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Abstract

:

Epidemiological studies have established a strong relationship between poor air quality and deteriorating human health, demanding urgent remedial measures. Specifically, indoor pollution is more critical, and outdoor pollutants significantly contribute towards indoor pollution, its strength depending on various parameters, including ventilation strategy, meteorological conditions, building design, outdoor sources, etc. This report analyses the various factors reported influencing the transmission of pollutants between the two environments. The report critically reviews various studies investigating the inter-environment variability and transmission, providing an overview of various factors and their impacts and covering both experimental and modelling studies. The review suggests that while many studies have helped to quantify the long-term personal exposure to pollutants, they have not paid special attention to the mechanism of the transmission of pollutants from the outdoor to the indoor environment and vice versa. The findings demonstrate that the proper indexing of various mechanisms and their relative strength is necessary before an effective intervention strategy can be applied in the built environment to counter the effect of pollution.
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1. Introduction


The global COVID-19 pandemic has brought about lockdowns in various places around the globe, causing steep reductions in economic activities and the significant curtailment of emissions. The importance of good air quality was re-emphasised when multiple studies accentuated the improvement in urban air quality due to the restricted anthropogenic activities in early 2020 [1,2,3,4,5]. Observations by NASA [6] indicated a significant drop in NO2 emissions over Wuhan during the early stages of the pandemic against the data from the preceding year. As more and more people opt to work from home [7,8,9,10], along with future low-carbon emission trends, where exhausts from automobiles and factories are reduced, buildings become more air tight to meet energy efficiency targets, etc., it is pertinent to know the changes in indoor air quality and its likely impact on health and wellbeing. Renewed interest in studying the indoor–outdoor air quality and the interface between the two has been rekindled due to this transformation of indoor space usage [11]. Figure 1 shows how the two domains are variably connected, and how pollutants from either source can affect the air quality as air exchanges occur between them.



While, conventionally, fixed air quality monitoring stations have been employed to monitor outdoor pollution levels, the actual inhalation exposure by people is quite different. This is because people spend a major portion of their time within indoor environments [12,13,14] (although there may be variations depending on the development stage of the country), soliciting the need to monitor indoor air quality (IAQ) closely. The study by Pope et al. [15] demonstrated that reductions in air pollution (particulate matter) are one key factor to improving life expectancy. Approximately 4.9 million deaths in the year 2017 were attributed to air pollution, both indoor and outdoor [16]. Concurrently, the State of Global Air [17] study indicated that approximately 6.67 million deaths occurred prematurely due to poor indoor air quality in 2019. Some reports also suggest that underlying conditions due to poor air quality could aggravate COVID-19 symptoms [18,19].



In addition, recent studies [20,21] have shown that atmospheric pollutants may provide a substrate for the transmission of viruses, including SARS-CoV-2. Realising the importance of air quality, it is no surprise that increased focus has been given to IAQ. For instance, the WHO has been advocating for improved air quality as part of their Sustainable Development Goals [22] since 2015. Similarly, various nations and states have set up pollution indices and controlling mechanisms to control the emission and spread of air pollutants due to increasing attention from political institutions [23]. Some regulations governing indoor air quality are shown in Table 1.



Although, on the one hand, natural ventilation is considered to be a great strategy for improving IAQ, preventing the occurrence of sick building syndrome and reducing demand for energy [27], many other studies have indicated that natural ventilation may deteriorate indoor air quality [28,29] by transporting outdoor pollutants. The relationship can be seen in Figure 1. However, this is dependent on the pollutant, its chemical properties and source strength. Nevertheless, fresh air needs to be circulated in indoor spaces to flush out foul air, CO2 and indoor pollutants [30,31,32], and various guidelines have been created that dictate the rate of minimum fresh air to be circulated in indoor zones [33,34,35]. Outdoor pollution levels are, therefore, important components of indoor pollution [36], regardless of some variability. The aim of this work is to provide an overview of the various factors that influence the relationship between indoor and outdoor air quality.




