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Abstract 25 
 26 
 Fugitive emissions from residential wood combustion (RWC) pose a significant human 27 
health risk, yet remain largely understudied, especially under real-world conditions. As part of the 28 
Alaska Layered Pollution and Chemical Analysis (ALPACA) study in January and February of 29 
2022, we conducted 14 pellet stove experiments at a single-family home in Fairbanks, Alaska. 30 
Indoor and outdoor concentrations of trace gases and fine particulate matter (PM2.5) were measured 31 
using a suite of mass spectrometers, and trace gas and particle analyzers. Due to a leak in the stove, 32 
indoor PM2.5 exceeded both World Health Organization (WHO) and U.S. Environmental 33 
Protection Agency (EPA) 24-hr standards for outdoor PM2.5, averaging 52 µg m-3 enhancement 34 
during experiments. Emission factors (EFs) for 123 gas- and particle-phase species are reported, 35 
the most comprehensive investigation into fugitive RWC emissions thus far. Of the measured 36 
species, oxygenated species dominate VOC emissions (~83% by mole), with formaldehyde being 37 
the most abundant (24%). Comparison with the U.S. EPA’s National Emissions Inventory (NEI) 38 
and the Community Emissions Data System (CEDS) highlights the need to update EFs to represent 39 
current RWC technology as well as the chemical composition of emissions in inventories more 40 
accurately; the observed EF for total VOCs is 40% lower than used in the NEI for pellet-fueled 41 
appliances. Finally, we demonstrate the potential for the use of modified combustion efficiency 42 
(MCE) to predict VOC and particulate EFs from controlled combustion in RWC. Incorporation of 43 
MCE-scaled emission factors into calculations for RWC emissions will improve the representation 44 
of these sources in inventories. 45 
 46 
Keywords 47 

PTR-TOF-MS, PTR-MS, indoor air quality, smoke, emission factors, VOCs, residential wood 48 

combustion 49 

Synopsis 50 

Field observations of pellet stove emission factors and indoor exposure related to residential wood 51 

combustion are limited. This study reports indoor home concentrations of air pollutants during 52 

pellet stove operation. 53 

1.0 Introduction 54 

 Residential wood combustion (RWC) is a major source of space heating globally, but the 55 

emissions are highly uncertain. It is well documented that RWC is a significant indoor and outdoor 56 

source of air pollution in developing countries.1–3 In the United States (U.S.), 11.08 million 57 

households are estimated to use RWC as a primary or secondary heat source.4 This amounts to 58 
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roughly 28.8 million people (~10% of U.S. population) exposed to indoor residential wood smoke 59 

each year, likely an underestimate when considering the surrounding households that do not use 60 

RWC appliances but are exposed.4–7 In response to poor air quality associated with RWC activity, 61 

policies have been adopted by the U.S. Environmental Protection Agency (EPA) to limit emissions 62 

of criteria air pollutants (CAPs) from these devices. For example, each commercially sold RWC 63 

appliance must not exceed emission requirements for fine particle pollution (particulate matter 64 

≤2.5 µm in diameter; PM2.5) as set forth in the 1988 New Source Performance Standards for 65 

Residential Wood Heaters and subsequent revisions in 2015/2020 (< 2.5 g hr-1). Despite emission 66 

control strategies, RWC is the largest source of primary anthropogenic PM2.5 in the winter in the 67 

U.S. (445.6 Gg yr-1 or ~9% of the annual total in 2020) and second only to agricultural dust (672.4 68 

Gg yr-1) annually.8,9  69 

There are several different types of RWC appliances. Cordwood devices burn large pieces 70 

of split logwood, while pellet-fueled devices use compressed wood-fiber pellets, often sourced 71 

from industrial byproducts and scrap wood. Pellet stoves are thought to be more efficient than 72 

cordwood appliances as the fuel feed rate and air flow are controlled to maximize combustion 73 

efficiency. While cordwood may be collected and seasoned by the consumer, wood pellet fuel is a 74 

commercial product that is dried thoroughly and evenly due to its large surface area compared to 75 

its volume. This processing results in optimal burning conditions, thus reducing emissions of PM2.5 76 

and other incomplete combustion products.10–13 Additionally, pellet stoves often feature a top-feed 77 

hopper for fuel storage, eliminating fugitive emissions into the home associated with refueling the 78 

stove. 79 

While pellet-fueled devices are more efficient than their cordwood counterparts, these 80 

appliances still emit considerable amounts of CAPs and hazardous air pollutants (HAPs) that are 81 
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not well characterized, especially under real-world operating conditions. For example, emission 82 

factors (EFs) for CO are typically 2-4 times lower for pellet stoves than cordwood appliances.14 83 

PM2.5 emissions are lower for pellet stoves, but cordwood devices have similar EFs for organic 84 

aerosol (OA).15–18 Pellet stoves, like all RWC appliances, emit a variety of volatile organic 85 

compounds (VOCs). Many of these VOCs are EPA-designated HAPs with carcinogenic, 86 

mutagenic, and/or teratogenic properties. For example, benzene has been linked to the 87 

development of leukemia.19,20 Formaldehyde has both mutagenic and carcinogenic properties.21–23 88 

Methanol, one of the most abundant VOCs emitted from biomass combustion, is a known 89 

teratogen.24 These and many other VOCs are known irritants, which may exacerbate existing 90 

respiratory illnesses. However, the magnitude of fugitive RWC emissions and their implications 91 

for indoor air quality are not well understood, primarily due to a limited number of field studies in 92 

realistic environments, which often lack speciated real-time measurements. 93 

Previous work quantifying non-cooking RWC emissions, including pellet stove emissions, 94 

has been primarily focused on stack exhaust.13,25–33 However, few studies have investigated 95 

fugitive emissions, which are emitted directly to the indoor atmosphere through leaks in the 96 

appliance’s exhaust system, thus directly affecting indoor air quality. Available reports, almost 97 

exclusively using cooking stoves, suggest that fugitive emissions can account for 1-15% (by mass) 98 

of total CO emissions and even more of the total PM2.5 (2-28% by mass).34–36 Stove designs, fuel 99 

properties, installation quality, and operating conditions can explain the stark range between these 100 

studies, but they all point to the importance of understanding fugitive emissions for indoor air 101 

exposure. Fugitive emissions from RWC stoves can be a direct result of the design (e.g., opening 102 

the combustion chamber to refuel). Modern pellet stoves feature both an isolated combustion 103 

chamber and a top-feed fuel hopper, eliminating the need to open the combustion chamber to the 104 
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indoor environment. Due to this design, pellet stoves are thought to minimize, even eliminate 105 

fugitive emissions, thereby mitigating deterioration of indoor air quality. However, to the best of 106 

our knowledge, this has never been assessed in the field. While laboratory experiments provide 107 

valuable insight into emissions under controlled conditions, studies have, in general, shown that 108 

laboratory EFs can be significantly lower than field-measured EFs, with smaller variations.37–41 109 

Field studies allow for a more representative understanding of fugitive RWC emissions operated 110 

under real-world conditions. For most modern stove types, fugitive emissions have not been 111 

reported in the literature and warrant further investigation to better inform emission inventories, 112 

health-risk studies, and policy. 113 

In this study, we quantify the emissions from a pellet stove insert in a residential home in 114 

Fairbanks, Alaska during winter. The first burn of the season and both leaky and fixed stove cases, 115 

and the inherent implications for indoor air quality were assessed. We report emission factors for 116 

