Ventilation in a Residential Building Brings Outdoor NOx Indoors with Limited Implications for VOC Oxidation from NO3 Radicals
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Abstract

Energy-efficient residential building standards require the use of mechanical ventilation systems that replace indoor air with air from the outdoors. Transient outdoor pollution events can be transported indoors via the mechanical ventilation system, and other outdoor air entry pathways, and impact indoor air chemistry. In the spring of 2022, we observed elevated levels of NOx (NO + NO2), that originated outdoors, entering the National Institute of Standards and Technology (NIST) Net-Zero Energy Residential Test Facility through the mechanical ventilation system. Using measurements of NOx, ozone (O3), and volatile organic compounds (VOCs) we modeled the effect of the outdoor-to-indoor ventilation of NOx pollution on the production of nitrate radical (NO3), a potentially important indoor oxidant. We evaluated how VOC oxidation chemistry was affected by NO3 during NOx pollution events compared to background conditions. We found that nitric oxide (NO) pollution introduced indoors titrated O3 and inhibited the modeled production of NO3. NO ventilated indoors also likely ceased most gas-phase VOC oxidation chemistry during plume events.  Only through the artificial introduction of O3 to the ventilation duct during a NOx pollution event (i.e. when O3 and NO2 concentrations were high relative to typical conditions) were we able to measure compounds indicating NO3 was impacting VOC oxidation chemistry.
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Synopsis
Nitrogen oxide pollution originating outdoors is brought indoors through ventilation. We report how nitrogen oxide pollution can affect the type of air oxidation chemistry that occurs indoors. 

Introduction
Poor indoor air quality (IAQ) can affect occupant well-being through acute or chronic exposure to pollutants.1 Indoor pollutants can originate from material emissions2, oxidation chemistry3, and occupant activities, like cooking4 and cleaning,5 but another important source of indoor pollution is from the infiltration and mechanical ventilation of outdoor air to the indoors.6

[bookmark: _Hlk136015675]The infiltration of outdoor air into a building occurs through leakage in a building structure and is driven by pressure and temperature differences between the outdoors and indoors.7 Residential buildings can be ventilated with outdoor air using mechanical, natural, or hybrid systems to meet minimum outdoor air ventilation requirements in standards such as ASHRAE 62.2-2019.8 The volumetric flow rate of outdoor air delivered to the building, and the building volume, is used to determine an air change rate (ACR) . The ACR can limit the accumulation of VOCs indoors.9 Residential buildings with low envelope leakage (or “airtight” envelopes) and mechanical outdoor air ventilation can have ACRs approximately two to three times lower (ACR ranges between 0.1 to 0.35 h-1) than leakier residential buildings without mechanical outdoor air ventilation in the United States (ACR  0.5 to 1 h-1).10,11 Because the ACR can control key processes that affect IAQ, delivering outdoor air indoors may impact indoor air chemistry.6,12, 13

Ozone (O3) is a major indoor oxidant that is introduced from the outdoors through ventilation and infiltration. Indoor ozone concentrations are typically two to three times lower than outdoor concentrations due to reactive losses to surfaces and VOCs indoors.14 In circumstances where both O3 and NO2 are present indoors, the nitrate radical (NO3), another highly reactive oxidant, can form via Reaction 1 (R1).
NO2 + O3  NO3 + O2 									(R1)
Like O3, nitric oxide (NO) is an outdoor pollutant that can enter a building and affect IAQ. NO plays an important role in regulating NO3 indoor concentrations by acting as a direct sink via Reaction 2:
NO + NO3  2 NO2										(R2)
NO also acts as an indirect sink for NO3 through the titration of O3 (Reaction 3) which reduces production of NO3 (R1):
NO + O3  NO2 + O2										(R3)
 For these reasons, NO3 production indoors may only have a significant impact on indoor chemistry if indoor NO2 and O3 concentrations are very high or the ACR is low.15,16 Owing to the high reactivity of NO3 with VOCs, NO3 could be more important than O3 as an indoor oxidant15,17, but reports of NO3 formation indoors are varied.3 

Here we present measurements from the National Institute of Standards and Technology (NIST) Net-Zero Energy Residential Test Facility (NZERTF) collected in the spring of 2021 during the Chemical Assessment of Surfaces and Air (CASA) campaign. Through a series of natural experiments where plumes of NOx, from an unknown local source, passed over the NZERTF, we evaluated the role of mechanical ventilation in transporting outside NOx indoors and the potential impact the NOx had on promoting NO3 formation indoors. We evaluate how the features of the NZERTF—including mechanical ventilation and building envelope airtightness—work in concert with outdoor air pollution to have impacts on IAQ.

