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Introduction

The infiltration of outdoor pollution combined with a range of indoor sources emitting volatile organic compounds (VOCs) and particulate matter (PM) tends to lead to a lower air quality indoors than outdoors. [START_REF]The total exposure assessment methodology (TEAM) study: Summary and analysis[END_REF] According to the World Health Organization (WHO) [START_REF] Who | Burden of Disease from Household Air Pollution for[END_REF] 3.8 million premature deaths worldwide were attributable to household air pollution in 2016, accounting for 7.7% of the global mortality. The design of effective strategies aiming at reducing personal exposure to harmful species requires a good assessment of pollutant concentrations in the indoor environment, which in turn requires a good understanding of their sources, their sinks and all the physicochemical processes leading to their transformations. Among atmospheric pollutants, PM has been classified as carcinogenic for humans, [START_REF] Loomis | The carcinogenicity of outdoor air pollution[END_REF] and several countries have set air quality standards on ambient mass concentrations of PM with an aerodynamic diameter below 10 µm (PM10) or 2.5 µm (PM2.5, also known as fine particles). PM of even smaller sizes, e.g. with a diameter lower than 1 µm (PM1), is of particular interest since it deposits more easily in the lower respiratory tract where it can penetrate into the circulatory system, impacting other organs. [START_REF] Lanzinger | Associations between ultrafine and fine particles and mortality in five central European cities -Results from the UFIREG study[END_REF][START_REF] Oberdörster | Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine Particles[END_REF] Furthermore, PM1 are observed at high number concentrations compared to larger particles, leading to large surface areas that can carry adsorbed organic pollutants to the circulatory system. [START_REF] Pandis | Urban particulate matter pollution: a tale of five cities[END_REF] To better understand the sources and properties of PM on indoor air, previous studies have been generally conducted either in simplified environments such as experimental chambers [START_REF] Destaillats | Indoor Secondary Pollutants from Household Product Emissions in the Presence of Ozone: A Bench-Scale Chamber Study[END_REF][START_REF] Rai | Ozone reaction with clothing and its initiated particle generation in an environmental chamber[END_REF][START_REF] Rai | Ozone reaction with clothing and its initiated VOC emissions in an environmental chamber[END_REF][START_REF] Waring | Indoor Secondary Organic Aerosol Formation Initiated from Reactions between Ozone and Surface-Sorbed d-Limonene[END_REF][START_REF] Wang | Ozone-Initiated Particle Formation, Particle Aging, and Precursors in a Laser Printer[END_REF][START_REF] Fan | Co-formation of hydroperoxides and ultrafine particles during the reactions of ozone with a complex VOC mixture under simulated indoor conditions[END_REF] or proxy rooms, [START_REF] Harb | The 40m3 Innovative experimental Room for INdoor Air studies (IRINA): Development and validations[END_REF] or in real buildings. In the former case, the focus is mainly on the formation of secondary pollutants while the latter is aiming at assessing the anthropogenic influence by investigating the impact of specific activities (such as cooking, candle combustion, use of cleaning products, etc.) on particle nucleation and growth, [START_REF] Rossignol | The use of a housecleaning product in an indoor environment leading to oxygenated polar compounds and SOA formation: Gas and particulate phase chemical characterization[END_REF][START_REF] Wierzbicka | Quantification of differences between occupancy and total monitoring periods for better assessment of exposure to particles in indoor environments[END_REF][START_REF] Hovorka | New particle formation and condensational growth in a large indoor space[END_REF][START_REF] Xiang | Electrostatic Precipitators, and Particle Number Concentrations: Correlations Observed in a Real Office during Working Hours[END_REF][START_REF] Morawska | Ultrafine Particles in Indoor Air of a School: Possible Role of Secondary Organic Aerosols[END_REF][START_REF] Rim | Size-Resolved Source Emission Rates of Indoor Ultrafine Particles Considering Coagulation[END_REF][START_REF] Patel | Indoor particulate matter during HOMEChem: Concentrations, size distributions, and exposures[END_REF] or by focusing on the possible transformations and origin of indoor particles under occupied conditions. [START_REF] Patel | Indoor particulate matter during HOMEChem: Concentrations, size distributions, and exposures[END_REF][START_REF] Polidori | Fine organic particulate matter dominates indoorgenerated PM2.5 in RIOPA homes[END_REF][START_REF] Hodas | Shifts in the Gas-Particle Partitioning of Ambient Organics with Transport into the Indoor Environment[END_REF][START_REF] Farmer | Overview of HOMEChem: House Observations of Microbial and Environmental Chemistry[END_REF][START_REF] Johnson | Real-time transformation of outdoor aerosol components upon transport indoors measured with aerosol mass spectrometry[END_REF][START_REF] Lunderberg | Surface emissions modulate indoor SVOC concentrations through volatility-dependent partitioning[END_REF] Interestingly, only a few studies focus on the investigation of particle origin under unoccupied conditions in real rooms, therefore there is often a lack of understanding of the building influence itself. [START_REF] Farmer | Overview of HOMEChem: House Observations of Microbial and Environmental Chemistry[END_REF][START_REF] Kopperud | Outdoor Versus Indoor Contributions to Indoor Particulate Matter (PM) Determined by Mass Balance Methods[END_REF][START_REF] Talbot | Transformations of Aerosol Particles from an Outdoor to Indoor Environment[END_REF][START_REF] Lunden | The transformation of outdoor ammonium nitrate aerosols in the indoor environment[END_REF][START_REF] Avery | Seasonal variation in aerosol composition and concentration upon transport from the outdoor to indoor environment[END_REF] Indoor concentrations of particles are typically driven by several processes acting either as sources or sinks as expressed in the mass balance model (Eq. 1).
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where Cin and Cout are the indoor and outdoor concentrations (μg m -3 ), respectively, V the volume of the test room (m 3 ), α the air exchange rate (h -1 ), P the penetration factor (dimensionless), K the deposition rate (h -1 ), R the resuspension rate (μg h -1 ) and S the net results of additional processes acting as sources or sinks (μg h -1 ). The latter can be due to either direct emissions from human activities such as cooking or cleaning, as well as physicochemical transformations of existing particles such as condensation, evaporation and chemical reactivity.