123 gas- and particle-phase species, the most chemically comprehensive investigation into fugitive 117 

RWC emissions thus far for a single stove. Furthermore, we compare emissions from the pellet 118 

stove both prior to and after repairs were made by the professional installer. Observed EFs of this 119 

pellet stove are compared to those used by current anthropogenic emission inventories for RWC. 120 

Finally, we discuss the observed variability of emissions in the context of combustion efficiency 121 

and its application across diverse environments. 122 

2.0 Methods 123 

2.1 Field campaign and experimental design 124 

 This study took place inside a house in a residential neighborhood in Fairbanks, Alaska, 125 

during the Alaskan Layered Pollution And Chemical Analysis (ALPACA) field campaign from 126 

January 17th – February 25th, 2022.42 The measurement site was a single-level, 4-bedroom house 127 
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with an attached 2-car garage. The total volume of the indoor atmosphere was 680 m3. Multi-point 128 

blower door tests derived a natural air exchange rate of 0.19 air changes per hour (ACH; h-1) for 129 

the home, reflecting the air tightness of houses in cold climates for energy efficiency.43 During 130 

ALPACA, mechanical ventilation from continuous removal of indoor air via sample inlets, 131 

increased the ACH to 0.32 h-1. We will discuss the implications of this finding for real-world 132 

operation later. Indoor temperature was maintained at 20°C by a fuel oil furnace (using distillate 133 

fuel #2), and the furnace fan was left in the “on” position for constant recirculation of house air. 134 

Thus, it is assumed that the house atmosphere was well-mixed. Instrumentation was set up inside 135 

the attached garage, which was kept isolated from the main house with the entry door closed 136 

between them. A pseudo-exterior garage door was designed to both facilitate garage air exchange 137 

for instrument cooling and allow for short sampling inlet designs for alternating indoor and outdoor 138 

measurements. The furnace filter used from January 10th until February 16th was a MERV 4 filter. 139 

After that, filters were changed every day at approximately 0800 AKST, alternating between 140 

MERV 4 and MERV 8 filters (Tab. S1). Particle losses due to the HVAC system are expected to 141 

be insignificant due to the low removal efficiencies (<20%) for ultrafine particles from the filters 142 

used during the study.44 Furthermore, it should be noted that the installed house furnace fan could 143 

not handle a higher-rated MERV filter. 144 

We used a new wood pellet fireplace insert (Harman P35i, Hearth & Home Technologies®) 145 

for the experiments. It was professionally installed inside an existing fireplace chimney and vented 146 

directly out the side of the house. The stove was operated and maintained following the owner’s 147 

manual, including a three-hour operation prior to the initial experiment to off-gas any paint or 148 

residues from the manufacturing and installation processes. We used two types of locally produced 149 

pellets as fuels in all experiments. Elemental analysis using a Carlo Erba elemental analyzer 150 
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(Model EA 1110; CE Elantech, Lakewood, NJ, USA) indicated that the composition of these two 151 

fuels is not statistically different (mass composition: C = 49%, H = 6%, O = 45%, N < 1%, & S < 152 

1%, p<0.05). 153 

Table 1. Pellet Stove Experiment Details 

Burn ID 
Length 

(minutes) 
Feed Limit Burn Type 

PS1 180 3 
First of Season; 

Leaky 

PS2ǂ 188 3 Leaky 

PS3 189 3 Leaky 

PS4 145 4 Leaky 

PS5 180 4 Leaky 

PS6ǂ* 180 4 Leaky 

PS7*†
 120 4 Fixed; Omitted  

PS8*†
 180 4 Fixed 

MX1 115 4 Leaky 

MX2 117 4 Leaky 

MX3 119 4 Leaky 

MX4 116 4 Leaky 

MX5* 112 4 Leaky 

MX6*† 200 4 Fixed 

ǂ Fire died out. Restarted stove. 
* Solvent usage interfered with certain instruments. 
† Post-Repair 
 

We conducted 14 burn experiments over the course of the campaign, including 8 burns 154 

when the pellet stove was the only experiment, and another 6 burns with both pellet stove and 155 

cooking activities (denoted as PS: Pellet Stove or MX: Mixed, respectively, in Table 1). In all 156 

experiments, we started the pellet stove per the manufacturer’s instructions with a temperature 157 

setting of 75°F (24°C) and the distribution blower fan set to maximum speed. The pellet feed limit 158 

was set to 3 for PS1-3 and increased to 4 for the remaining experiments. Stove failures occurred 159 

during PS2 and PS6, requiring reignition. During mixed experiments, cooking activities began ~2 160 

hours after the pellet stove was started; thus our emission analyses focused on data collected within 161 

the first 2 hours. Experiments PS6-8, MX5, and MX6 were impacted by solvent usage by an 162 

instrument inside the house. Thus, measurements of the handful of VOCs (i.e., propyne, butene) 163 
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reflecting this interference were excluded from the calculations for these three experiments. A leak 164 

was suspected in the stove following the PS1 experiment due to the high concentrations of indoor 165 

air pollutants observed; this was confirmed and repaired by the installer just prior to PS7 (Fig. S1). 166 

During PS7, high-temperature silicone applied by the technician began to off-gas several VOCs at 167 

high concentrations. For this reason, PS7 was excluded from further analysis. 168 

Indoor and outdoor VOC measurements were collected every minute from January 19th to 169 

February 27th, 2022, using a custom-built high-resolution proton transfer reaction – time-of-flight 170 

– mass spectrometer (PTR-ToF-MS 4000, Ionicon Analytik GmbH, Innsbruck, Austria).45,46 171 

Additional measurements included NO, NO2, O3, CO2, CO, formaldehyde, CH4, PM2.5, non-172 

refractory PM1 constituents (OA, Cl-, NO3
-, NH4

+, and SO4
2-), and black carbon (BC). Details 173 

regarding measurements can be found in Section S2. 174 

2.2 Emission factor calculations 175 

 Indoor enhancements were clearly detected during all RWC experiments, allowing us to 176 

calculate EFs for the pellet stove using indoor measurements. Assuming infiltration and sinks (e.g., 177 

gas-particle partitioning, deposition, chemistry, etc.) are minimal compared to the pellet stove 178 

emissions, these EFs are representative of what would be measured in the exhaust stack, while 179 

they also help quantify actual indoor exposure in a real-world case. EFs are calculated using the 180 

carbon mass balance approach per: 181 

 182 

 183 

Where EFx is the emission factor for species X, Fc is the carbon fraction of the fuel derived from 184 

the elemental composition analysis (49%; Tab. S3), MWx is the molecular weight of species X, 185 

𝐸𝐹𝑋 =  𝐹𝐶  ∗  
𝑀𝑊𝑋

12 𝑔 𝑚𝑜𝑙−1
∗

∆𝑋
∆𝐶𝑂

∑ (𝑁𝐶,𝑋 ∗
∆𝑋

∆𝐶𝑂)𝑛
𝑥=1

                                      𝑬𝒒. (𝟏) 
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∆X/∆CO is the enhancement ratio of species X to CO, and NC,X is the number of carbons in species 186 

X. 187 

3.0 Results and Discussion 188 

3.1 Typical indoor background conditions 189 
 190 
The indoor background period is defined between 01/23/22 and 02/26/22 when no experiments 191 

were conducted at the house site, though we note certain indoor background levels varied 192 

significantly in response to air exchange, particularly species with high and variable outdoor 193 

abundance (Fig. S4). Exclusions from this analysis include data prior to January 23rd, due to a 194 

high methanol background from the solvent used to maintain another instrument. Furthermore, all 195 

experiments that were conducted in the house were excluded from background determination, 196 

along with one hour preceding each experiment and three hours following their conclusion. Unless 197 

specified otherwise, “mean” refers to the geometric mean (GM) of the 1-minute data (2-minute for 198 

