probe should be located a minimum of 

20 m from any shrubs or trees. The probe must have an unrestricted airflow of at least 

270° and this arc shall include the predominant wind directions. There shall be no micro 

scale sources of any pollutant within 100 m of the probe. Visibility monitors requiring 
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clear lines of sight (telephotometers) should have several targets (mountains or other 

permanent landmarks) visible from the same vantage point (site) and at varying distances 

(3 to 50 km) from the site. This requires an open field of view in at least one direction. 

There should be no micro scale sources of any pollutant within 100 m of the monitor and 

no sources of any visible pollutant within 100 m (on either side) of a centerline running 

from the monitor to the target. Note that the aethalometer was placed inside and a sample 

line was run through an installed, insulated fenestration in an available window.  

Indoor siting criteria 

Siting of continuous sensors in indoor environments required relaxation of the guidelines 

articulated previously for outdoor siting of PM2.5 continuous sensors due to the presence 

of indoor surfaces, finishings, and occupants. For PurpleAir monitors, we prioritized a 

location with an unobstructed view of the living room, and installed the PurpleAir sensors 

with 3M hook mounts to a wall. For the Aethaloemter, we ran a half-inch line of 

conductive tubing (provided by Magee Scientific) to the center of the living room. Both 

sensors were installed to collect a sample at approximately breathing height (~1.5-2 m).  

Carbon Monoxide (CO) Sensors 

Outdoor siting criteria 

If the site is a city street canyon and the desired measurement scale is micro scale, the 

probe intake must be located 3±0.5 meters (m) above the ground. The probe inlet was at 

least one meter horizontally or vertically away from any supporting structures. The probe 

intake shall be at least 2 m from any small local obstruction such as a pipe or pole, and at 

least 2 m from any other sampler probe intake. The major concern with trees and shrubs 
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is their ability to alter normal wind flow patterns. In situations where trees or shrubs 

could be considered an obstruction (this is particularly true of large coniferous trees), the 

distance between the trees or shrubs shall be either at least 20 meters or twice the height 

that the tree protrudes above the sampler intake, whichever is greater. The distance 

between the probe and any large obstruction higher than the probe must be more than 

twice the height that the obstruction extends above the probe. For micro scale stations, no 

trees or shrubs should be located between the probe inlet and the road. The sampler must 

have an unrestricted airflow in at least a 270° arc around the sampler, unless the probe is 

in an urban street canyon. The arc must include the predominant wind directions for the 

season of maximum concentration. If the probe is used in an urban street canyon and is 

attached to the side of a building, it must have an unrestricted airflow of 180°. For street 

traffic micro scale monitoring, the probe must be 2 to 10 m from the roadway and at least 

10 m from an intersection. A mid-block location is preferred. Sites set up to monitor CO 

from wood-fired residential heating should be classed as neighborhood and sited 

accordingly. See 40 CFR Part 58, Appendix E, for more detailed siting considerations. 

Indoor siting criteria 

Siting of carbon monoxide sensors in indoor environments required relaxation of the 

guidelines articulated previously for outdoor siting of the sensors due to the presence of 

indoor surfaces, finishings, and occupants. For the carbon monoxide monitor, we ran a 

half-inch line of conductive tubing (provided by Magee Scientific) to the center of the 

living room. Both sensors were installed to collect a sample at approximately breathing 

height (~1.5-2 m).  
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Gravimetric sampling 

When monitoring for indoor gravimetric measurements of PM2.5 with a low volume 

sampler, it is important to select a site or sites where the collected particulate mass is 

representative of the monitored area. Optimum placement of the sampling inlet for PM2.5 

is at breathing height level. However, practical factors such as prevention of vandalism, 

security, and safety precautions must also be considered.  The sampler location was 

prioritized to be placed in the living room, away from any furnace or incineration flues. 

Collocated samplers (i.e. deployed PurpleAir sensors) must be at least 2 m, but not 

greater than 4 m, away from each other. Samplers should be located at least 20 m from 

the dripline of the nearest trees, but must be 10 meters from the dripline when it acts as 

an obstruction. The sampler must be located away from obstacles such as buildings, so 

that the distance between the obstacle and the sampler is at least two times the height that 

the obstacle protrudes above the sampler. There must be unrestricted airflow in an arc of 

at least 270° around the sampler. The predominant wind direction for the season or 

project with the greatest pollutant concentration potential must be included in the 270° 

unrestricted arc. These include accessibility under all weather conditions, availability of 

adequate electricity, and the security of the monitoring personnel and equipment. The 

sampler must be situated where the operator can reach it safely despite adverse weather 

conditions. If the sampler is located on a rooftop, care should be taken that the operator’s 

personal safety is not jeopardized by a slippery roof surface. The lack of suitable power 

source can often result in the loss of many samples because of power interruptions or 

fluctuations. To ensure that adequate power is available, consult the manufacturer’s 

instruction manual for the sampler’s minimum voltage and power requirements.  
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Flow rate measurement quality assurance 

For instruments that monitor flow, a flow rate audit will be performed a minimum of 

every quarter. The audit is made by measuring the analyzer's normal operating flow rate 

using a certified flow rate transfer standard. The flow rate standard used for auditing may 

not be the same flow rate standard used to calibrate the analyzer. However, both the 

calibration standard and the audit standard shall be referenced to the same primary flow 

rate or volume standard. Flowrates will be monitored with a primary flow calibrator 

(Sensidyne, Gilibrator 2) with calibration certificate performed less than 2 years prior to a 

given flow rate audit.  