2. Materials and Methods


The study by Milner et al. [14] reviewed various techniques and methodologies to assess indoor pollution levels. Although the study described each tool in detail with its applicability, the authors did not consider the impact of various external factors on the estimation. The review by Leung [37] discussed the effect of meteorology, and climate change on indoor air quality and how various studies established the relation between indoor and outdoor environments. The author stressed that although the use of the I/O ratio as an indicator of indoor pollution concentration with respect to ambient levels often has large variations, it is still a commonly assessed parameter. The I/O ratio is a dimensionless number, and is calculated by dividing the indoor pollutant concentration with the outdoor one. Additionally, there are varying influencing parameters, which have not been exhaustively considered in the literature. Their study, moreover, did not discuss these mechanisms of transmission or ways to mitigate the high levels of indoor transmission. The review by Ai and Mak [28] assessed the environmental quality of naturally ventilated buildings and concluded that urban planning and the building envelope design were the primary ways to mitigate poor air quality within them. This was further corroborated by Santamouris et al. [38]. They, however, did not investigate other modes of transmission or assess the influence of indoor activity.



This paper systematically reviewed the measured and modelled studies of pollutant transmission and relationships between indoor and outdoor environments. A better understanding of the transmission and infiltration characteristics of naturally ventilated buildings is necessary to allow for the design of healthy indoor spaces. Further, the urban context and meteorological parameters can influence the mechanism of pollution transmission. Despite the increasing studies on indoor pollution, the mechanism of the transmission of ambient pollutants is not clearly understood for naturally ventilated buildings due to a number of confounding factors. This review, thus, sought to address the gap in the literature pertaining to the review of the determinants of transmission and interaction between the two domains. The search criteria and methodology of investigation is shown in Figure 2. An extensive literature search was performed to identify publications on existing studies. Peer-reviewed journals, conference papers, technical reports and books from the last decade (with some exceptions) were searched using the Scopus and ScienceDirect search engines. The search was carried out using keywords such as “air pollution transmission”, “indoor outdoor relationship”, “factors affecting transmission” and “natural ventilation and indoor pollution”. Following a data collection process of identification, screening, eligibility analysis and inclusion, we selected and reviewed 120 articles (from an initial list of 440 articles). The study was limited to the review of factors or parameters linked to the increased severity of indoor air pollution and transmission, while discussions on mitigation and intervention strategies were considered beyond the scope.



While the health implications of pollution exposure are an important subject, it was not considered in this paper. Health-, wellbeing-, medical-, etc., themed journals have vastly covered this aspect, including the chemical composition and source apportion of pollutants. As more knowledge is gained about the role of spatial design on pollution distribution, better interventions could be planned to limit the infiltration, for instance, the window-opening angle. Further, future studies could explore the sensitivity of parameters, such as the penetration factor, with respect to different opening characteristics. Only studies that focused on transmission between the indoor and outdoor domains were reviewed.




3. Factors Affecting the Indoor–Outdoor Relationship


Outdoor sources of pollution primarily include the burning of fossil fuels (such as internal combustion engines in vehicles), industrial processes, fires, agriculture and volcanic eruptions [39,40]. Particularly, SO2, NOx, VOCs, NH3, CO, heavy metals, ozone, benzene, etc., and exposure to PM2.5 account for a significant health burden [41,42]. In some instances, such as PCBs, the primary source is indoors, which can migrate to an outdoor environment [13,43,44]. Indoor sources, such as smoking, cooking, cleaning and cleaning products, shedding from skin and/or clothes, indoor heating, etc., release pollutants such as VOCs, SO2, NOx, radon, etc., along with a microbial composition [45]. Even general daily objects, such as newspapers, fresh magazines and polishing agents, may release pollutants such as toluene [46]. A few of the prevalently studied pollutants are shown in Table 2. Many studies investigated the general concoction of solid particles and liquid droplets found in the air, called particulate matter (PM) [47], rather than focusing on an individual chemical. Apart from the chemical toxicity of the pollutants, their size is also responsible for many detrimental effects on humans [48]. The finer the PM, the deeper the penetration into the body and its consequent health implications.



Recent studies have shown that a pollutant generated inside a room can be transferred to other nearby indoor environments [50]. Many pollutants are common to both indoor and outdoor sources. Additionally, these pollutants may also penetrate into or outside the building, depending on the buildings and their surrounding conditions. The three primary modes of the transmission of pollutants between the two zones are natural ventilation, mechanical ventilation and infiltration [51,52]. Additionally, indoor–outdoor parameters further influence the transmission, such as outdoor weather condition, temperature difference between the two environments, surrounding urban landscape, indoor activity, furnishing, etc. A typical cross-section of a building next to a street is shown in Figure 3, along with various factors affecting the transmission of pollutants.