PM2.5) and the interquartile range (IQR) is the log normal fit IQR (See Sec. S3) throughout the 199 

paper. Indoor background PM2.5 was 4 µg m-3 (GM; IQR = 2-9 µg m-3), on average 39% (IQR = 200 

36-43%) of outdoor concentrations during the same period. This reflects the airtightness of the 201 

house. Average indoor CO2 abundance (646.35 ppmv; 604.48-691.13 ppmv) was 37% (36%-38%) 202 

higher than outdoor mixing ratios, as a result of researchers occasionally entering the house to 203 

change inlet and sample filters. Indoor CO mixing ratios were typically high (430 ppbv; 280-660) 204 

and controlled through air exchange dynamics, indicated by its average indoor/outdoor (I/O) ratio 205 

of 1.10 (1.02-1.19), calculated using data from the background period. Note that the I/O ratios 206 

were calculated first, followed by the calculation of the GM. Indoor CH4 (2.09 ppmv; 2.05-2.13) 207 

exhibited similar behavior, with an average I/O ratio of 1.00 (1.00-1.00). Background indoor NO 208 

mixing ratios (20.9 ppbv; 8.4-52.4 ppbv) were much higher than NO2 (4.8 ppbv; 2.4-9.7 ppbv), 209 
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and their mean I/O ratios differ substantially (1.15; IQR = 1.03-1.28 vs 0.45; 0.34-0.60). Indoor 210 

O3 abundance was generally below the instrument detection limit (0.6 ppbv; 0.2-1.5 ppbv), about 211 

17% of the average outdoor level (12-24%), reflecting the typical low O3, high NOx, and high CO 212 

outdoor environment in Fairbanks during wintertime.47 213 

Figure 1. (a) Geometric means of indoor/outdoor ratio (I/O) for volatile organic compounds (n=131) by 214 

m/z during the house baseline period (01/23/22 – 02/26/22). Those I/O ratios less than 1 are displayed as 215 

the O/I ratio. (b) Mean (geometric) indoor mixing ratios by m/z during the house baseline period. VOCs 216 

with a low abundance (< 20 pptv) are excluded from this figure. Bar colors indicate chemical class, and the 217 

error bars represent the interquartile range. 218 

 219 
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Unlike the criteria air pollutants discussed above, which typically exhibited similar or 220 

lower indoor concentrations compared to outdoor levels, the measured total VOC (TVOC) mixing 221 

ratios indoors were about 8 times higher than outdoors during ALPACA (215.11 vs 25.94 ppbv), 222 

underscoring the importance of indoor sources, such as furnishings, solvents, and building 223 

materials. Figure 1 shows the background I/O ratios and average background abundances of 131 224 

measured VOCs during ALPACA, excluding those with relatively low average abundances (< 20 225 

pptv). Most VOCs were dominated by indoor sources, most notably D5 siloxane (I/O = 96; 60-226 

152) and 1-methyl-3-phenylpyrazole (I/O = 73; 48-112). D5 siloxane is related to personal care 227 

products48–51, and 1-methyl-3-phenylpyrazole, while not a pesticide itself, is a derivative of 228 

commonly used pesticides. Averaging 148.04 ppbv (64.74-325.69), oxygenated VOCs (OVOCs) 229 

measured during this study make up the largest TVOC fraction at 72.5%; the most abundant of 230 

which were methanol (62.78 ppbv; 43.49-90.61) and ethanol (54.74 ppbv; 45.37-66.04). These 231 

species were observed to have high I/O ratios: 17.8 (14.0-22.5) for methanol and 18.9 (10.4-34.3) 232 

for ethanol. The next most abundant species are hydrocarbons (26.5%): C8 aromatics (10.52 ppbv; 233 

8.00-13.83), butadienes (5.27 ppbv; 3.35-8.30), toluene (4.29 ppbv; 2.97-6.19), C9 aromatics (2.95 234 

ppbv; 2.14-4.06), and benzene (2.06 ppbv; 1.52-2.80). Aromatics featured I/O ratios closer to unity 235 

(2.1-5.0), while nearly all other hydrocarbons featured I/O ratios (>5) indicative of indoor sources. 236 

The remaining <1% of TVOC include 10 N-containing species and 4 S-containing species. Several 237 

VOCs can be attributed in part to researcher activity during the campaign. D5 siloxane and 238 

monoterpenes were likely emitted from personal care products applied that day, while isoprene, 239 

acetone, and methanol come directly from respiration. Each of these species were observed to 240 

increase when the house was occasionally occupied. It should be noted that the contrast between 241 

indoor and outdoor observations may be partially attributed to the evaporation of organics from 242 
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aerosols upon transport indoors as the indoor temperature was nearly 60°C higher than outdoors 243 

at times, although this work didn’t attempt to explore such a process. 244 

To further investigate the impacts of outdoor infiltration on indoor air pollution, we 245 

examined the a period from 1-3 February 2024, the end of what has been referred to as the “cold 246 

event”.42 During the cold event, outdoor temperatures plummeted below -30°C, and outdoor 247 

concentrations of sulfate aerosol, aromatics, CO, NOx, and PM1.0 (particulate matter ≤ 1.0 micron) 248 

were elevated.47 As air exchange is a function of the indoor/outdoor pressure differential and 249 

indoor temperatures are held constant, the I/O ratios of species present outdoors would be expected 250 

to shift closer to unity as concentrations begin to approach outdoor levels. Indoor concentrations 251 

are lower than the average of the background period, primarily due to several large enhancements 252 

towards the end of the campaign. However, the I/O ratios for most species were observed to shift 253 

closer to 1, clear evidence of increased outdoor infiltration (Figs. S5 and S6). Because of the 254 

enhanced air exchange rate during the ALPACA campaign due to the deployed instruments 255 

removing additional air mass from indoors (Sec. 2.1), we expect the outdoor infiltration would be 256 

slightly reduced during the normal use of the house compared to what was observed here. 257 

3.2 Enhancement of trace gases and particulate matter from real-world pellet stove use 258 
 259 

The experiments used for the analysis (n=13) are further categorized into three burn types: 260 

Leaky (n=10), Fixed (n=2), and First of Season (FOS, n=1). Leaky burns are those experiments 261 

conducted prior to stove repairs: MX1-5 and PS2-7 (Tab. 1). Fixed burns are those conducted 262 

following stove repairs: PS8 and MS6. As these experiments were conducted using one stove in 263 

one residence, the only experiment classified as a FOS burn is PS1. This burn represents the first 264 

time the pellet stove insert was operated during the burning season, when accumulated dust is 265 

burned off. 266 
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Operation of the pellet stove introduced a significant perturbation to indoor air quality. For 267 

enhancement statistics, the 95th percentiles of a given species’ concentration (i.e., steady state 268 

concentration) for each burn were averaged. The exception to this is CO2, which was strongly 269 

impacted by metabolic emissions from researchers present in the house during experiments. A 270 

simple box model was used to calculate the breath-corrected CO2 (Sec. S4). Following this 271 

correction, the enhancement statistics were calculated the same as all other species. Among 13 272 

experiments, on average, pellet stove operation enhanced indoor PM2.5 by a factor of 5-29 above 273 

pre-burn background conditions, with its 2-minute concentration reaching 19 - 144 µg m-3 one 274 

hour following ignition. Herein, comparisons with background conditions are made in the context 275 

of the observations just prior to ignition: experiment-specific and not the average indoor 276 

conditions, which are quite variable in response to outdoor pollution events (Sec. 3.1). Indoor CO 277 

mixing ratios were enhanced by a factor of 2-6, ranging between 0.81-1.12 ppmv. Indoor NOx was 278 

also elevated, with NO enhanced by a factor of 5-30 and NO2 by a factor of 3-29 of the background 279 