The first term on the right-hand side of Equation 1 can be considered as a source of particles originating from outdoor due to air exchange. The second term represents an indoor sink due to air exchange and deposition. The third term, resuspension, acts as a source mainly for particles larger than 1 µm. For smaller particles the resuspension is likely negligible because they are more difficult to detach from the floor due to relatively higher adhesive forces compared to removal forces. [START_REF] Qian | Resuspension of Dust Particles in a Chamber and Associated Environmental Factors[END_REF][START_REF] Rosati | Resuspension of particulate matter from carpet due to human activity[END_REF][START_REF] Thatcher | Deposition, resuspension, and penetration of particles within a residence[END_REF] The last term, S, aggregates additional sources or sinks due to indoor activities as mentioned above. The accuracy associated to indoor budgets of PMx (x = 1, 2.5, 10) derived from Equation 1 depends on how well each term can be characterized, which is extremely challenging given their dependence on the particle size and their co-variability. [START_REF] Diapouli | Estimating the concentration of indoor particles of outdoor origin: A review[END_REF] The mass balance equation (MBE) has been previously used in various studies to (i) estimate indoor concentrations of particles based on observed outdoor concentrations, (ii) quantify some parameters such as particle penetration, deposition, and resuspension rates, [START_REF] Talbot | Transformations of Aerosol Particles from an Outdoor to Indoor Environment[END_REF][START_REF] Qian | Resuspension of Dust Particles in a Chamber and Associated Environmental Factors[END_REF][START_REF] Rosati | Resuspension of particulate matter from carpet due to human activity[END_REF][START_REF] Thatcher | Deposition, resuspension, and penetration of particles within a residence[END_REF] and (iii) estimate the strength of indoor particle sources resulting from human activities. [START_REF] Chan | Quantifying fine particle emission events from timeresolved measurements: Method description and application to 18 California low-income apartments[END_REF][START_REF] Abt | Relative Contribution of Outdoor and Indoor Particle Sources to Indoor Concentrations[END_REF][START_REF] Abt | Characterization of indoor particle sources: A study conducted in the metropolitan Boston area[END_REF][START_REF] Rim | Size-Resolved Source Emission Rates of Indoor Ultrafine Particles Considering Coagulation[END_REF][START_REF] Waring | Secondary organic aerosol in residences: predicting its fraction of fine particle mass and determinants of formation strength[END_REF][START_REF] Polidori | Fine organic particulate matter dominates indoorgenerated PM2.5 in RIOPA homes[END_REF][START_REF] Riley | Indoor Particulate Matter of Outdoor Origin: Importance of Size-Dependent Removal Mechanisms[END_REF][START_REF] Chithra | Indoor air quality investigations in a naturally ventilated school building located close to an urban roadway in Chennai, India[END_REF][START_REF] Wierzbicka | Quantification of differences between occupancy and total monitoring periods for better assessment of exposure to particles in indoor environments[END_REF] In most of these studies however, two important simplifications are usually made: (i) particles are inert species and their number concentration and size does not change and (ii) particle resuspension is negligible under unoccupied conditions.