4. Natural Ventilation


In this mode, doors, vents, windows, skylights and other purpose-built fenestrations are merely left open to the outside environment, allowing for the exchange of air [53,54] In most cases, the air is driven by pressure and thermal gradient across the opening, shown as factors A and D in Figure 3. This mode of ventilation does not include the unintentional air exchanges that may occur across buildings, such as infiltration via ducts, cracks, etc. When configured correctly, NV can substantially offset the energy consumption in comparison to mechanical ventilation systems [28], and it is also associated with better indoor air quality with fewer occurrences of sick building syndrome [55]. While MV has a small percentage of fresh air intake (depending on the system configuration), ordinary buildings may have to open doors/windows to dilute stale indoor air and maintain a good IAQ. However, as the air, in this case, is not conditioned, it also allows the entry of outside air contaminants (Figure 4). Thus, openings on a building envelope allow the movement of pollutants from either environment depending on the indoor conditions, local weather and surrounding context. Many schools, residences, etc., and major building stock in developing countries—which, in particular, are highly polluted areas—the indoor air is naturally ventilated [56], necessitating the appraisal of parameters that influence the transmission of pollutants in this mode of ventilation.



Several studies have analysed the existing pollution level in such naturally ventilated spaces in relation to the ambient levels occurring in the building vicinity. Błaszczyk [24] measured indoor and outdoor pollution levels in two naturally ventilated kindergarten schools in Poland. In the urban school, all measured I/O ratios were less than one, including SO2, NO2 and PM2.5, where the author did not find an indoor source of pollutants. However, in the case of the rural school, the I/O ratios were greater than one, as the school had a kitchen stove fired with coal and a gas stove. Further, the authors were able to identify a statistically higher concentration of NO2 in an urban school environment due to the presence of road and traffic nearby. Although the author established that the calculated I/O ratios indicated the presence of ambient pollutants inside the school, the observation could not be generalised, since their sample size was small and the sampling period extended for a few weeks only. They investigated just one room in the two schools, one on either site.



Similarly, Stabile et al. [57] investigated air quality in five naturally ventilated classrooms, spread across three schools in the urban area of a central Italian town. Although the focus of the experiment was on measuring CO2 levels, they also quantified PM2.5 and PM10. The researchers identified an inverse relationship between window-opening time and CO2 levels, while a positive trend was observed for particulate matter number concentration. Winter days had a distinctly higher CO2 level compared to summer, as the fenestrations were usually kept shut. They observed a sudden increase in particulate matter concentration when the window or door was open during winters, indicative of higher outdoor PM concentrations, despite indoor sources such as chalk, student movement, etc. However, the study was conducted on a typical day during either season and cannot be extended for other buildings. Site conditions were also not reported, which caused it to be difficult to assess the influencing parameters.



Chen et al. [58] and Hassanvand et al. [59] measured indoor and outdoor particulate matter concentrations in various naturally ventilated sites, including schools and old-age homes. Both studies observed a close correlation between the indoor and outdoor concentration for fine PM levels, independent of the activity inside. However, coarse particles showed a weak correlation, and the contribution from the outdoor air in this size range was low. They concluded that while fine particles (PM2.5 and PM1) primarily travelled from the outdoor environment, the coarse particles were primarily of indoor origin, which were subjected to the dynamic internal environment. However, the authors did not indicate the window-opening/operating schedule, which was implemented during the experimental campaign.



Apart from particulate matter, bacterial composition in indoor air also impacts the quality and wellbeing of occupants. To this end, Harbizadeh et al. [60] measured bacterial and particulate matter concentrations in six day-care centres in the city of Ahzad, Iran. Among the three site conditions, the highest I/O ratio for bacterial and PM concentration was found for the buildings located in the high-traffic region (see Figure 4). Further, the highest pollutant levels were observed during the cold month of February, which the authors attributed to dust storms. They observed a positive correlation between airborne bacteria and particulate matter, and concluded that the use of open windows for natural ventilation was the main cause of transmission. Although the small number of samples and sampling period used in the study prevents the generalisation of results, the authors point to the fact that despite a lower bacterial I/O ratio in winters, the absolute concentration of aerial bacteria was worst in winter amongst all other seasons. Thus, the measurement of only the I/O ratio may not reveal finer details of air quality, and pollution studies should attempt to measure the absolute pollutant levels as well. This can be observed in Figure 5, where the I/O ratio of 4.38 had a higher absolute concentration of bacteria than the I/O ratio of 19.33.