(IQR: 26.36-57.17 ppbv and 4.53-11.71 ppbv). TVOC enhancement (∆TVOC) featured a much 280 

lower relative increase of 46-60% (x̄: 66.02 ppbv; IQR: 59.77-72.91 ppbv), partly a result of the 281 

high indoor VOC background (Fig. S4). 282 
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Figure 2. (a) Time series showing the enhancement of total measured VOCs (TVOC; indoor background 283 

prior to ignition = 131 ppbv), organic aerosol (OA, 0.63 µg m-3), CO (480 ppbv), and PM2.5 (4 µg m-3) 284 

during PS6. The blue highlighted region indicates a spontaneous shutdown after the initial ignition. The red 285 

vertical line indicates the time at which the pellet stove was switched off. (b) Relative contributions to 286 

indoor TVOC enhancement by VOC class during PS6. 287 

 288 

There are notable differences between the emissions of Leaky and Fixed burns. The 289 

average ∆PM2.5 decreased by 49.2% ± 30.4% (arithmetic mean ± 1σ) following the repair of the 290 

leak in the stove-chimney interface (Fig. S1). While this was a substantial decrease, the average 291 

∆PM2.5 in Fixed burns was observed to be 27 ± 5 µg m-3, superseding the 24-hour WHO air quality 292 

guideline (15 µg m-3). ∆OA featured a similar decrease during Fixed burns (43.7% ± 39.0%), as it 293 

is the dominant constituent of PM2.5 emitted during operation of the pellet stove (Figs. S7-8). 294 

However, there were no statistical differences in ∆BC, ∆NO3
-, or ∆SO4

2- from the repair due to 295 

their smaller absolute concentrations (< 1 µg m-3). In contrast to PM2.5, ∆CO and ∆CH4 did not 296 

show any statistically significant decrease following the repair. However, several gas-phase 297 

species did feature distinct differences following the repair. Changes in ∆CO2 were more apparent 298 

a) b) 
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with a 55 ± 9% decrease, although it is possible that this is related to variation in the number of 299 

indoor occupants during experiments. Additionally, observed ∆TVOC decreased by 43% (66.67 300 

ppbv before the repair and 41.47 ppbv after). Therefore, the repair to the pellet stove effectively 301 

reduced the perturbations of both particle- and gas-phase species to the indoor environment, but 302 

not completely. It is possible that the leak was not repaired completely, large enough to allow gases 303 

and particles through, even though the repair appeared to pass the standard professional inspection. 304 

Additionally, we suspect that there may be other leaks present in this stove’s design that were not 305 

evident upon visual inspection. 306 

Differences between the Leaky burns and the FOS burn were also abundant. While PM2.5 307 

was not measured during PS1, ∆OA and ∆BC in PS1 were 237% and 117% higher than the average 308 

of the other Leaky burns. As much of the PM2.5 composition is organic (Figs. S7-8), it is reasonable 309 

to assume that ∆PM2.5 would be enhanced to very unhealthy levels during FOS burns (steady-state 310 

at ~150 µg m-3). Differences in gas-phase species varied in magnitude. ∆CO was 143 ± 15% higher 311 

during PS1 compared to other Leaky burns. The ∆TVOC (213.77 ppbv) for PS1 was a factor of 312 

2.3 larger than other Leaky burns, and 5.1 times larger than Fixed burns. Although PS1 produced 313 

the highest level of emissions in the house, it is not known if this represents common FOS 314 

emissions for other appliances. One potential explanation is that residues from the installation burn 315 

remained in the stove interior. The manufacturer recommends a 6-hour initial operation to off-gas 316 

any remaining paint/coating residues; however, the homeowner only operated the stove for 3 hours 317 

prior to PS1. Overall, this experiment highlights the potential for the first burn of the season to 318 

enhance overall indoor air pollutants by about a factor of 2-3, with implications for the seasonal 319 

practices of pellet stove use. 320 
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A clear enhancement of 119 out of 326 measured indoor gas- and particle-phase species 321 

was observed during each experiment (Fig. 2a). Mean PM2.5 concentrations during active burning 322 

periods of all experiments exceeded both the 24-hr WHO air quality guideline (15 µg m-3) and the 323 

24-hr EPA guideline (35 µg m-3) averaging 52 µg m-3 (IQR: 19-144 µg m-3). Indoor ∆CO2 during 324 

experiments was 112.81 ppmv (IQR: 69.66-182.69 ppmv), or a 20% relative enhancement. Indoor 325 

∆CH4 was much lower at 25 ppbv (IQR: 15-41 ppbv), resulting in a relatively minimal (~1-2%) 326 

impact on indoor CH4 mixing ratios. The observed ∆CO (GM: 0.95 ppmv; IQR: 0.81-1.12 ppmv) 327 

is lower than the WHO air quality guidelines (4 ppm for a 24-hour average), but the ppm level of 328 

CO is equivalent to that of some of the most polluted cities.49,52 Mean indoor ∆NO was 38.8 ppbv 329 

(IQR: 26.4-57.2 ppbv); however, the relative enhancement ranged from a factor of 5-30 times 330 

higher than the indoor background prior to ignition. The observed maximum ∆NO was 67.3 ppbv 331 

during PS5. This level of NO is comparable with ∆NO from natural gas appliances. For example, 332 

Lebel et al. 53 reported a ~600 ppbv enhancement in NO measured directly above a 4-burner natural 333 

gas stove. Adjusting for the indoor volume difference and assuming a well-mixed environment, 334 

the Lebel et al. gas stove ∆NO would be ~57 ppbv which is lower than peak ∆NO during PS5, but 335 

a factor of 1.5 higher than the average from the pellet stove reported here. Adjusting for indoor 336 

volume (680 m3), this level of indoor ∆NO from the pellet stove would be equivalent to smoking 337 

33 tobacco cigarettes (assuming 1.1 ppbv cigarette-1) simultaneously.54  338 

Mean indoor ∆TVOC was observed to be 66.67 ppbv (IQR: 59.77-72.91 ppbv), reaching a 339 

maximum of 213.77 ppbv during PS1 and a minimum of 37.77 ppbv during MX6. OVOCs 340 

dominated fugitive VOC emissions, contributing to 83.3% ± 3.9% (arithmetic mean ± SD) of 341 

∆TVOC mixing ratio (Fig. 2b). Formaldehyde was the dominant VOC measured, accounting for 342 

24.0% ± 4.9% of ∆TVOC. Other major species include methanol (9.7% ± 1.7% TVOC), 343 
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acetaldehyde (10.0% ± 1.2%), acetic acid (7.0% ± 1.2%), and hydroxyacetone (9.2% ± 1.4%). 344 