However, the size distribution of outdoor particles being transferred indoors could be impacted by volatilization, condensation or coagulation processes due to a change in environmental conditions. Interestingly, Abt et al., [START_REF] Abt | Relative Contribution of Outdoor and Indoor Particle Sources to Indoor Concentrations[END_REF] performed measurements of continuous particle size and mass concentration indoors and outdoors in four nonsmoking households located in the metropolitan Boston area during winter and summer. The authors used the MBE to determine the source emission and infiltration rates for specific particle sizes, as well as the contribution of outdoor and indoor sources to indoor particle levels. The results showed that particles in the size range 0.2 -10.0 μm can be estimated within a median relative error of 20-50% using outdoor concentrations and time-activity data, while for smaller particles (0.02 -0.2 μm) the relative error increases to 107%. This underestimation of the model may be related to the large variability in indoor concentrations of smaller particles due to the contribution of specific activities to indoor particle levels (cooking). In addition, transformations of particles penetrating indoors have been observed in some studies. [START_REF] Kopperud | Outdoor Versus Indoor Contributions to Indoor Particulate Matter (PM) Determined by Mass Balance Methods[END_REF][START_REF] Rim | Size-Resolved Source Emission Rates of Indoor Ultrafine Particles Considering Coagulation[END_REF][START_REF] Polidori | Fine organic particulate matter dominates indoorgenerated PM2.5 in RIOPA homes[END_REF][START_REF] Hodas | Shifts in the Gas-Particle Partitioning of Ambient Organics with Transport into the Indoor Environment[END_REF][START_REF] Farmer | Analytical Challenges and Opportunities For Indoor Air Chemistry Field Studies[END_REF][START_REF] Johnson | Real-time transformation of outdoor aerosol components upon transport indoors measured with aerosol mass spectrometry[END_REF][START_REF] Lunden | The transformation of outdoor ammonium nitrate aerosols in the indoor environment[END_REF] For example Polidori et al., 2006 59 showed that 71-76% of the organic carbon in PM2.5 is most likely formed or emitted indoors rather than penetrating from outdoors. Hodas and Turpin (2014) [START_REF] Hodas | Shifts in the Gas-Particle Partitioning of Ambient Organics with Transport into the Indoor Environment[END_REF] estimated that changes in the organic aerosol mass indoors due to shifts in the gas-to-particle partitioning can reach 11-27%, while Rim et al. (2016) indicated that ignoring coagulation for the prediction of ultrafine particles clearly leads to an underestimation of indoor concentrations. These observations challenge the assumption of particles being inert species when the MBE is used.

Chan et al. [START_REF] Chan | Quantifying fine particle emission events from timeresolved measurements: Method description and application to 18 California low-income apartments[END_REF] and Chithra and Nagendra 68 also performed measurements of particulate matter indoors and outdoors (PM2.5 in homes, and PM1, PM2.5, PM10 in classrooms respectively), where human activities took place. They both used indoor models based on MBE in order to characterize indoor particles and/or source strengths of known indoor activities and subsequently predict the indoor concentrations. However, assumptions or limitations such as excluding processes of fine particles in the model (i.e. particle transformations and resuspension) were made. The authors found a good agreement between measured and estimated PM2.5 concentrations indoors when the human activities are well identified and characterized. However, the latter showed thatPM1 and PM10 concentrations can be wrongly estimated by not including reactivity and resuspension respectively in the model. From the above discussion, it is clear that common assumptions in the use of the MBE, i.e. particles being inert species and particle resuspension being negligible, need to be carefully reconsidered.

The objective of this work is to investigate whether the mass balance model described in 4). Subsequently, we investigate whether this approach can highlight physical and chemical processes occurring in the room, and therefore if the equation can be applied directly in more complex situations, as usually assumed.

Materials and methods

Building and campaign description

The measurement facility is located at the Institute Mines Telecom Lille Douai, on the Douai Campus, in northern France. This facility is a wooden building, a so-called energy-efficient building with the BBC label ("Bâtiment Basse Consommation"), which according to the French thermal regulation RT2012 has a primary energy consumption of maximum 50 kWh of oil equivalent per m² per year on average. [START_REF]Les économies d'énergie dans le bâtiment[END_REF] This type of building is representative of recent constructions aiming at significantly reducing the carbon footprint from heating and hot water production, and therefore represents a trend for future constructions. [START_REF] Weschler | Indoor Chemistry[END_REF] The building is composed of two similar rooms of approximately 12 m 2 of surface area and 2.4 m height, leading to a surface to volume ratio of 0.4 m 2 /m 3 . Only one room (hereafter called "test room") was used to perform all the characterization experiments (quantification of the parameters shown in Eq. 1)

and the simultaneous indoor/outdoor particle measurements, with no air exchange between the two rooms. The test room is equipped with a dual-flow wall unit with heat recovery (KWL EC 60 Pro, HELIOS) providing an air flow rate of 17 m 3 h -1 . This system includes a G4 filter for the efficient removal of coarse particles. Ventilation was kept on during the whole measurement period. In order to achieve the standards of energy-efficient buildings, the building is equipped with thermally efficient windows (triple-glazed with Argon filling and an aluminum frame) and the walls and roof are composed of wood, and insulated using wood wool and fibers. The floor is covered by linoleum on top of wood wool and an OSB board. The external door is made of 33mm thick aluminum profiles and a triple-glazed window. Given the negligible air leakage, each term of the MBE can be accurately characterized.