Methods
House operation during CASA and ventilation in the NZERTF. The NIST NZERTF is a multi-story residence in Gaithersburg Maryland, USA that was built in 2012.18 The NZERTF employs a variety of energy-efficient technologies that have helped it achieve annual net-zero energy consumption. The building is unfurnished and unoccupied with much of the interior surface area of the building composed of wood and painted wallboard.

The NZERTF is a tight residential building where the infiltration (0.05 h-1) rate is very low compared to most U.S. residences.19 It is equipped with a heat recovery ventilator (HRV) that delivers outdoor air indoors at a rate of 0.2 h-1 that was fixed during CASA. The HRV has dedicated ductwork that distributes outdoor air through vents on the first and second floor bedrooms and exhausts indoor air through vents in the bathrooms on the first and second floors to the outdoors (Figure 1). The flow of air into the building through the HRV and out of the HRV was set to a constant 250 m3 h-1 ± 17 m3 h-1 (150 cfm ± 10 cfm).
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Figure 1. Simplified diagram of the NIST Net Zero Energy Residence Test Facility (NZERTF). A heat-recovery ventilation system (HRV) is employed in the NZERTF that brings outdoor air indoors (black lines) through a vent on the side of the building. Outdoor air is distributed on the first and second floors and returned (red lines) back outdoors through the HRV. 

During CASA the total ACR (mechanical ventilation + infiltration) was measured daily using tracer gas decay tests. Sulfur hexafluoride (SF6) was injected into the supply duct of the HRV and measured at several different locations. The campaign-averaged ACR was 0.24 h-1.

NOx and O3 sampling design and instrumentation. NOx and O3 were measured using a system that alternated between a sampling point on the first floor and one on the roof of the NZERTF. The sampling lines to each location were 9.1 m (30 ft) in length and the combined flowrate through the lines was 8 liters per minute (L min-1). All sampling lines were 6.3 mm PFA and a 0.45 µm particle filter was placed in-line with the instruments. The NOx instrument was a Thermo 42i series (LOD = 0.4 ppbv). The NOx instrument measures NO via chemiluminescence upon reaction with O3. NO2 is converted to NO on heated molybdenum at 325 °C and subsequently measured as NO. In this approach, various nitrogen-containing species such as nitrous acid and peroxyacyl nitrates can also be converted to NO with up to a previously reported 83 % efficiency.20 Because NO2 measured in this study may include other nitrogen-containing species, we acknowledge the NO2 concentration as an upper bound and use the notation NO2* to differentiate our measurement from a “true” NO2 measurement. Additionally, a Quantum Cascade Tunable Infrared Direct Absorption Spectrometer (QC-TILDAS) measured formaldehyde (HCHO) and formic acid (HCOOH) using the same sampling system as the O3 and NOx.

VOC sampling design and instrumentation. VOCs were measured during CASA with an iodide chemical ionization time-of-flight mass spectrometer (iodide CIMS; Aerodyne, Inc.) and a VOCUS 2R time-of-flight mass spectrometer (Aerodyne, Inc.) equipped with hydronium ion proton-transfer ionization (PTR-MS; NIST PTR).21 The iodide CIMS measured a variety of oxygenated VOCs (e.g., monoterpene nitrates22) as well as inorganic species (e.g., nitryl chloride (ClNO2), dinitrogen pentoxide (N2O5)) while the PTR-MS measured a variety of less-oxidized VOCs including ketones, aldehydes, and terpenes.