Zhao et al. [61] studied aerosol particles from 0.01 μm to 10 μm in 40 different houses in two cities in Germany over two seasons. Natural ventilation by window opening was the primary mode of fresh air. They observed two indoor peaks of coarse PMC during the day, which they related to indoor activity in the morning and evening. However, the indoor PM1 trend closely followed the outdoor trend, indicating an outdoor influence. In terms of PNC, the majority of the indoor population of particles comprised of ultrafine particles. They demonstrated that, during the cold season, due to lower ventilation rates, the particles remained longer indoors, while, in summer, due to increased ventilation rates, the air from outside diluted the concentration and the particles were removed.



Nevertheless, the indoor variation followed the outdoor variation closely in the warm season due to longer window-opening times. Further, they establish that the I/O ratio of particles in the size range 100–200 nm was the highest under steady-state conditions. The study, however, lacked a large representation of houses within each site condition, and they were not able to identify the impact of environmental conditions on the pollution level. However, they indicated that submicrometric particles were primarily of outdoor origin.



To explicitly evaluate the impact of window opening on pollution transmission, Chiesa et al. [23] carried out an experiment involving the measurement of PMC and PNC before and after opening a window in a room. Results from the winter measurement of 35 dwellings located in Brescia, Italy, were presented. It was observed that the I/O ratio of all PM sizes increased after the window was opened. Further, the range of the data was reduced, indicating a strong influence of outdoor sources of PM. The results were further corroborated when the indoor PN distribution curve closely followed the outdoor trends. Similar conclusions were drawn by Wang et al. [62], who showed that the indoor concentration of PM2.5 in a residential flat with an open window was closely associated with outdoor levels. However, when the window was shut, the concentration gradually declined. Even under occupied conditions, Rim et al. [63] observed a strong dependence of pollution levels on window-opening time. Their results showed that, while temperature and CO2 concentration increased when the windows were shut, the concentration of particulate matter decreased in the PM2.5 and PM10 range.



Similarly, Yang et al. [64] measured the indoor and outdoor concentrations of PM2.5 and O3 in a student dormitory in Nanjing, China. Additionally, 353 dormitories were surveyed with a questionnaire, wherein general air quality and window-opening responses were captured. Although they showed that closing the window was an effective way to reduce the transmission of outdoor pollutants, the mere measurement of just one sample for a period of a month did not account for generalising this claim. The study was limited, wherein, based on a qualitative survey, they drew a correlation between natural ventilation and air quality. Nevertheless, the study revealed that people perceived indoor air quality based on outdoor air quality. Future studies should aim to explore this relationship rigorously.



In brief, the opening of windows has a large effect on the air exchange rate, varying between 1 and 2 ACH [65]. Higher rates are also possible, albeit sporadically and based on meteorology. While some studies indicated a strong outdoor link to finer-sized particles, others came to the same conclusion for all size bins, yet others derived inverse trends. This may prove difficult to establish health regulations, as various studies claim contradictory results. Moreover, the opening of windows is also governed by other factors, such as thermal comfort and CO2 accumulation, which may have an inverse relationship with the concentration of other pollutants. The interplay of rather contradicting factors usually confounds the effective operation of this mode of ventilation.



In the case of experimental measurement of the indoor–outdoor link of pollution in naturally ventilated zones, most researchers assumed a well-mixed air zone. However, this simplified approach may not represent the true scenario, as was indicated by [66], who observed a rapid drop in tracer gas concentration near a window when opened from a closed-state—an indication of an increased air exchange rate—while the other areas of the house had relatively no change. Additionally, most assessment studies did not indicate the impact of window dimension on the air exchange rate or particle penetration, which also affects the air exchange rate [66,67] and, consequently, air quality. Table 3 lists the I/O ratios presented in a few studies of naturally ventilated spaces.




5. Mechanical Ventilation


In this mode of ventilation, the air is supplied, regulated and conditioned with a mechanical system such as a ventilation fan or an air conditioner or by a central conditioning system [37]. In some cases, mechanically ventilated buildings have no operable windows or cannot be operated by occupants, and all the fresh air is directed through installed systems [53]. In such cases, the location of the intake vent, the filtration and air treatment efficiency of the HVAC systems, the location of ducts, etc., determine the transmission of pollutants. This is shown in Figure 6. Most commercial building stock in developed countries uses mechanical ventilation, necessitating the need to understand the mechanism of air filtration in these systems.