Hydrocarbons make up a much smaller fraction of TVOC emissions (14.0% ± 4.1%). The major 345 

species in this VOC class include butene isomers (2.2% ± 1.9%), butadiene (2.1% ± 1.5%), 346 

propyne (2.0% ± 1.1%), isoprene (1.6% ± 1.3%), and benzene (1.6% ± 0.4%). Nitrogen-containing 347 

species accounted for 2.4% ± 0.3% of ∆TVOC, while sulfur-containing species and halocarbons 348 

accounted for the remaining <1%. Notably, acetonitrile is only enhanced above the background 349 

during PS7, attributed to off-gassing of the high-temperature silicone applied by the stove 350 

technician during repairs. 351 

Mixing ratios for 30 gas-phase hazardous air pollutants (HAPs) were found to be elevated 352 

during pellet stove operation (Tab. S4). Excluding CO and NOx, mean ∆HAPs was 39.12 ppbv 353 

(IQR: 35.76-42.80 ppbv). PS1 stood out, as it exhibited ∆HAPs 3 times higher than the other 354 

experiments (x̄: 107.71 ppbv). Three VOCs account for up to 80% of ∆HAPs (by molar ratio) 355 

across all burns: formaldehyde (42%), methanol (19%), and acetaldehyde (16%). Acetone, methyl 356 

glyoxal, and benzene are the next most abundant HAPs observed in fugitive pellet stove emissions, 357 

summing to 8%-19% of the total ∆HAPs. 358 

The impact of fugitive RWC emissions on indoor air quality is largely dependent on the 359 

air exchange rate of the building. In this house, the natural/mechanical air exchange rate is 0.19 360 

ACH, and the mechanical air exchange rate due to instrument inlets is 0.13 ACH, bringing the 361 

total exchange rate to 0.32 ACH. Assuming constant emission rates and outdoor concentrations, 362 

as well as negligible surface partitioning and chemistry, we can assess the impact of air exchange 363 

rate on the steady state concentration indoors using a simple box model (Sec. S4). If we assume 364 

the initial indoor TVOC mixing ratio is 0 ppbv, a static emission rate of 21.6 ppbv min-1, a 365 

negligible outside mixing ratio, and a static air exchange rate of 0.32 ACH, the steady state 366 
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concentration indoors would be ~68 ppbv. If the air exchange rate is decreased to the natural 367 

ventilation of the house (0.19 ACH), the indoor steady state increases to ~114 ppbv. On the other 368 

hand, if the exchange rate is increased to 0.50 ACH, the steady state concentration decreases to 369 

~43 ppbv. Therefore, air toxin exposure is higher under reduced air exchange conditions, which 370 

should be considered when assessing indoor exposure and resulting health implications. 371 

Following each experiment (no obvious flaming in the burning chamber), PM2.5 372 

concentrations returned to background levels after 2-3 hours, while the mixing ratios of gas-phase 373 

species decayed between 3-7 hours following stove shutdown. This is likely due to several factors, 374 

including higher deposition rates of particles and loss via the house air filtration system, which 375 

would only remove, albeit a small fraction of, particle-phase species. Rather than reaching 376 

equilibrium with outdoor concentrations, several VOCs remained elevated and were slightly 377 

decoupled from outdoor measurements. These include formaldehyde, furanoids, and acetone. 378 

Reasonable explanations for this include surface partitioning and chemistry. Several studies have 379 

shown that VOCs behave as semi-volatiles indoors and adsorb to a variety of surfaces.55–65 380 

Furthermore, recent work has suggested that the majority of indoor VOC mass is present in surface 381 

reservoirs rather than in the gas-phase.66  382 
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3.3 Pellet stove fugitive emission factors 383 

 384 
Figure 3. Fugitive EFs of various VOCs, CO, and BC. EFs from this work are represented by the boxplots. 385 

Mean EFs derived from the literature are included as individual points. These EFs are color-coded by study, 386 

while the shape is representative of the type of device used (PS = Pellet Appliance; WS = Cordwood 387 

Appliance; BCS = Brick Cooking Stove). 388 

 389 

The 11 leaky burns allow us to use indoor measurements to calculate the fugitive pellet 390 

stove emission factors (EFs) for 114 VOCs, plus CH4, CO, CO2, NOx, OA, BC, SO4
2- aerosol, and 391 

PM2.5 (Fig. 3). The EFPM2.5 observed during these experiments was 75 mg kg-1 (IQR: 24-239 mg 392 

kg-1), a factor of 50-100 times lower than cordwood appliances67–70 and 160 times lower than 393 

wildfires.71 The observed EFCO (GM: 6.68 g kg-1; IQR: 5.08-8.77 g kg-1) is a factor of 10-18 lower 394 
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than cordwood stoves72,73 and 15 times lower than wildfires71, but only 10% higher than natural 395 

gas stoves.74 The EFNO for this pellet stove (87 mg kg-1; 51-149 mg kg-1) is similar to wildfires 396 

(WF)75 and a factor of 8-9 lower than natural gas (NG) appliances, attributed to higher operating 397 

temperatures (WF < 1100°C; NG ~2000°C; thermal NOx production from ambient N2 occurs at 398 

~1500°C), greater combustion efficiency, and increased homogeneity of the gaseous fuels used in 399 

NG devices.53,74 The mean EFNO is a factor of 12-19 lower than previously reported for pellet 400 

stoves (1.02-1.62 g kg-1)27,28,30 and up to 31 times lower than cordwood stoves (2.68 g kg-1).32 401 

Additionally, the EFTVOC for this pellet stove (461; IQR: 305-698 mg kg-1) is a factor of 57 lower 402 

than wildfires, potentially due to the contrast in combustion efficiency as discussed later.71 403 
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404 Table 2. Statistical summary of indoor background conditions and fugitive emissions from a pellet stove insert. 

Species Name 

Particle-Phase 
Formula 

Ion Mass, 

Da 

Indoor Background, µg 

m-3 (IQR) 

I/O Ratio 

(IQR) 

∆[X], µg m-3 

(IQR)a 

Relative ∆[X] 

% (IQR)b 
EF, mg kg-1 (IQR)c 

PM2.5 PM2.5 - 4 (2-9) 0.39 (0.36-0.43) 52 (19-144) 1243 (538-2874) 75 (24-239) 

Organic Aerosol OA - 0.87 (0.43-1.79) 0.20 (0.16-0.25) 10.30 (8.19-12.96) 2497 (1050-5936) 26 (17-40) 

Black Carbon BC - 0.39 (0.19-0.79) 0.49 (0.37-0.65) 1.55 (1.33-1.81) * 3.8 (2.3-6.4) 

Species Name 
Gas-Phase 

Formula 
Ion Mass, 

Da 
Indoor Background, 

ppbv (IQR) 
I/O Ratio 

(IQR) 
∆[X], ppbv (IQR)a 

Relative ∆[X] 
% (IQR)b 

EF, mg kg-1 (IQR)c 

Carbon Monoxide (ppmv; g kg-1) CO - 0.43 (0.28-0.66) 1.10 (1.02-1.19) 0.95 (0.81-1.12) 318 (180-564) 6.68 (5.08-8.77) 

Carbon Dioxide (ppmv; g kg-1) CO2 - 646.35 (604.48-691.13) 1.37 (1.36-1.38) 112.81 (69.66-182.69) 20 (13-29) 1784 (1780-1787) 

Nitric Oxide NO - 20.94 (8.38-52.38) 1.15 (1.03-1.28) 38.82 (26.36-57.17) 1215 (500-2953) 87 (51-149) 