The iodide CIMS and PTR-MS sampled at 5 L min-1 (plug flow residence time of 5 s) through two 30.5 m (100 ft) PFA lines (6.3 mm, 1/4” O.D.). Teflon filters were installed at the end of the sampling line and the line was heated to 50 °C to minimize wall loss of semivolatile VOCs. Hourly zeros and calibrations were performed for both the iodide CIMS and PTR-MS. Another co-located VOCUS 2R PTR-MS operated by University of Toronto researchers (UT PTR) was equipped with a gas chromatograph (GC) on the front end23 to aid in speciation of PTR-MS signals. The real-time PTR-MS data presented here were collected on the NIST PTR-MS except for the real-time limonene data used in the case 1 modeling (described below) which were acquired with the UT PTR. GC data shown in the supplemental information was collected on the UT PTR. A more detailed discussion of VOC sampling features and procedures is presented in the supplemental information.

Photometer measurements. Photometer measurements were collected from the first floor of the NZERTF and used to calculate photolysis rates for NO3. Two integrating spheres were placed in the living room of the NZERTF, one on a southeast facing windowsill and one in the middle of the room towards the eastern wall. The integrating spheres were connected via fiber optic cables and a fiber optic bundle to a Mightex HRS-BD1-025 spectrometer that measures wavelengths from 350 nm to 850 nm. 

O3 injection experiments. During an O3 injection experiment, 0.06 L h-1 of ultra-high purity (UHP) O2 passed through an O3 generator. The 0.06 L h-1 flow containing roughly 100 ppmv of O3 was introduced in the HRV supply duct. The O3 injection lasted 30 minutes. O3 levels measured on the first floor from an O3 injection were generally between 60 ppbv and 80 ppbv. For reference, the 8-hour U.S. Environmental Protection Agency (EPA) National Ambient Air Quality Standard for O3 is 70 ppbv, so the O3 concentrations reached during the study were much higher than typically found indoors.14

Photochemical box modeling. Box-modeling simulations were performed with the Framework for 0-Dimensional Atmospheric chemistry Model (F0AM) in Matlab.24 Simulations used the complete Master Chemical Mechanism v3.3.1.25 Details of the box modeling are discussed in the supplemental information.

Results
Ventilation brings outdoor pollutants indoors. Levels of NO2* measured on the first floor of the NZERTF were generally within a factor of two of levels observed outdoors, with higher indoor values during midday (Figure S1).  In comparison, the levels of O3 and NO observed indoors were generally a factor of three or more lower than outdoors. Absolute levels (≈ 6 ppbv to 10 ppbv) and indoor-to-outdoor ratios of O3 (≈ 0.3) were typical of what has been observed from surveys of residences in the United States.14

Throughout the CASA campaign there were eight instances when outdoor NOx levels were at or exceeded 40 ppbv (ten times greater than the median NOx levels measured throughout the campaign) and we define these as NOx “plume” events (Figure 2). During the NOx plume events indoor levels of NOx reached similar levels as outdoors indicating mechanical ventilation can be an effective mechanism to transport outdoor pollutants indoors. More than half of the NOx plume events started at midnight and were sustained for several hours. We suspect these plumes originated from a non-traffic source while several other plumes starting around 6:00 a.m. likely originated from morning traffic. 

To understand the potential importance of NO3 formation, and the subsequent impacts on VOC oxidation chemistry, we highlight three different times during the CASA campaign that span different ranges of NO, NO2*, and O3 levels (red, orange, and blue shading in Figure 2).
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Figure 2. Time series of both outdoor (darker colors) and indoor (lighter colors) mixing ratios of NO, NO2*, and O3 measured throughout the CASA campaign. Controlled O3 injections into the NZERTF ventilation system are shown in orange. Time periods during the campaign where O3 and NOx time series were used to constrain box-modeling are shown by the red (case 1), orange (case 2), and blue (case 3) shaded regions.

We constrain a photochemical box model with NOx and O3 measurements and investigate the range of conditions indoors where NO3 chemistry could be important for VOC oxidation—as determined from modeled limonene loss rates. We use the chemistry that limonene is experiencing as a gauge to describe the chemistry that the larger population of VOCs indoors may be experiencing. 