The experiments -including the characterization of P, α and K from Eq. 1 and indoor/outdoor measurements of size-resolved particles -were conducted over a long time period from June 2016 to October 2017 to encompass a complete 1-year weather cycle. The test room was kept unoccupied and unfurnished during the experiments to minimize resuspension and emissions.

Particulate matter measurements were performed using two optical particle counters (OPC, AEROTRAK 8220, Table 1), sampling air at a flow rate of 2.8 L/min. Particle number concentrations were acquired for five different size bins (0.3-0.5, 0.5-1.0, 1.0-3.0, 3.0-5.0, 5.0-10.0 µm) at a time resolution of 10 s. A larger size bin (for particles larger than 10 μm) has been discarded due to very low counts. The two OPCs were cross-calibrated before, during, and after the measurement campaign (see section 1 in the Supplementary Information). Collocated measurements from the two OPC indicate deviations lower than 14% for all size bins. For indoor/outdoor measurement periods, the two OPC were used simultaneously to record sizeresolved Cin and Cout to test equation 1. The spatial homogeneity of sized-resolved PM number concentrations within the test room was investigated to ensure that local measurements performed at the center of the test room would be representative of its whole volume, which is a prerequisite to constrain Eq. 1 with local measurements of Cin. It was assessed by keeping one OPC at a fixed reference point (#1 in Figure 1) and moving the other to 13 different locations within the test room (#2-13 in Figure 1).

Each location was sampled for approximately 3 hours allowing particle counts to be intercompared for each pair. The relative difference was less than 12% across the five different size ranges, which is similar to differences observed when the two OPC performed collocated measurements (14%), thus confirming a homogeneous PM distribution in the test room. Detailed results are presented in section 2 of the SI. Measurements performed at heights of 0.60 and 1.30 m are in black and red, respectively.

Determination of the Mass Balance Equation (MBE) parameters

The air exchange rate was measured according to the ASTM E741-00 method [START_REF]Standard Test Method for Determining Air Change in a Single Zone by Means of a Tracer Gas Dilution[END_REF] using CO2 (Air Liquide) as a tracer. Approximately 2,500 ppm (at the peak) of CO2 was injected in the test room and fast mixing was ensured using a fan during injection. CO2 was measured using a Testo 480 probe (Table 1) at a time resolution of 20 seconds during the subsequent 15 hours, which was long enough to reach its outdoor background concentration. The air exchange rate α (h -1 ) was derived from the CO2 temporal decay, using the slope of a linear regression between the natural logarithm of indoor CO2 and time as shown in Equation 2:

[ - , ] = -• + ln [ 0 - , ] {2} 
where CCO2 and CCO2,bkg are the indoor air and background CO2 mixing ratios (ppm), respectively, α the air exchange rate (h -1 ), and t the time (h).

The penetration factor (P) refers to the fraction of particles in the ambient air that passes through the building shell and ventilation systems. [START_REF] Long | Using Time-and Size-Resolved Particulate Data To Quantify Indoor Penetration and Deposition Behavior[END_REF][START_REF] Chen | Review of relationship between indoor and outdoor particles: I/O ratio, infiltration factor and penetration factor[END_REF][START_REF] Liu | Particle Penetration Through Building Cracks[END_REF] Since the chosen building is tightly sealed to meet energy-efficient standards, particles found indoor are assumed to be transported solely through the ventilation system. In this study, particle concentrations measured simultaneously at the entrance (i.e. outdoor) and exit (i.e. indoor) of the ventilation system were used in Equation 3to quantify the penetration factor for each particle size bin.
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where Cin, vent and Cout are the particle number concentrations (# m -3 ) exiting the ventilation system indoors and outdoors, respectively. The initial 30 minutes of measurements were discarded to prevent contamination from resuspension while setting the instruments. It is worth noting that another existing (indirect) approach to determine penetration factors relies on using the MBE while assuming no direct emissions of particles indoors. [START_REF] Chen | Review of relationship between indoor and outdoor particles: I/O ratio, infiltration factor and penetration factor[END_REF] However a major caveat from this method is that it prevents any truly independent test of the MBE. Furthermore, uncertainties from all other constrained parameters would propagate into the derived penetration factor.

Measurements of penetration factors were conducted twice for a duration of minimum 12 hours each, at the beginning (October 2016) and toward the end (June 2017) of the measurement campaign (see Supplementary Information, Table S2). For a given measurement period and despite sometimes large variations of the average outdoor concentrations (from 9 to 85% depending on the size fraction, likely linked to changing ambient conditions of temperature, humidity as well as particle composition, mixing state and phase), the penetration factor stays quite stable without being affected by the outdoor situation (standard deviation less than 13%, except for the larger size bin). When comparing the two periods, additional clogging of the air filter as well as lower number concentrations led to higher relative standard deviations for the larger size fractions. The size-dependent uncertainty associated to this parameter (variability due to changes in ambient conditions and clogging of the air filters) was propagated during the calculation of relative imbalance values. It is worth noting however that the penetration factor showed stability over time for the smaller size bins corresponding to PM1, which nonetheless exhibit the strongest relative imbalance.