Nitrogen Dioxide NO2 - 4.82 (2.39-9.70) 0.45 (0.34-0.60) 7.29 (4.53-11.71) 983 (332-2909) 10 (5-22) 

Total Measured VOCs TVOC - 215.11 (169.41-273.13) 7.99 (4.47-14.29) 66.67 (59.77-72.91) 52 (46-60) 461 (305-698) 

Formaldehyded HCHO - 4.28 (3.83-4.77) 3.87 (2.75-5.45) 14.63 (13.08-16.37) 384 (325-453) 110 (79-154) 

Hydroxyacetone + Isomers C3H6O2 75.044 4.01 (3.17-5.09) 3.16 (2.58-3.87) 5.72 (4.76-6.88) 201 (146-275) 46 (26-78) 

Acetaldehyde C2H4O 45.033 8.30 (5.49-12.55) 6.53 (6.20-6.88) 6.88 (6.08-7.78) 108 (79-149) 33 (20-55) 

Acetic Acid C2H4O2 61.028 8.03 (6.45-9.99) 6.89 (5.88-8.07) 4.67 (4.03-5.40) 42 (14-125) 24 (14-44) 

Methanol CH4O 33.033 62.78 (43.49-90.61) 17.75 (13.98-22.54) 6.86 (5.72-8.23) 12 (8-16) 24 (14-39) 

Acetone C3H6O 59.049 4.33 (3.77-4.98) 3.90 (3.19-4.77) 2.30 (1.65-3.20) 49 (34-71) 14 (9-22) 

Benzene C6H6 79.054 2.07 (1.52-2.80) 2.07 (1.40-3.05) 1.09 (0.86-1.38) 55 (22-135) 9 (6-14) 

Methyl Vinyl Ketone + Methacrolein C4H6O 71.049 0.40 (0.31-0.52) 2.85 (2.24-3.62) 1.14 (1.01-1.29) 369 (229-596) 9 (5-15) 

Formic Acid CH2O2 47.013 4.10 (3.26-5.17) 4.47 (3.62-5.52) 2.10 (1.83-2.41) 53 (35-79) 9 (5-15) 

2-Furaldehyde C5H4O2 97.028 0.14 (0.11-0.19) 2.11 (1.45-3.08) 0.84 (0.74-0.96) 562 (237-1334) 9 (5-15) 

aAbsolute enhancements are defined as the 95th quantile of individual species’ concentrations from each burn, subtracting the observed background concentration just prior to ignition (-5 min 

< t < 20 min). Reported values are the geometric mean (IQR) of all leaky burns. 
bRelative enhancements were calculated by subtracting the absolute enhancement from the background, divided by the background concentration prior to ignition. Reported values are the 
geometric mean (IQR) of all leaky burns. Species with values denoted as ‘*’, were not detected prior to ignition resulting in “infinite” enhancement. 
cEmission factors reported here are for leaky burns only. This was done in an attempt to reduce uncertainty that may arise from off-gassing of VOCs from the high-temperature silicone used 

for repairs and the strong reduction in PM2.5. 
dFormaldehyde as measured by the PICARRO, while all other VOCs were measured by PTR-TOF-MS. 
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Of the 114 VOCs observed to be enhanced during pellet stove use, just five species make 405 

up 50% of the TVOC emission by mass: formaldehyde (110 mg kg-1), hydroxyacetone (46 mg kg-406 

1), acetaldehyde (33 mg kg-1), acetic acid (24 mg kg-1), and methanol (24 mg kg-1). Adding an 407 

additional seven species accounts for 75% of the TVOC emissions, including acetone (14 mg kg-408 

1), benzene (9 mg kg-1), methyl vinyl ketone/methacrolein (MVK/MACR; 9 mg kg-1), formic acid 409 

(9 mg kg-1), and furfural (9 mg kg-1). Fifteen more VOCs, for a total of 25, account for 90% of 410 

observed TVOC emissions. This includes six additional furanoids: methylfurans, furan, furanones, 411 

methylfurfurals, 2-furanmethanol, and dimethylfurans. Emissions of low molecular mass OVOCs 412 

can be linked to specific chemical processes during biomass combustion. Formaldehyde and 413 

acetaldehyde are known products of cellulose pyrolysis. Methanol and acetic acid result from the 414 

cleavage of methoxyl groups from lignin and methyl-uronic acid groups from polysaccharides 415 

such as hemicellulose.76 Furanoids are produced through the thermal decomposition and 416 

subsequent dehydration of cellulose. Contrary to the low-temperature processes (<500°C) that 417 

produce larger oxygenates and furanoids, aromatics such as benzene are primarily emitted during 418 

high-temperature pyrolysis processes.77–79 Only four out of the top 25 VOCs were hydrocarbons, 419 

and all but isoprene are single-ring aromatics. Benzene was emitted at nearly 4 times the amount 420 

of the next two hydrocarbons, C8 aromatics and isoprene (2.5 mg kg-1), and 5 times the amount of 421 

phenylacetylene (1.7 mg kg-1). Isoprene has been observed in biomass burning emissions.46,80–82 422 

However, this mass on the PTR-ToF-MS (m/z 69.070) has interference from aromatic hydrocarbon 423 

fragments.83,84 The consistent emission of furanoids compared to aromatics indicates that the 424 

combustion processes inside this pellet stove correspond to relatively low-temperature pyrolysis. 425 

Furthermore, it should be noted that these top 25 VOCs include 11 HAPs, which when aggregated, 426 

account for about 57% of the TVOC mass in this pellet stove's emissions. 427 
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 Several EFs for VOCs agree well with the literature. Hydrocarbons made up a large portion 428 

of these species, including 1,3-butadiene (C4H6), benzene (C6H6), styrene (C8H8), and naphthalene 429 

(C10H8). EFs for C4H6, C6H6, and C8H8 (Tab. S4) agree well with those reported for pellet boilers.85
 430 

However, the EFs for cordwood stoves remain much higher.86 Naphthalene and benzene EFs are 431 

similar to pellet stoves, and lower than cordwood stoves.25,86 EFs for several OVOCs were also 432 

comparable to literature values, depending on the stove type. Hydroxyacetone (C3H6O2) and ethyl 433 

acetate (C4H8O2) EFs reported for cordwood stoves are similar to those derived from these 434 

experiments.86 EFs for acetaldehyde (C2H4O) from this work agree with EFs from one pellet boiler 435 

study.85 However, like formaldehyde, another pellet boiler study reported an EF for acetaldehyde 436 

that is much lower than this stove.87 Hence, it is possible that the methodology used in that study 437 

underestimates emissions for other small aldehydes, not just HCHO. 438 

Emission factors for RWC appliances vary widely in the literature, both between and 439 

within device types. It is also important to note that many of the VOCs observed in this work have 440 

not been reported in the literature for RWC emissions. Overall, this pellet stove emitted less PM, 441 

CO, and VOCs than cordwood appliances, confirming the trend observed by Traviss et al.10 442 

Several elements are known to impact the performance of RWC appliances, including installation 443 

quality, fuel type/composition87–89, moisture content90–92, and operational methods.93 Appliance 444 

performance reflects the efficiency of the device, which in turn impacts the chemical composition 445 

of emissions. Further work should investigate the extent to which each of these factors influence 446 

RWC emissions, particularly in real-life residential environments. 447 

3.4 Comparison with emissions inventories 448 

Here we compare EF or emission ratios (ER) relative to CO with two commonly used 449 

anthropogenic emission inventories: the regional EPA National Emission Inventory 2020 (NEI) 450 
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and the global Community Emissions Data System 2017 (CEDS). The EFCO reported here is 86-451 