First, we highlight how NO3 production is suppressed when both NO and NO2 enter the residence in high levels (case 1, red in Figure 2). We then evaluate if NO3 is being formed when NO is in low levels, but NO2* levels are elevated (case 2, orange in Figure 2). Finally, through an experiment where we inject O3 into the home during a NOx plume event (case 3, blue in Figure 2), we show that when levels of O3 and NOx-typical of a polluted urban environment—are present indoors NO3 can be formed that can affect VOC oxidation chemistry.

Case 1, NOx Plume Case: Transient plumes of NOx brought indoors do not effectively form NO3 because of O3 titration by NO. Shortly before 10:00 p.m. on March 21st a NOx plume passed over the NZERTF as demonstrated by the high levels (20 ppbv to30 ppbv) of NO measured outdoors. In the early morning hours of March 22nd, NO levels increased indoors from ventilation, leading to the titration of O3 observed simultaneously indoors (Figure 3).
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Figure 3. Results showing measured NO, NO2*, and O3 (left) with modeled NO3 radical mixing ratios and reactive losses (right) for Case 1. The gray shaded region shows the time when indoor O3 was completely titrated by NO.

The model used to produce the results shown in Figure 3 includes four primary NO3 gas-phase losses indoors: (1) reaction with NO, (2) reaction with VOCs, (3) reaction with NO2, and (4) photolysis. 

(1) NO acts as a sink for NO3 directly via NO3 + NO  2NO2 and indirectly through the titration of O3 (R3; NO + O3  NO2 + O2). O3 is needed to drive the production of NO3, but O3 + NO2 is a slow reaction (R1). This means NO3 production will be limited indoors when high levels of NO are introduced because O3 will be titrated thus substantially slowing the rate of NO3 formation.19 Arata, et al. (2018) also arrived at this conclusion when measuring NO3 production indoors while using a gas stove.

(2) Reaction with VOCs is a significant loss pathway for NO3. Because we included only limonene as a constraint in the model for Case 1, this case represents an upper bound on NO3 production because additional VOCs that would react with NO3 would decrease modeled NO3 levels. Including additional NO3 reactive VOCs in the model could produce results showing the VOC sink for NO3 is likely as important or more important than reaction with NO. We include a discussion in the supplemental information showing how VOC levels can affect NO3 production and how that subsequently impacts VOC oxidation (Figure S8). Case 1 modeling demonstrates, however, that VOC oxidation is at least as important a loss process for NO3 as loss to levels of NO and NO2 encountered just before and after the NOx plume event.

(3) Reaction with NO2, is nearly as important a sink for NO3 as reaction with limonene in case 1. The NO3 reaction with NO2 produces N2O5 in the gas-phase (reaction 4). 
NO3 (g) + NO2 (g) ⇄ N2O5 (g)									(R4)
N2O5 is a reservoir for NO3 because N2O5 exists in thermal equilibrium with NO3. Two important processes that occur indoors suggest the formation of N2O5 is an NO3 sink: air change and surface uptake. N2O5 does not have many fast gas-phase reactive losses. This means that NO3 that forms N2O5 can persist longer in this gas-phase reservoir to be lost from the indoor environment due to air change. Few studies have looked at the role of surface uptake of N2O5 indoors26, but N2O5 has been observed to undergo reactive uptake on surfaces forming nitric acid (HNO3) and ClNO2.26 Surface uptake depletes the NO3 reservoir represented by N2O5 because surface reactions are an irreversible loss of N2O5—and thus an irreversible loss of NO3.

(4) Indoor photolysis is not an important loss mechanism at the NZERTF. The actinic light flux, capable of inducing photodissociation of NO3 radicals, was measured throughout CASA by two spectrometers—one placed directly in front of the first floor living room southeastern window and the other placed in the middle of the living room floor. We determine the first-order photolysis rate constant, jNO3, via equation 1:
						         (Eqn. 1)
where σNO3 is the absorption cross section of NO3 (cm2)27, ΦNO3 is the photolysis quantum yield of NO328, and I is the measured actinic flux (photons cm-2 s-1).