Size-resolved deposition rates (K) were derived after triggering a sharp increase in aerosol concentrations (e.g. by vacuuming) and following its temporal decay, using the slopes of a linear regression between the natural logarithm of particle number concentrations and time, subtracting the air exchange rate (Equation 4). 37
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where Cin and Cin,bkg are the particle indoor and background concentrations (# m -3 ), respectively, α the air exchange rate (h -1 ) and t the time (h). Given the complexity of generating large amounts of particles within the whole volume of the room in all the relevant size bins, several criteria were taken into consideration to ensure an accurate quantification of size-resolved PM deposition rates: (i) a peak of particle number concentration during resuspension at least twice higher than the background concentration for each size bin; (ii) a steady background, with a peak-to-peak background fluctuation lower than 10% of the concentration enhancement during resuspension for each size bin; (iii) a determination coefficient (r 2 ) higher than 0.9 for the linear regression analysis (Eq. 4). Details on the deposition rate experiments are given in the SI.

Size-resolved investigation of the aerosol budget indoors

Simultaneous indoor and outdoor particle measurements were conducted on 24-hour periods which were repeated 25 times during the campaign to investigate the aerosol budget indoors, that is to say to characterize both sources and sinks and investigate mass closure under steady state conditions. The dataset was screened for short-time windows (at least 1.5 h), characterized by steady outdoor particle concentrations. A time window was considered suitable when the relative standard deviation (RSD) of the measurements was less than 35%. This threshold was chosen to ensure a statistically significant number of time windows for a robust analysis. Calculations using other RSD thresholds (< 35%) do not present improved results (Figure S3). Those short-time windows allowed the application of the MBE, which otherwise would require to integrate the measurements over significantly longer time-scales (days, weeks) to use the steady state assumption. [START_REF] Sun | Evaluation of a steady-state method to estimate indoor PM2.5 concentration of outdoor origin[END_REF] Overall, 23 short-time windows (on 17 different days) were identified. The parameter Cout was derived by averaging the outdoor concentration over the time windows while Cin was averaged from the subsequent half hour (due to outdoor-indoor lag time discussed in section 4 of the SI). All the other parameters required in Equation 1 were taken from the characterization results described previously (α, P, K) and the geometry of the room (volume V).

Negligible resuspension (unoccupied room) and no direct emission or formation (empty room, no human activities) were assumed for the MBE calculation as previously discussed.

Results

Size-resolved assessment of the MBE parameters

The average air exchange rate in the test room was 0.54 ± 0.05 h -1 (out of 9 experiments using CO2 time decays, see an example in section 5 of the SI). The values reported in the literature for different types of buildings typically range from 0.12-3.5 h -1 under mechanically-ventilated conditions, reaching up to 7.9 h -1 when air exchange is forced by the opening of windows and doors [START_REF] Farmer | Overview of HOMEChem: House Observations of Microbial and Environmental Chemistry[END_REF][START_REF] You | Measurement of air exchange rates in different indoor environments using continuous CO2 sensors[END_REF][START_REF] Guo | Impact of ventilation scenario on air exchange rates and on indoor particle number concentrations in an air-conditioned classroom[END_REF] . Our results show that air exchange is reasonably low, which is a feature of energyefficient buildings where heat loss is also minimized through reduced air exchange. In addition, the air exchange rate calculated from the ventilation unit flow rate of 17 m 3 h -1 (value provided by the manufacturer) and the room volume of 29.2 m 3 leads to a value of 0.58 h -1 (see section 5 of the SI). This value is in good agreement and falls within the uncertainties of the measured AER of 0.54 ± 0.05 h -1 . This excellent agreement (i) confirms the air flow rate of the ventilation unit is stable over time, and (ii) supports our assumption to neglect air leakages.

Results for the penetration factor are shown in Figure 2, depicting a significant decrease with increasing size (> 0.8 for PM1 down to less than 0.2 for the coarse fraction). This trend, in agreement with the literature, [START_REF] Thatcher | A Concentration Rebound Method For Measuring Particle Penetration And Deposition In The Indoor Environment[END_REF][START_REF] Long | Using Time-and Size-Resolved Particulate Data To Quantify Indoor Penetration and Deposition Behavior[END_REF][START_REF] Chao | Penetration coefficient and deposition rate as a function of particle size in non-smoking naturally ventilated residences[END_REF][START_REF] Tran | Indoor particle dynamics in schools: Determination of air exchange rate, size-resolved particle deposition rate and penetration factor in real-life conditions[END_REF][START_REF] Stephens | Penetration of ambient submicron particles into single-family residences and associations with building characteristics[END_REF] is expected since penetration depends on the particle size, with fine particles (< 2.5 µm) typically penetrating more easily than coarse (> 2.5 µm) ones.