Indoor and outdoor measurements were conducted in a mechanically ventilated office building in Helsinki, Finland, by Koponen et al. [73] for 25 days. They observed that the indoor concentration was one order of magnitude less than the outside pollution concentration, and the diurnal variation of the indoor level was quite small. Particle concentrations in the accumulation mode (0.09 μm to 0.5 μm size range) were observed to increase when the ventilation was switched on, while the concentration of particles of less than 0.09 μm decreased simultaneously. In fact, the indoor concentration level closely followed the outdoor levels during weekdays, indicating a strong relationship between indoor and outdoor levels of PM0.09–0.5. The study was, however, conducted for a short duration, and no correlation was drawn with outdoor environmental conditions. Chen et al. [74] carried out a monitoring study in a mechanically ventilated campus building in Singapore before and after a haze incident, where the outdoor PM2.5 mass concentration rose to 10 times the average clear day values. They observed that the filter (MERV 7) installed in the air conditioning system was effective in filtering coarse particles (>3 μm), whereas the fine particles, especially in the range of 0.3–1.0 μm, freely penetrated into the indoor space and was closely associated with outdoor conditions. In fact, the working of the air conditioner system increased the I/O ratio in the finer particle range; however, the observation was not statistically significant.



The type of ventilation system and filter put in place significantly affects the transmission of pollutants. Quang et al. [75] measured indoor–outdoor PN and PM2.5 mass concentrations in three office buildings in Brisbane, Australia, with three different filter systems. They found the highest efficiency of filtration for electrostatic filters, approximately 60%, as they recorded the lowest I/O ratios in particle number concentration. The FCU filters were the least effective (20%), followed by deep bag filters, which ranged from approximately 26 to 46%. However, the I/O ratio of PM2.5 mass concentration followed a reversed trend, which was likely due to indoor sources. They also noted a high concentration in one of the buildings due to the placement of the intake duct in the proximity of an outdoor source. In fact, the review by Yu et al. [76] provided a good comparison between the various air conditioning systems in terms of their filtration efficiency and impact on human health.



Similarly, Zhou et al. [77] investigated two offices with different ventilation conditions in Nanjing, China. Both were located on the seventh floor of the same building. Their results showed that when occupants were in the space, the I/O ratio increased if the space was mechanically ventilated, while the trend was the opposite for a naturally ventilated space. The occupants’ activity, they claim, led to the resuspension of particles, which, in the case of NV, were diluted by the higher air exchange rate. They indicated that the I/O ratios for both PM10 and PM2.5 were lower in the case of the mechanically ventilated space when compared with natural ventilation; however, the ratio was quite high in the case of an occupied mechanically ventilated space with no filters. An inverse association was found between particle size and the corresponding I/O ratio when the space was mechanically ventilated. Wang et al. [62] also showed that the use of MV in airtight spaces increased the I/O ratio due to the higher air exchange rate. However, both studies were conducted over a short period, thereby limiting the ability to generalise the results or identify the underlying factors.



Thus, the improvement of air quality with MV requires a detailed analysis of operation times, filter type and their location, indoor source/sinks, etc. Figure 7 shows the efficiency of HVAC filter types for various particle size ranges. Most studies were limited in space and time, and generalised the results based on a small period of measurement. Very few studies actually investigated the transformation mechanism of pollutants when transported indoors. The mechanism was shown to modify the I/O ratio [78]. While the effectiveness of particular systems is well researched, including a comparative analysis of operation modes, the transmission mechanisms are still understudied. Future studies should investigate this in detail to help understand how various environmental factors may influence the choice of operation.




6. Infiltration


Pollutants can also enter buildings through envelope cracks, gaps around fenestrations and other building faults (see Figure 8), apart from the above-listed modes, which are not intentionally designed for this. Factors such as the air exchange rate, pressure gradient across the building fabric, size of the particle and crack geometry strongly determine the penetration of particles [80,81] and can be significant for buildings with poor sealing [37]. A study by de Blas et al. [82] showed that I/O ratios inside a test room, which was sealed with no windows or fresh air supply, had an I/O ratio close to one for outdoor source pollutants, whereas the pollutants which were known to be produced within the same building showed a ratio greater than one. The study, however, did not conduct a detailed transformation and accumulation analysis of the pollutants.



Additionally, building elements such as stairwells, elevator shafts, electrical conduits, etc., may also serve as pathways for air infiltration, especially in commercial buildings [83]. To this effect, Choi and Kang [84] studied the effect of envelope airtightness on the penetration of particles in 14 residential flats in Korea (Figure 9). They observed that the I/O ratio of finer particles was consistently higher for all air tightness conditions. Additionally, the I/O ratio decreased within each size bin with an increasing air change rate. A positive relation was found between effective leakage areas (ELAs), which quantified the equivalent number of holes in the envelope, and the penetration of particles, although the results were not statistically significant. They concluded that even moderately airtight apartments in the region were susceptible to outdoor infiltration, and as the buildings grew taller, and were exposed to higher pressure differences, the penetration was significant. The units chosen were, however, naturally ventilated with a range hood in the kitchen and an exhaust fan.