The maximum jNO3 values measured at the window (jNO3 ≈ 0.1 s-1) are similar to what was measured from other studies.29,30 When comparing the jNO3 measured at the window to the jNO3 measured in the middle of the room we find that the photolysis rate of NO3 at the window is approximately 40 times higher at the window compared to away from the window in the middle of the day (Figure 4).
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[bookmark: _Hlk145082046]Figure 4. NO3 radical photolysis rate constants (jNO3) measured at both the first floor living room southeastern window of the NZERTF (black) and in the middle of the living room (red) during the month of March. (a) Diel profile of jNO3 measured from in front of the living room window. (b) Diel profile of jNO3 measured from the middle of the living room floor. Statistics were calculated for the data in panel c, and shading in panels a and b shows the interquartile range (IQR; 25th to 75th percentile range) and the solid lines show the median. In panels a and b the yellow highlighted regions show the daytime hours where solar radiation would be important and the red highlighted regions indicate the hours when indoor lighting was on. (c) Time series of the jNO3 measured during the month of March for both the window (black) and middle of living room (red) data. Instrument maintenance occurred on days with missing data. Note that the right axis in panel c has a maximum scale 100 times lower than the left axis. 

Even though photolysis rates are low for NO3, compared to the reactive loss rate with NO and VOCs, away from the window they are roughly 80 times faster (21 h-1) than loss from ACR (0.24 h-1) from the hours of 9:00 a.m. to 1:00 p.m., when light penetration into the measured room is at its peak. The indoor lighting in the NZERTF produces photolysis rates that are comparable to those from attenuated outdoor light in the middle of the day (Figure 4, panel b; 8:00 p.m. to 12:00 a.m.). When we constrain the NO3 photolysis rate constant to the measurements collected with the spectrometers we find that photolysis is a minor indoor sink for NO3 in the NZERTF (Figure 3; modeled NO3 loss).

One impact the NOx plume events likely have on indoor air chemistry is that NO introduced indoors controls the production and loss of primary gas-phase oxidants. For instance, when O3 reacts with olefinic compounds, hydroxyl radical (OH) can be formed (Reaction 5). Given the low light conditions indoors and lack of O3 photolysis, this ozonolysis source is a major formation pathway for OH indoors.
olefin + O3  R` + RO2 + OH								(R5)
The effect of NO titrating O3 is that VOC oxidation involving O3 stops, also inhibiting the formation of OH through Reaction 5. Thus, VOC oxidation from OH does not occur. Despite having high levels of NOx indoors, during NOx plume events, the model results demonstrate the NO3 radical was not efficiently produced because NO levels were high enough to titrate O3.

[bookmark: _Hlk145332071]Case 2, Background: Typical background levels of O3 and elevated levels of NO2* do not produce levels of NO3 that are relevant for VOC oxidation. Levels of NO measured indoors during CASA were frequently at or below the detection limit of the NOx instrument (< 400 pptv) while indoor levels of NO2 were around 1 ppbv to 2 ppbv and O3 indoor levels were around 10 ppbv; we define these trace gas levels as indicative of “background” conditions. Though NO2* and O3 concentrations are relatively low in the “background” case, any NO3 that is produced may preferentially react with VOCs because NO levels are very low. This suggests that under background conditions, oxidation of VOCs by NO3 could be important. To test the sensitivity of NO3 production to NO2* levels we also ran a simulation where we multiplied the NO2* mixing ratio by a factor of four (Figure S2). Although we constrained the modeling to 12 different VOCs, we focus on how the loss processes for limonene change, for simplicity, because it will react quickly with OH, O3, and NO3.

From the background box-modeling simulation we find that when NO2* concentrations are at measured and sensitivity case levels (i.e., [NO2*] x 4) air change is the dominant loss process for limonene (i.e., > 50 % of the total loss; Figure S2). In the sensitivity case ([NO2*] x 4), the highest amount of NO3 formed was 0.020 pptv (< 5 x 105 molecules cm-3) while in the base case maximum levels of 0.004 pptv (< 1 x 105 molecules cm-3) were produced. For the sensitivity case ([NO2*] x 4), modeled NO3 levels are still approximately two to three times lower than predicted by case 1 when O3 was not fully titrated. When NO2 is four times higher than measured (sensitivity case), the fraction of the reactive loss of limonene by NO3 radical oxidation increased, compared to the base case, from < 1 % to 4 %. This case 2 model demonstrates that in situations with typical indoor levels of O3 and slightly elevated levels of NO2, NO3 radical oxidation is likely a very minor VOC sink indoors compared to reactions with O3 and OH. 