Other parameters influencing penetration factors are the chemical composition, phase state and mixing state of particles, [START_REF] Long | Using Time-and Size-Resolved Particulate Data To Quantify Indoor Penetration and Deposition Behavior[END_REF][START_REF] Chen | Review of relationship between indoor and outdoor particles: I/O ratio, infiltration factor and penetration factor[END_REF][START_REF] Liu | Particle Penetration Through Building Cracks[END_REF] as well as the nature, thickness and shape of the filter, which may explain some of the variability observed in the literature for each size bin (grey area in Figure 2). Error bars represent ± 1σ (n = 235). The shaded area represents the range of values obtained in previous studies. [START_REF] Chen | Review of relationship between indoor and outdoor particles: I/O ratio, infiltration factor and penetration factor[END_REF] Deposition rates were found to range from 0.2 h -1 up to 1.2 h -1 , as shown in Figure 3 and section 6 of the SI. Concentration levels reached upper values of 2.0 × 10 8 and 2.9 × 10 5 particles m -3 for the smallest and largest size bins, respectively and each experiment lasted for 5-6 hours. The lowest deposition rate was observed for 1.0-3.0 µm particles, and values reported for the different size bin in this study are in agreement with previously reported deposition rates, although large variability exists in the literature depending on room occupancy, air flow, aerosol type and building materials. [START_REF] Tran | Indoor particle dynamics in schools: Determination of air exchange rate, size-resolved particle deposition rate and penetration factor in real-life conditions[END_REF][START_REF] Abt | Relative Contribution of Outdoor and Indoor Particle Sources to Indoor Concentrations[END_REF] From Figure 3, and considering an air exchange rate of 0.5 h -1 , deposition represents approximately one third, half and the total sink for particles smaller than 3.0 µm, ranging from 3.0-5.0 µm, and larger than 5 µm, respectively. in previous studies. [START_REF] Chao | Penetration coefficient and deposition rate as a function of particle size in non-smoking naturally ventilated residences[END_REF][START_REF] Tran | Indoor particle dynamics in schools: Determination of air exchange rate, size-resolved particle deposition rate and penetration factor in real-life conditions[END_REF] During deposition rate experiments, a three-fold increase was observed for submicron aerosols when ambient temperatures increased from 22°C to 29°C (Figure S7), a result that requires further analysis and, to the best of our knowledge, was not previously reported, although the influence of temperature gradients has been also suggested by Abt et al. (2000). [START_REF] Abt | Relative Contribution of Outdoor and Indoor Particle Sources to Indoor Concentrations[END_REF] 

Indoor and outdoor particle concentrations

In Europe, the European Environmental Agency (EEA) and the World Health Organization (WHO) [START_REF] Who | Air quality guidelines for particulate matter, ozone, nitrogen dioxide and sulfur dioxide, Summary of risk assessment[END_REF][START_REF]Air Quality in Europe[END_REF] have regulated the PM10 and PM2.5 fractions in ambient air, thus the mass concentrations of PM10, PM2.5 (considered as particles with optical diameter below 3.0 μm for this study) and PM1 were calculated assuming a spherical shape and an aerosol density of 1.4 g cm -3 . [START_REF] Rissler | Effective Density and Mixing State of Aerosol Particles in a Near-Traffic Urban Environment[END_REF] An example of indoor and outdoor particle concentrations is given in Figure 4 together with a time window selected for the mass budget analysis. The time series show that outdoor concentrations are highly variable due to the proximity of emission sources, while the indoor time window selected for mass budget analysis following the criteria described in subsection 2.3 is highlighted in pink.

Discussion

Impact of infiltration on indoor particle concentration

Based on the air exchange rate and the size-resolved penetration factors and deposition rates, the infiltration factor, i.e. the fraction of outdoor particles that penetrates and remains suspended indoors, is defined as:

Finf = -.
-/0
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and can be calculated considering an unoccupied room (particle sources and sinks only related to air exchange and deposition). The indoor concentration of the finer fraction (0.3-0.5 μm) would reach approximately 50% of the outdoor concentration, whereas for the 1.0-3.0 μm and 5.0-10.0 μm size bins this value would decrease to 43% and 4%, respectively. Such a marked decrease is consistent with a combined effect of penetration factors decreasing with particle size and the opposite behavior for deposition rates.

Actually, given that short-time windows were chosen under steady-state conditions, indoor particle concentrations are always expected to be smaller than outdoor ones. While this was observed to be true for particles larger than 1.0 µm, indoor PM1 concentrations were sometimes similar to or even higher than outdoor ones, suggesting that processes other than penetration and deposition are required to estimate concentrations of submicron particles in this unoccupied room. The validity of the MBE for different particle sizes, including submicron particles, and under different environmental conditions was therefore evaluated below.