Infiltration studies, such as [23,85], investigated the impact of the energy class of buildings on the infiltration of pollutants. High-energy-class buildings have better insulation and airtightness of the building fabric. While Chiesa et al. [23] found that the energy class had a strong negative correlation with indoor concentration for both ultrafine and coarse particle size ranges, Thomas et al. [85] found a similar relationship for ultrafine particles only. Wang et al. [86] showed that the I/O ratios of PM2.5 were high when the outdoor PM2.5 mass concentration was less than 75 μg/m3. They indicated that, in such instances, the particles accumulated more in the coarse size range, penetrate less into the indoor space or the deposition of such large particles played a more significant role in building cracks. The mean I/O ratios varied from 0.25 to 0.91 for the different monitored spaces, which were unoccupied and closed. The study, however, failed to collect a significant number of data points, so much so that one of the locations was measured only once. The relative absence of data and other information such as size distribution, etc., makes it difficult to generalise the conditions. Their aim, being to assess the effectiveness of using iron as a tracer element for PM2.5, also lacked enough analysis to indicate its reliability. Another inherent limitation of field experiments is that there are many factors which influence the results which cannot be measured or accounted for.



In summary, particle penetration is significantly affected by airtightness and fabric design. In spite of the variation in published results, most studies found that finer particles penetrate into buildings much more easily as compared to the coarser size range. The PM size of approximately 0.3 μm had the highest penetration, which gradually decreased towards either size range. The reduction was more prominent towards larger size ranges up to approximately 10 μm. Areas around windows/door jambs are prone to penetration due to faults. Coupled with increasing airtightness standards around the world (such as Passivhaus), in response to more awareness about energy and climate change issues, it becomes essential to understand the relation between building fabric design and the transmission of pollutants and accordingly design mitigating strategies Such buildings usually have reduced dilution of indoor-generated pollutants [85].




7. Meteorology


Most exposure studies, while measuring pollution concentrations, also take note of meteorological data such as temperature, humidity, etc., since weather conditions significantly affect outdoor pollution concentrations and dispersion, which, subsequently, affect the interactions with indoor environment [87]. The focus of the review was restricted to the impact on transmission, and not on the absolute conditions in the outdoor environment. The difference in indoor and outdoor temperature can result in the exchange of air due to the stack effect, also known as buoyancy [88]. Niu and Tung [89] found that warmer air near the upper portion of a floor was driven out by incoming cold air from the bottom of the window in the case of single-sided naturally ventilated buildings (factor D in Figure 3). The rising warm air outside could re-enter upper floors with pollutants from below (Figure 10). The phenomenon was amplified during windless conditions and the presence of solar radiation, which heated up the canyon and building surface (factor F in Figure 3). This was further corroborated by Mao et al. [90], who showed that, in gentle breeze conditions, the re-entry ratio of a high-rise flat immediately above the source was approximately 25%, driven primarily by the rising thermal plume. Simultaneously, the coverage of the tracer gas on the shady side was found to be nearly half of the sunny side.



Studies of particulate exposure have also indicated a diverse range of relationships between temperature, humidity and PM levels. Tippayawong et al. [91] found a significant negative correlation between temperature and indoor PM2.5 concentration in a naturally ventilated school on top of a four-story building during daytime in Thailand, while, during night-time, a negative correlation was observed. They further indicated a strong positive correlation of relative humidity with submicrometer particles during the daytime. However, the larger particles showed a negative correlation during the night. On the contrary, Chan [87] reported that an increase in outdoor temperature led to a higher migration of particles into indoor spaces. Wallace et al. [65] calculated an increase in air change rate of 0.2 h-1 when the temperature difference was 10 °C. Lv et al. [52] found a statistically significant positive correlation between relative humidity and indoor PM2.5 concentration of 110 buildings measured during the summer period in Daqing, China (see Table 4). On the other hand, Chithra and Nagendra [69] found an inverse relation. However, the period of high humidity was associated with rains, which could have washed away outdoor pollutants. Finally, the difference in indoor and outdoor temperatures can also force pollutants (such as PAHs) to undergo redistribution between the gaseous and particulate phases, altering the exposure levels [72].