Case 3, O3 injection experiment: NO3 oxidation can be a significant VOC loss process when both O3 and NO2 levels are high. In the morning, around 6:00 a.m., on April 11th a planned O3 injection experiment was performed at the same time an unplanned NOx plume event was passing by the NZERTF and NOx was infiltrating indoors (Figure 5).

[bookmark: _Hlk127529787]Figure 5. Measured (solid traces) and modeled (dotted lines) gas-phase species during the April 11th O3 injection experiment. The 30-minute period where O3 was injected into the NZERTF is shown by the gray shaded area on each plot.

This unplanned experiment allowed us to examine how VOC oxidation chemistry would be perturbed in the NZERTF when levels of NO2 and O3 are elevated to those of a polluted outdoor urban environment. For a 30-minute period (shown by the grayed shaded region in Figure 5) O3 was injected into the ventilation system of the residence resulting in levels that are much higher (≈ 70 ppbv) than are generally encountered in indoor environments. During this time NO and limonene were consumed by reactions while several species including NO2*, N2O5, and ClNO2 were produced. The production of N2O5 and ClNO2 provide observational evidence for the presence of NO3. N2O5 is produced from NO2 + NO3 (Reaction 4) and ClNO2 can be produced through the auto-ionization of gaseous N2O5 that absorbs surfaces (Reactions 6 through 8).26,31
N2O5 (g) ⇄ N2O5 (surface)										(R6)
N2O5 (surface) ⇄ NO2+NO3- (surface) 								(R7)
NO2+NO3- (surface) + HCl (g or surface)  ClNO2 (g) + HNO3 (surface)				(R8)
Reactions 6 through 8 show a surface-mediated pathway for loss of N2O5, but other reaction pathways involving bulk and surface-bound water can also produce ClNO2 and HNO3.32,33

Modeled NO3 levels during the injection peaked at 0.3 pptv (8 x 106 molecules cm-3) corresponding to a decrease in measured limonene concentrations of 1 ppbv and an increase in signals from various potential monoterpene nitrate species (e.g., C10H17NO5, C10H15NO5, C9H17NO5, and C8H15NO5). For instance, the elemental formula C10H17NO5 corresponds to monoterpene peroxy nitrate isomers formed from addition of NO3 to a limonene carbon-carbon double bond (Reactions 9 through 10).34
C10H16 + NO3  C10H16NO3(O2)								(R9)
C10H16NO3(O2) + HO2  C10H17NO5 + O2							(R10)

[bookmark: _Hlk145253069]Beginning at the time of the O3 injection, and lasting for the next three hours, chemical reaction is the primary modeled loss mechanism for limonene—outcompeting loss via air change. From 6:00 a.m. to 9:00 a.m., 62% of the reactive loss of limonene was from O3 oxidation while reaction with NO3 represented 10% of the total loss of limonene and 16% of the reactive loss. On the other hand, reaction with OH accounted for 14% and 22% of the total and reactive loss of limonene, respectively. Despite having relatively favorable conditions for formation conditions (i.e., high O3, elevated levels of NO2, and little NO), NO3 is not produced fast enough during this experiment to be the dominant route of oxidative loss for limonene. Although we saw limited evidence for organic nitrate formation from NO3 initiated VOC oxidation chemistry here, we note that Price, et al. (2021) observed organic nitrate VOCs in a museum that correlated with calculated NO335 which suggests that NO3 chemistry could be important in different indoor environments. . Clear from modeling of the O3 injection experiment is that with high levels of O3 and NOx indoors, NO3 oxidation can produce a measurable but not a dominant impact on VOC oxidation chemistry.