95% lower than those for cordwood appliances and only 16% lower than pellet-fired devices in 452 

the EPA’s Compilation of Air Emissions Factors from Stationary Sources (AP-42). The EFPM2.5 453 

(75 mg kg-1) showed large variation between individual experiments and were 20-35 times lower 454 

than reported in the AP-42. Properly accounting for emissions of criteria pollutants from different 455 

RWC appliances is critical for effective pollution mitigation strategies. Our data indicate that the 456 

inventories’ EFCO is correct for pellet stoves, but that the EFPM2.5 is overestimated by up to a factor 457 

of 35 for this pellet stove device type, potentially leading to the incorrect attribution of these 458 

emissions to RWC; thus, reducing the effectiveness of airshed management strategies during the 459 

winter months. 460 

Since both emission inventories use EFCO from the AP-42, differences between the 461 

inventories’ ERs are due to discrepancies in the respective EFs. ERs from the NEI were obtained 462 

from explicitly defined device-specific EF measurements (AP-42). ERs for CEDS were obtained 463 

from emission flux data for all RWC for the Fairbanks North Star Borough, thus with more 464 

regional ERs aggregated across different RWC sources. It should be noted that flux-derived ERs 465 

in CEDS are fairly consistent for the US. Our ERNO (15.6 ppbv NO ppmv CO-1) is within 40% of 466 

the NEI, with the notable exception of pellet-fired devices, which are a 13 times higher than this 467 

work. The CEDS ERNO (2.06 ppbv NO ppmv CO-1) is a factor of 2-10 lower than both observations 468 

and the NEI (excluding the pellet stove profile). Our observed pellet stove EFTVOC (461 mg kg-1) 469 

is on average 40% lower than used in the NEI for pellet-fueled appliances and a factor of 8-50 470 

times lower than for cordwood appliances.  471 
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Figure 4. Comparison between select VOC:CO emission ratios for RWC devices derived from the NEI, 472 

CEDS, and this work. Species were chosen due to their large abundance within RWC emissions. 473 

 474 

Several of our VOC ERs are within the range of inventory values (Fig. 4). Our ERHCHO 475 

(17.2 ppbv ppmv CO-1) is within the range of the ERHCHO of several different device types in the 476 

NEI, mostly cordwood devices. Our ERHCHO is 57% higher than the NEI ERHCHO for pellet 477 

appliances. In contrast, CEDS has an ERHCHO a factor of 6 times lower than our pellet stove 478 

measurements (3.1 vs 17.2 ppbv ppmv CO-1). Our ERacetone (1.4 ppbv ppmv CO-1) is similar to 479 

those used (across device types) in the NEI. The discrepancy observed in CEDS ERMEK (Fig. S9) 480 

is a result of lumping of MEK with acetone and other ketones. Our ERacetophenone+tolualdehydes (0.020 481 

ppbv ppmv CO-1) is only 15% higher than the NEI pellet stove ER. The NEI only reports emissions 482 

of acetophenone. This, combined with the isomeric resolution constraints of this PTR-ToF-MS, is 483 

responsible for this discrepancy. This also explains the observed discrepancy for acenapthene + 484 

biphenyl (Fig. S9). ERs for other species reported in this work are generally lower than those in 485 

NEI and CEDS. While an average sensitivity of 10 ncps ppbv-1 was applied to all uncalibrated 486 
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masses measured by the PTR-ToF-MS, the sensitivity for higher mass species (>100 Da) may be 487 

several factors lower, which would result in a higher ER. Additionally, most of the RWC EFs used 488 

in inventories were established 20+ years prior to this work. Given the substantial advances in 489 

RWC and measurement technology, it is reasonable to assume that many EFs used in these 490 

inventories are outdated. The discrepancies between our observed pellet appliance EFs and those 491 

used in the NEI or CEDS suggests that some RWC VOC emissions are likely significantly 492 

underestimated by the inventories, highlighting the need to update inventories with EFs from 493 

modern RWC appliances. 494 

There are notable differences between the NEI and CEDS regarding VOC emissions. First, 495 

the NEI accounts for several individual OVOCs, while CEDS lumps many species by functional 496 

group (e.g., MEK + Acetone + Others = Ketones). Second, the most abundant VOCs emitted by 497 

RWC according to CEDS are hydrocarbons: propene, butene, and benzene. The two OVOCs, 498 

HCHO and MEK, are the 4th and 6th most abundant VOCs in CEDS. However, according to the 499 

NEI and our observations, OVOCs and aromatics dominate RWC emissions with HCHO as the 500 

most abundant VOC followed by acetaldehyde, phenol, benzene, and acetone. This suggests that 501 

CEDS is missing a substantial amount of VOC emissions from RWC in the form of OVOCs. 502 

Therefore, we recommend future versions of CEDS include updated RWC EFs and/or incorporate 503 

additional OVOCs for RWC emissions. 504 

We acknowledge that EFs and ERs reported here are from a single pellet stove of a 505 

particular brand and model, and thus may not represent the dominant devices used in certain 506 

communities. Nevertheless, these EFs and ERs are obtained under real-world experiments using a 507 

popular stove model, and the comprehensive measurements of organics are unprecedented. Thus, 508 

it is imperative that RWC EFs be developed using modern methods and devices for incorporation 509 
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into future versions of the NEI and CEDS. Furthermore, a comprehensive assessment of the 510 

proportions of RWC device types used in various communities/regions, as well as operation 511 

frequency, is needed to represent emissions from RWC accurately. 512 

3.5 Emission dependence on modified combustion efficiency 513 

Despite increasingly stricter government regulations, a declining number of RWC devices 514 

in use4, along with the advent of more efficient combustion technology, emissions from RWC 515 

devices are trending upwards according to the 2020 NEI.94 While manufacturers are obligated to 516 

sell devices meeting federal emissions standards, it is also advantageous from a marketing 517 

standpoint to produce appliances that are more efficient, thus reducing consumer cost throughout 518 

the lifetime of the device; akin to the automobile industry. RWC devices, even less efficient ones, 519 

emit significantly less air pollution than open biomass burning (e.g., wildfires) as discussed in 520 

Section 3.3.46 When comparing to ERs from western US wildfires reported by Permar et al.46, our 521 

pellet stove ERs are often only 20% of wildfires (Fig. 5). Over 70% of the species compared in 522 

Figure 5 had ERs at least 50% lower for pellet stoves than for wildfires. Roughly 30% of species 523 

herein featured ERs that were less than 20% of those for wildfires, and only 10% of those compared 524 

were observed to have ERs 10% or lower than wildfires. Considering that the EFCO for this pellet 525 

stove was only about 7% of that observed in wildfire plumes, the differences in VOC emissions 526 

between these two sources become even larger. 527 
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Figure 5. Emission ratios relative to CO (ER)  from this work compared to ERs of 69 overlapping species 528 

from wildfires measured during WE-CAN. The solid blue line represents the 1:1 comparison and the blue 529 

lines represent the 1:2 and 2:1 comparisons. Units are ppbv ppmv CO-1. 530 

 531 

 The stark differences between these two combustion environments are to be expected. 532 

Open biomass burning occurs in uncontrolled environments, often impacted by meteorology, fuel 533 

loading, and fuel moisture. RWC occurs in much more controlled environments, especially in this 534 

case, where the dried and homogenous fuel is automatically fed into the stove to promote 535 

continuous and consistent combustion. Despite these drastic contrasts, the underlying chemical 536 

processes of biomass combustion remain the same between both RWC and open biomass burning. 537 