Evaluation of the relative imbalance for PM10, PM2.5 and PM1

Under steady-state conditions in an unoccupied and empty room, the source and sink terms of the MBE (Equation 1) should cancel each other out and PM concentrations should only depend on the introduction of particles from outdoors (αPVCout) and their loss through a combined effect of air exchange and deposition ((α+K)VCin). In order to check this aspect, we define the Relative Imbalance (RI) as the difference between source and sink rates, normalized to the source rate: the MBE that showed some temporal (or temperature) dependence was the deposition rate (more details in the SI), which was considered in this analysis. Not accounting for the larger deposition rates of PM1 at higher temperatures would lead to even larger RI values for this PM fraction. We speculate that different physicochemical processes, not accounted for in the mass balance analysis performed above, are affecting the PM fractions. One assumption made in the above analysis, similarly to other studies, [START_REF] Tran | Indoor particle dynamics in schools: Determination of air exchange rate, size-resolved particle deposition rate and penetration factor in real-life conditions[END_REF][START_REF] Riley | Indoor Particulate Matter of Outdoor Origin: Importance of Size-Dependent Removal Mechanisms[END_REF] is the negligible impact of resuspension on PM loading in an unoccupied room. When temperature increases and relative humidity decreases, adhesive forces between particles and surfaces become looser, thus an increase of resuspension rates can impact the ambient PM concentrations. While this assumption may hold for the cold period, higher ambient temperatures and lower relative humidity, can lead to an increase of resuspension rates on hard floors (such as in this test room) [START_REF] Tian | A comparative study of walking-induced dust resuspension using a consistent test mechanism[END_REF] and, as a consequence, a significant impact of resuspension on ambient PM concentrations. Interestingly, previous studies have shown that the resuspension rate increases with particle size, [START_REF] Rosati | Resuspension of particulate matter from carpet due to human activity[END_REF][START_REF] Thatcher | Deposition, resuspension, and penetration of particles within a residence[END_REF][START_REF] Wang | An experimental study on short-time particle resuspension from inner surfaces of straight ventilation ducts[END_REF][START_REF] Tian | A comparative study of walking-induced dust resuspension using a consistent test mechanism[END_REF][START_REF] Qian | Walking-induced particle resuspension in indoor environments[END_REF][START_REF] Salimifard | Resuspension of biological particles from indoor surfaces: Effects of humidity and air swirl[END_REF] indicating that resuspension rates for PM1 are orders of magnitude lower than for PM2.5 and PM10. As a consequence, while an increase of resuspension rates with temperature could explain the RI observed for PM2.5 and PM10, resuspension alone is unlikely to explain the larger RI observed for PM1.

Additional physicochemical processes such as gas-to-particle conversion (condensation of lowvolatility gases) for particles smaller than 0.3 µm (lowest size measurable with the OPC) or the reverse (volatilization of NH4NO3 or water soluble and semi-volatile organics) [START_REF] Lunden | The transformation of outdoor ammonium nitrate aerosols in the indoor environment[END_REF][START_REF] Arhami | Organic compound characterization and source apportionment of indoor and outdoor quasi-ultrafine particulate matter in retirement homes of the Los Angeles Basin[END_REF][START_REF] Matsumoto | Volatility of water-soluble organic carbon in ambient aerosols[END_REF][START_REF] Moreau-Guigon | Seasonal fate and gas/particle partitioning of semi-volatile organic compounds in indoor and outdoor air[END_REF][START_REF] Sangiorgi | Indoor airborne particle sources and semi-volatile partitioning effect of outdoor fine PM in offices[END_REF][START_REF] Liu | The impact of mass transfer limitations on size distributions of particle associated SVOCs in outdoor and indoor environments[END_REF] for particles larger than 1 µm could also impact the PM1 fraction. On one side, building materials covering large surface areas in the building, mainly wood and linoleum, are known to emit monoterpenes and SVOCs, respectively. [START_REF] Schripp | Interaction of ozone with wooden building products, treated wood samples and exotic wood species[END_REF] Monoterpenes and other unsaturated VOCs are rapidly oxidized by ozone, which in turn lead to the formation of oxygenated VOCs (OVOCs) of lower volatility. A subsequent winter field campaign performed in the same test room (whose results are beyond the scope of this publication but will be presented in a forthcoming paper) has shown that the total concentration of the 60 measured OVOCs was at least eight times higher indoors (average Cin = 146.6 μg m -3 ) compared to outdoors (average Cout = 18.3 μg m -3 ), which supports that lowvolatility species could interact with the submicron aerosol population and could lead to a modification of their size distribution. Besides, the emission of condensable gases from building materials and gas-phase oxidation reactions are expected to become more significant at higher temperatures (higher emission rates, higher ozone concentrations). On the other side, volatilization of ammonium nitrate, leading to the formation of ammonia and nitric acid, has already been observed indoors, with volatilization rates depending on temperature, relative humidity and ventilation rate. [START_REF] Lunden | The transformation of outdoor ammonium nitrate aerosols in the indoor environment[END_REF] Both physicochemical processes (condensation and volatilization) will be strongly linked to gas-particle equilibrium and temperature differences between indoors and outdoors.