Comparison of “background” and “O3 injection” gas-phase VOC reactivity sink.
In the case study analyses presented above we used limonene as the surrogate reactive VOC in our modeling to evaluate the importance of NO3 chemistry on VOC oxidation because it was present in the NZERTF and because it is highly reactive to OH, O3, and NO3. In reality many VOCs are present in the NZERTF18 with varying levels of reactivity towards OH, O3, and NO3. We use the concentrations of 34 VOC species, quantified from the PTR-MS and QC-TILDAS measurements, to evaluate how the VOC reactivity sink changed with the different combinations of VOC levels and oxidant concentrations for the background and O3 injection cases discussed above. We define this VOC population as “∑VOC34” to differentiate our analyses from previous analyses of total reactive carbon. The compounds chosen here are a subset of the true VOC population but contain many VOCs that have made important contributions to previous estimates of reactive carbon.36,37,38 Additionally, the VOC levels quantified here are similar to values reported from HomeChem38 despite only quantifying a subset of the true VOC population.

Following the method of Price, et al. (2019),37 we evaluate the combined effect of VOC and oxidant levels on indoor chemistry by calculating the gas-phase reactivity sink (RS).
RSj = ∑ kox+VOCi [VOC]i [oxidant]j							(Eqn. 2)
Equation 2 defines the reactivity sink as the product of the second-order rate constant (cm3 molecules-1 s-1) for reaction of a given VOC with a given oxidant, the VOC concentration (molecules cm-3), and the oxidant concentration (molecules cm-3) summed across ∑VOC34. For this study, we focus only on OH, O3, and NO3 as VOC oxidants in the gas-phase. Because of the varying rates that different VOCs will react with different oxidants, the reactivity sink describes the importance of different oxidative processes when oxidant levels are different as in the case studies discussed earlier. To compare to the reactivity sink we also calculate the ventilation sink (VS)—defined as the first-order loss rate of a VOC to air change (equation 3): 
VS = ∑ kACR [VOC]i									(Eqn. 3)
where kACR is the ACR measured from decay of SF6 in the NZERTF (0.24 h-1). We note that the level of VOC reactivity can change dramatically depending on indoor activities like cooking and cleaning36 as well as the presence of human occupants39.

Figure 6 compares the reactivity and ventilation sinks for ∑VOC34 measured during the “background” case (Case 2) and “O3 injection” case (Case 3).


Figure 6. Bar plots show the absolute values of the reactivity and ventilation sinks for the “background” case (a) and the “O3 injection” case (b). The colored bars show the absolute values of the individual oxidant contributions (NO3 is green, OH is orange, and O3 is blue) to the reactivity sink for the ∑VOC34 population.

Even though the air change rate in the NZERTF is low relative to most residential buildings, during “background” conditions VOCs are typically mostly lost through ventilation (≈ 88 %). Levels of predicted OH and measured O3 are similar to previously published literature from residential buildings.40,29,41 This implies that in buildings with higher ACRs than the NZERTF (0.24 h-1) gas-phase oxidation chemistry would be even less important as a loss mechanism than ventilation. 36, 37 Consistent with the observations from the case 2 analysis, NO3 oxidation of VOCs likely does not occur appreciably when indoor O3 and NO2 levels are typical.

The reactivity sink for ∑VOC34 increases significantly when comparing the conditions from the O3 injection to background conditions. During the O3 injection experiment, indoor O3 levels reached approximately 70 ppbv (much higher than typical indoor levels) that produced OH levels similar to what would be expected outdoor daytime concentrations (≈ 1 x 106 molecules cm-3). During the O3 injection experiment, most of the oxidative loss of VOCs was from reaction with O3 (76 %) with some contributions from OH (17 %) and NO3 (7 %). Because the levels of O3 measured on the first floor during the O3 injection experiment are several times higher than is typical for most residential buildings, the ∑VOC34 sink analysis from this experiment describes a likely upper bound on oxidative fate. We expect VOC loss in the NZERTF to be dominated by air change under most conditions and the role of NO3 radical oxidation to be minimal, even in conditions typical of a polluted urban atmosphere.