Thus, it is reasonable to investigate if the emissions from these two sources can be linked by a 538 

common metric, such as modified combustion efficiency (MCE). MCE is defined as 539 

ΔCO2/(ΔCO2+ΔCO), where Δ indicates excess amounts of a species above the surrounding 540 
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background amount, and is often used to quantify the mix of flaming and smoldering combustion. 541 

It has long been understood that MCE is anticorrelated with VOC (including NH3) EFs46,75,78–542 

80,82,95–102. However, NVOCs and NOx are loosely or positively correlated with MCE when 543 

normalized to fuel N, respectively.75,103 Recent efforts have shown that 70% of the variability in 544 

VOC emissions from wildfires can be explained by MCE46. As the MCE of RWC is higher, it 545 

would be expected that the EFTVOC and EFCO would be lower, along with a higher EFNOx. Below, 546 

we investigate the relationship between EFs and MCE for this pellet stove and wildfires in an effort 547 

to explain the variability between the emissions from both sources and within the pellet stove 548 

experiments presented here. 549 

Figure 6. Scatterplot of emission factors (EFs) for select VOCs during pellet stove operation plotted over 550 

MCE. The solid blue lines represent the linear regression for this work, while the dashed red lines are the 551 

EF predictions for wildfires based on Permar et al. 2021.46 552 

 553 

 We find that the EFs for 106 out of 114 reported VOCs feature a statistically significant 554 

(p<0.05; Tab. S5) anticorrelation with MCE across 13 pellet stove experiments in this work. While 555 
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this is expected across a large range of MCEs, the MCE range of our pellet stove burns is very 556 

narrow (MCE: 0.973-0.998). Despite this, nearly all VOCs measured featured this anticorrelation. 557 

MCE explains ~90% of the variation in EFTVOC (Fig. S10). For 103 VOCs, at least 50% of EF 558 

variation can be explained by MCE (Fig. S11). MCE is able to explain over 75% of the variation 559 

in EF for 95 VOCs, up to 94% in the case of formaldehyde. Unexpectedly, NVOCs and NO also 560 

featured anticorrelations with MCE, although not statistically significant. Previous work had 561 

shown EFNO to not be dependent on MCE for RWC devices, even across a large range of MCEs 562 

(0.84-1.00).78 Strong anticorrelations between aerosol EFs and MCE were observed, with BC, OA, 563 

and PM2.5 featuring some of the largest r2 with MCE of all reported species: 0.82, 0.86, and 0.50, 564 

respectively. This suggests that even minor improvements to the combustion efficiency of these 565 

devices can aid in the reduction of VOC, CO, NOx, and PM2.5 emissions. 566 

The difference between EFs of this pellet stove and wildfires can be explained, in part, by 567 

the MCE. Wildfires measured by Permar et al.46 have MCE ranging from (0.855-0.938), while the 568 

pellet stove experiments feature nearly complete combustion (MCE: 0.973-0.998), and therefore 569 

much lower overall VOC emissions. Out of the 69 overlapping species between Permar et al.46 and 570 

this study, 15 species’ EFs were predicted within  50% of the regression line used for wildfires. 571 

These include some of the most abundant OVOCs observed in RWC smoke: formaldehyde, 572 

acetaldehyde, acetone, and methanol. Apart from glyoxal, the remaining RWC species are 573 

underpredicted by the wildfire fit, suggesting other dynamics play into EF variability for these 574 

species. While MCE can be used to predict the emissions of the most abundant RWC VOCs using 575 

the wildfire fit, chemically-relevant species are severely underpredicted. Furanoids and 576 

monoterpenes, some of the most reactive VOCs in biomass burning smoke, are underpredicted by 577 

MCE using these regression statistics. Regardless of the accuracy of the fit line, a clear decreasing 578 
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trend is observed for all 69 species apart from glyoxal, formic acid, and acetonitrile (Tab. S5). 579 

Glyoxal and formic acid are both emitted as primary pollutants and formed through secondary 580 

reactions.104–107 Acetonitrile emissions are expected to deviate between RWC and wildfires, 581 

largely due to the low nitrogen content of RWC fuels.108 This underprediction of VOC EFs is likely 582 

due to a lack of data for woody biomass covering the MCE range of pellet stove devices, 583 

warranting future investigation into the environmental dynamics (e.g., meteorology, fuel 584 

geometry, fuel moisture, etc.) of both RWC and wildfires. The observed linear relationship 585 

between MCE and EFs (Fig. 6; Tab. S5) may be exploited by regulatory bodies as a metric for 586 

emissions certifications and relevant policy updates. Furthermore, these data suggest that research 587 

and development of RWC technology should place emphasis on increasing combustion efficiency 588 

to comply with existing and future regulatory standards. Despite its limitations, the ability to 589 

explain up to 94% of variation in biomass burning emissions in contrasting environments, with a 590 

simple metric such as MCE, provides a critical decision-making tool for consumers, 591 

manufacturers, policymakers, and air quality officials alike. 592 

4.0 Implications  593 

We recognize that this work is not without limitations. This study is centered on one pellet 594 

stove in a single residence. Air exchange, residence size/floorplan, and the extent of leaks in RWC 595 

devices will each influence the concentrations of air pollutants indoors. Therefore, while this study 596 

provides insights into the impact of this particular stove on this particular residence’s air quality, 597 

more work is needed to evaluate the implications of fugitive RWC emissions representatively. 598 

Another important consideration is the occupation of the residence. While the residence was not 599 

occupied during the majority of the sampling period, researchers were occasionally present in the 600 

house during the experiments. Humans exhale CO2 and several VOCs (e.g., isoprene, methanol, 601 
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ethanol), which may have impacted indoor concentrations during experiments. We attempted to 602 

account for metabolic CO2 (Sec. S4), but not for VOCs. This could explain some of the variation 603 

in the EFs between experiments. 604 

Overall, this study provides critical insight into fugitive emissions of trace gases and 605 

particles from a pellet stove insert in a real-world scenario. While professionally installed, this 606 

pellet stove was found to emit substantial amounts of CO, PM2.5, NOx, and VOCs to the indoor 607 

living space. Even following the repair, large enhancements of RWC-related species were still 608 

observed. Many of these VOCs are OVOCs and/or HAPs that have not been extensively 609 

characterized in RWC emissions. Emission factors were calculated for 114 VOCs, plus CH4, CO, 610 

CO2, NOx, OA, BC, and PM2.5. In comparison with emissions inventories, CEDS is found to be 611 

missing a substantial amount of the VOC emissions, especially OVOCs. The ranking of VOCs in 612 

the NEI agrees with this work much better than CEDS, but the NEI still tends to overestimate the 613 

emissions from pellet stoves for several species. Thus, this work highlights the need to update 614 

anthropogenic emissions inventories with EFs from modern instruments and RWC appliances, 615 

particularly with regard to OVOCs and NOx. Finally, we show that MCE is correlated with most 616 

VOC EFs, even at high combustion efficiencies. While there is still much variation between 617 

individual experiments, MCE has the potential to explain up to 94% of the variation in individual 618 

VOC EFs, 90% of total VOC emissions, and 50% of PM2.5 from RWC. Therefore, we suggest that 619 

future engineering efforts focus on improving combustion efficiency to facilitate reductions in 620 

emissions of VOCs, CO, and particulate matter from RWC devices.  621 
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