Temperature may also play an indirect role in transmission by influencing the mode of ventilation. Many studies have indicated that occupants keep windows open for a longer duration during summer to allow for a higher air exchange rate [92,93,94]. Thus, the seasonal variation of window-opening schedule and ventilation practice could significantly impact indoor pollution. Fromme et al. [95] found that, on average, indoor PM levels of 64 Munich schools were strongly dependent on outdoor levels during summer periods, while winter PM levels were dependent mainly on indoor activity. However, they did not find a statistically significant relation with humidity. Rosati et al. [96] found that relative humidity played a role in the resuspension of particles from carpets, although the relationship was dependent on the age of the carpet. While RH had an inverse relation with the emission factor for old carpets, a positive correlation was observed for new carpets. The authors attributed this observation to the presence of a stronger electrostatic charge in new carpets. The presence of a damp atmosphere may also exacerbate air quality by elevating the growth of microorganisms and inducing chemical reactions [45].



Wind direction and speed are known to alter the indoor air quality regime, specifically high wind speeds and pressure differences that promote air exchanges, consequently leading to the transportation of particles into buildings [72] (see factor G in Figure 3). Although, in some cases, if the indoor sources are strong, higher wind speeds can be desirable to remove the pollutants [97]. A two-year-long measurement study of a classroom by Chithra et al. [69] found that the effect of wind was dependent on regional pollution sources. They found a significant positive correlation between wind speed and indoor PM concentration when the wind was blowing from the direction of a major road. Consequently, no such observation was determined when the direction was from elsewhere. In general, I/O ratios of PM2.5 and PM1 decreased with increasing speeds. Additionally, in hot and dry conditions, strong winds may increase outdoor PM concentration through resuspension [69]. On the contrary, [23] found that wind speeds greater than 1 m/s improved the air quality of a naturally ventilated room by increasing the air exchange rate. On the other hand Orza et al. [98] showed an inverse relation between wind speed and particle concentration for particles smaller than 0.8 μm and a positive relation for particles larger than 7.5 μm. Similarly, the study by Lang et al. [99] indicated that wind speed had a positive correlation with the PNC of particles in Aitken and the accumulation mode, and a negative correlation with the nucleation mode. Figure 11 shows the size ranges of the various pollutant particles.



Drawing a generalised conclusion about the effect of meteorology is difficult, as various studies have reported a broad range of impacts. For instance, solar radiation may heat up the building façade and drive a thermal plume to aggravate pollution levels on some floors, while it may also induce an unstable atmospheric condition and cause the dispersion of pollutants. Thus, local and regional context plays an important part in determining the relative contribution of each factor. Moreover, very few studies measured all parameters and pollution levels concurrently and for a sustained duration of time to be able to derive a statistically significant relationship. Most studies were limited in time, space and budget to be able to cover enough samples spread across a diverse range of characteristics.




8. Urban Context


Urban features, such as deep street canyons, massive building footprints, inadequate open spaces, etc., can amplify outdoor pollution levels by hindering dispersion [101,102]. Even street elements, such as trees, can prevent the dispersion of pollutants in certain wind conditions [103] (see factors H–K in Figure 3 and Figure 12).



A review by Ai and Mak [28] indicated that when street canyons are deep, the winds in the canyon and above the canyon become decoupled at lower speeds. This potentially leads to local airflow in street canyons when ambient wind is perpendicular to the street. This can concentrate pollutants on the leeward side of the building, significantly deteriorating the air quality there. Yuan [40] simulated eight different urban geometry forms using CFD. Their results showed that strategies such as the higher permeability of urban forms, building separation, stepped podiums, etc., facilitated the convection of air, thereby dispersing pollutants (Figure 13).



Pollutant concentration may also vary with height, governed by atmospheric conditions and source strength. Menichini et al. [13] found that, on average, the BaP concentration in Rome, Italy, at road level was double the concentration found at the height of 20–30 m. Air monitoring on four building roofs revealed a drop in PAH concentration by a factor of ten in comparison to the road level. Similar observations were determined by Challoner and Gill [104], who showed a general decrease in outdoor PM concentration with increasing height in Dublin. They stressed the importance of carefully locating the intake duct of a mechanically ventilated building to avoid the entry of pollutants. Two of the ten MV offices unusually recorded high PM concentrations, even when the intake duct was located on the roof. The researchers attributed this to a local exhaust duct near the intake of the mechanical system, which amplified the indoor concentration through re-entry. Similarly, other estimates showed that, at a height of 25 m, the concentration of pollutants was one-fifth of the value at road level [105].