Discussion

Because of the high levels of NOx observed indoors during CASA we investigated a range of conditions where NO3 could potentially be formed in levels significant enough to impact VOC oxidation chemistry but observed limited modeled production of NO3 in the NZERTF. Two major processes involving NO limited the production of NO3 and its subsequent ability to participate in oxidation chemistry: (1) the titration of O3 indoors by NO and (2) the reaction of NO with NO3. In the specific case of the NOx plume events high levels of both NO and NO2 made it into the building. Complete titration of O3 was frequently observed during the NOx plume events and prevented the formation of NO3 as has similarly been observed during the operation of gas stoves.17, 42

[bookmark: _Hlk145251540]Importantly, we find that under most conditions in the NZERTF, air change is going to be the dominant loss process for most of the VOCs we have considered. When VOC oxidation occurs, it is mostly from reactions with O3 with some influence of OH and minimal NO3. A unique feature of the NZERTF is that it is unfurnished and unoccupied, so that significant sources of real-world VOC emissions are likely absent. For instance, oxidation of skin oils by O3 produces reactive semi-volatile VOCs that could considerably increase the reactivity sink if the NZERTF was occupied.43,44 In the context of most residential buildings, the NZERTF represents a reasonable lower end of the range of ACRs encountered in residential buildings in the U.S. and so most other buildings might expect an even smaller role of gas-phase oxidative fate of VOCs. For instance, Price (2019) found that ventilation was the dominant VOC sink, under steady-state conditions, with oxidation representing < 0.5 % of the total VOC loss measured from an art museum with an ACR of 0.7 h-1. We emphasize that while ventilation is the main loss mechanism for VOCs in the NZERTF, reaction in the gas-phase or through surface-mediated processes will dominate for oxidants like O3.45

For simplicity, we neglected any effects of deposition or surface partitioning in our evaluation of VOC fates. Surface partitioning for VOCs is a process that can be more important than ventilation in regulating indoor gas-phase VOC levels.46 For highly reactive short-lived species like OH and NO3 their loss will be driven by gas-phase reactions with negligible surface and ventilation losses.47,43 Although we neglect the treatment of VOC surface losses and partitioning here we suggest the relative importance VOC loss from ventilation and oxidation is informative.

Implications
[bookmark: _Hlk145326576]Only a small fraction of residential buildings in the United States currently use mechanical ventilation, but it is a technology that likely will grow in use.10,48 The way a mechanical ventilation system is operated can determine how effectively outdoor pollution can infiltrate indoors.49 For instance, if a residence that uses mechanical ventilation intercepts a wildfire smoke plume, one pollution infiltration migration strategy is to simply stop the mechanical ventilation.50 However, more likely scenarios are “invisible” events, like these NOx plumes where efficient ingression of pollutants can occur unknown to the occupants. Additionally, mechanical ventilation can be operated intermittently depending on operator preference to conserve energy during peak power use.51 This may cause different penetration of O3 and NO2 based on what time of day the mechanical ventilation occurs. For example, ventilating only at night could bring in more NO2 and less O3 whereas ventilating during the day would bring in more O3 and less NO2.

As energy efficiency continues to be prioritized in the development of new and existing buildings, mechanical ventilation will act as an important control for improving indoor air quality. We learned through modeling that VOC loss is likely still dominated by ventilation compared to oxidation in the NZERTF, which is a relatively airtight building. Although the population of studies evaluating the importance of NO3 chemistry indoors is small18,17,44, this study investigated the “high pollution and low ventilation” scenario for NO3 relevant chemistry and found that this chemistry is likely only relevant under unique circumstances. Few studies have attempted to measure NO3 indoors and thus future direct measurements of NO3 would help to further understand the prevalence of NO3 oxidation chemistry indoors. As well, we demonstrate efficient transport of outdoor pollution indoors through the mechanical ventilation, and thus recommend future research on the intersection of net-zero energy building technologies and the outdoor-to-indoor transport of pollution.

Supporting Information
Additional experimental details, materials, and methods, including supplementary analyses, calibration procedures, and box model simulation configurations are presented in the supplemental information.
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