Data management 

The following section will identify the processes and procedures that are to be followed 

to acquire, transmit, transform, reduce, analyze, store, and retrieve data. These processes 

and procedures will maintain the data integrity and validity through application of the 

identified data custody protocols. 

Much of the data to be collected for this project will be recorded electronically. To 

accomplish this, the monitoring site will be equipped with a Campbell Scientific CR1000 

data logger and controller operating Windows 10. A data logger will be set up to record 

each monitor’s output, perform specific data manipulations, and format the resulting data 

in preparation for downloading to a database or spreadsheet. Some instruments, such as 

PurpleAir sensors used in this study, require that on-board data storage be used, as they 

cannot be easily interfaced with a central data logging and acquisition system.  
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Data that require manual entry, such as those obtained from the gravimetric sampler, are 

recorded onto a laboratory notebook and uploaded to a secure, electronic database.  

Note that all data management requires encoding of household identifiers according to an 

anonymized code to ensure compliance with the IRB protocol approved by Portland State 

University.  

Continuous data will be generated by the monitors and stored at the site on the Campbell 

Scientific data logger. Prior to the woodstove exchange and after the  
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Calibration certificate for carbon monoxide monitor
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Co-location of Magee Aethalometer with Neutral Density Filter corrected Aethalometer on 

August 22, 2018 
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Table A-4. Low volume gravimetric sampler located for indoor co-location with 

PurpleAir sensors with PM2.5 inlet.  

Sample A-1 

 

FILENAME: 

6041098V.CSV 

SERIAL: 16041 

SAMPLE: 58130 

MODE: PROGRAM 

START: 08/APR/19 at 

21:00 

PROG DURATION: 

12:00:00 

SAMPLE DURATION: 

12:00:00 

SAMPLE VOLUME: 

12.022 

STANDARD VOLUME: 

11.905 

AVERAGE FLOW: 16.70 

AVERAGE TEMP: 23.5 

AVERAGE PRESS: 749 

AVERAGE PM2.5: 0.211 

AVERAGE PM10: 0.548 

SET FLOW: 16.7 

START VDC: 23.0 

END VDC: 23.0 

Sample A-2 

 

FILENAME: 6041100K.CSV

  

SERIAL: 16041  

SAMPLE: 58136  

MODE: PROGRAM  

START: 09/APR/19 at 10:27 

PROG DURATION: 26:54:00 

SAMPLE DURATION: 

26:54:00 

SAMPLE VOLUME: 2.915  

STANDARD VOLUME: 

2.901 

AVERAGE FLOW: 16.70  

AVERAGE TEMP: 25.0  

AVERAGE PRESS: 756  

AVERAGE PM2.5: 0.191  

AVERAGE PM10: 0.191  

SET FLOW: 16.7  

START VDC: 23.0  

END VDC: 23.0 

 

Sample A-3 

 

FILENAME: 6041100N.CSV (A3)* 

SERIAL: 16041 

SAMPLE: 58140 

MODE: ON   

START: 10/APR/19 at 13:30 

SAMPLE DURATION: 24:11:56 

SAMPLE VOLUME: 24.240 

STANDARD VOLUME: 24.051 

AVERAGE FLOW: 16.69 

AVERAGE TEMP: 24.2 

AVERAGE PRESS: 752 

AVERAGE PM2.5: 0.146 

AVERAGE PM10: 0.146 

SET FLOW: 16.7 

START VDC: 23.0 

END VDC: 23.0 

 

 

Table A-5. Gravimetric measurements made by Oregon Dept. of Environmental 

Quality for Portland State University.   

FILTER NAME    TARE WEIGHT    LOADED WEIGHT    TARE DATE ENTERED    LOADED DATE 

ENTERED    TARE USER ID     

F58130    365.129    365.157    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    A1 

F58131    369.329    369.398    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    B1 

F58132    370.944    371.594    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    B2 

F58133    372.761    373.748    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    B3 

F58136    370.3        370.657    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    A2 

F58140    368.034    368.726    01-Apr-19    09-May-19    CGOOVAE    CGOOVAE    A3 
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Appendix B:  Time series data for each household.  

 

Figure B-1. Example time-series data from wood stove exchange participant B-1. 
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Figure B-2. Example time-series data from wood stove exchange participant B-2.  
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Figure B-3. Example time-series data from wood stove exchange participant B-3.  
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Figure B-4. Example time-series data from wood stove exchange participant B-4.  
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Figure B-5. Example time-series data from wood stove exchange participant B-5.  
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Figure B-6. Example time-series data from wood stove exchange participant B-6.  
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Figure B-7. Example time-series data from wood stove exchange participant B-7.  
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Figure B-8. Example time-series data from wood stove exchange participant B-8.  
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Figure B-9. Example time-series data from wood stove exchange participant B-9.  
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Figure B-10. Example time-series data from wood stove exchange participant B-10.  
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Figure B-11. Example time-series data from wood stove exchange participant B-11.  
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