While the above discussion remains speculative, the results from this study indicate that assuming no resuspension in an empty room seems to be a valid assumption for the use of the mass balance model as long as ambient temperature remains under moderate values ( < 22°C in this study). Under these conditions, PMx (x = 1, 2.5, 10) concentrations indoors can be accurately assessed from outdoor measurements, providing that air exchange and deposition are well characterized. However, this assumption may break down for higher temperatures, especially for PM2.5 and PM10. In addition, the larger imbalance observed for PM1 indicates that this PM fraction is significantly more impacted by aerosol dynamics and thus requires a more detailed knowledge of the complete aerosol size distribution, its physicochemical characteristics, and physicochemical processes occurring indoors.

5.

Conclusions

Particulate matter (PM) concentration indoors is the result of a balance between sources and sinks, including potential physicochemical transformations, and a good understanding of these processes is needed to correctly assess PM budget indoors. During this study the air exchange rate, the penetration factor and deposition rates of size-resolved PM were measured in an unoccupied energy-efficient building as defined by the French RT2012 regulation. Those parameters were used to constrain a MBE linking indoor concentrations of PM to outdoor ones. It was found that indoor concentrations of PMx (x = 1, 2.5, 10) can be well estimated by the MBE based on measured outdoor concentrations, as long as temperature does not exceed a certain threshold of ambient temperatures (around 22°C in this study). In contrast, the indoor PM budget was significantly less accurate, with measured indoor concentrations being up to four times higher than values calculated from the mass balance approach for lower temperatures. This disagreement is attributed on the one hand to the co-variability between processes and transformations (gas-to-particle conversion, condensation, evaporation) taking place indoors for the PM1 fraction, and on the other hand to the assumed negligible resuspension mainly of coarse particles (PM2.5 and PM10) even in a relatively source-free indoor environment.

The results of our study point out the limitations of a simplified mass balance analysis to estimate PM fractions indoors, as can be classically found in the literature. It is usually assumed that under unoccupied conditions the particles do not undergo transformations when they penetrate indoors.

Even under conditions where all the terms of the MBE have been carefully characterized and air leakage is strongly minimized, such as in this work, this assumption leads to a miscalculation of particle concentrations indoors during warm periods, whereas it seems to be accurate enough (within uncertainties) for cold ones. Such results suggest that (i) the approximation of indoor species as inert and (ii) the assumption of negligible resuspension are not valid depending on the meteorological conditions, and an accurate budget analysis requires significantly more sophisticated methodologies including a detailed chemical composition characterization of the gas and particulate phases, even in a well-characterized and unoccupied environment.
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 1 Figure 1. 2-D and 3-D schematic diagrams of the building and positions of the OPCs.

Figure 2 :

 2 Figure 2: Average values of penetration factors (open markers) as a function of particle size.

Figure 3 :

 3 Figure 3: Average values of deposition rates (open markers) as a function of particle size. Error bars represent ± 1σ (9-15 measurements). The shaded area represents the range of values obtained

  concentration is buffered due to the slow air exchange rate and the absence of primary indoor sources.

Figure 4 :

 4 Figure 4: Example of time series of 6-minute averaged particle concentrations for the different particle size fractions on 29-30 June 2017 measured indoor (filled) and outdoor (open circles). A

Figure 5

 5 Figure 5 depicts the averaged relative imbalance for the three PM fractions calculated for the 23 short-time windows during the campaign, with a distinction between warm (Tin > 28 °C, eight time-windows) and cold (Tin < 22 °C, 15 time-windows) periods. This distinction has been arbitrarily done based on the based on the observation of different results (in terms of RI) during these two periods.

Figure 5 :

 5 Figure 5: Averaged relative imbalance (RI; see equation 6) for the PM1, PM2.5 and PM10 size fractions (from left to right) considering the campaign average, warm periods only (Tin > 28 °C) and cold periods only (Tin < 22 °C). Error bars represent 1σ.

  

Table 1 :

 1 Instrumentation information.

	Instrument	Parameter	Specifications
	TSI AEROTRAK	Particle number concentration for	Counting efficiencies: 50% ± 10% at 0.3µm;
	Handheld Particle	6 size bins (from 0.3 to >10.0 μm)	100% by 0.45µm; 50% ± 20% at all calibration
	Counter 8220		cut sizes
	Testo 480 probe	CO2 concentration	Range: 0 to 10,000 ppm
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