The presence of nearby buildings can modify the ambient wind flow and, subsequently, pollution dispersion. Chavez et al. [106] showed that when a building was introduced downstream of a pollutant source, the recirculation of air could concentrate the pollutant in the space between them (Figure 14). The presence of a downstream building further amplified the concentration. Similarly, studies such as [103,107,108,109,110] investigated the effect of roadside vegetation on the dispersion of pollutants. While some studies have claimed that trees can amplify local pollution levels [103,107] in streets, other studies have claimed the opposite [108,111,112]. This was dependent on the parameters considered, such as tree porosity, height, deposition velocity, emission source and strength, wind speed and direction, canyon depth, etc. [110,113]. Therefore, the results greatly varied between studies, as the combinations of parameters considered were not consistent between them. While Refs. [107,109] did not take into account the deposition of pollutants on tree surfaces, Refs. [110,114] combined the dispersion and deposition models. Since the influence of outdoor urban features does not directly impact indoor–outdoor transmission, further discussion is beyond the scope of this paper. Janhäll [115] provided an in-depth analysis of the effect of urban vegetation on pollution levels.



In most of the studies, the focus was on outdoor environmental quality, and how urban features may modify the ambient concentration. Although by knowing the ambient concentrations and modifying parameters, the exposure occurring indoors could be calculated. However, there is a high level of uncertainty in this method. Very few studies have attempted to quantify transmission by varying outdoor parameters. This may require measuring or modelling both the indoor as well as outdoor environments simultaneously and performing sensitivity analyses. The studies which simulated a coupled environment, such as [116,117], did not vary outdoor and urban features to reflect their impact on indoor air quality. A future investigation should look into this and develop a combined model for the assessment of indoor quality. Studies which used an analytical tool to predict indoor concentration based on outdoor concentration may lack in sufficient accuracy.




9. Indoor Activity


There is a myriad of indoor pollution sources, such as cooking, cleaning, smoking, etc. Even the movement of occupants can cause the resuspension of particles or release microorganisms. Pallarés et al. [70] measured indoor and outdoor PM2.5 and PM10 concentrations in three schools in Spain during and after the occupancy period. They observed an increase in the I/O ratio of two schools when it was occupied, suggesting that student movement and activities such as chalk on the blackboard contributed to particulate matter in the indoor environment. This was further corroborated by studies such as [118] and [58], which also found an increase in coarse size particle concentration during occupancy hours of a naturally ventilated school. On the contrary, [91] did not find any evidence of occupancy on the I/O ratio when carrying out a monitoring study in a NV school in Thailand.



Similarly, studies by Lazaridis et al. [119] and Heo et al. [120] found higher I/O ratios during occupied periods. The observations were determined in an apartment, office and subway station. However, the results were inconsistent in many studies, as other monitored sites did not record a similar trend [70,119]. The authors explained these inconsistencies with various hypotheses, including limited air exchange during unoccupied hours, which would, as a corollary, cause the accumulation of pollutants in indoor spaces. In general, the presence of occupants suggests physical activity in the space, which causes the resuspension of particles, in addition to the exhalation of CO2. However, due to the complex interaction of occupants with their environment, such as window opening, the absolute air quality in the internal space may greatly vary, and determining a pollution prevention strategy depends on the specific case.



Cooking is another significant indoor activity which releases particulate and organic aerosols. Ji and Zhao [121] conducted a measurement of 90 residential rooms in Beijing during a two-month period. They found that, on average, cooking contributed approximately 19.34 μg/m3 and 3.85 μg/m3 to the indoor PM2.5 concentration when the windows were closed and open, respectively. However, the relative contribution of outdoor sources was always greater in both cases. Cooking contributed to approximately 15%~50% to indoor pollution levels, depending on the intensity of cooking activity and window ventilation mode. MacNeill et al. [122] reported that cooking activities contributed to fine and ultrafine particles and estimated approximately 6–7 μg/m3 of indoor PM2.5. According to Lebret et al. [123], from measurements in over 300 homes, one cigarette would add 0.8 μg/m3 to the daily average indoor PM2.5 concentration. Other studies, such as [122,124,125], assessed contributions from various daily activities, such as washing, vacuuming, candles, incense, etc., and presented their findings. For instance, Shinohara et al. [126] observed that dusting increased PM2.5 and PM10 concentrations by up to 6.3 and 16 times, respectively, against ambient levels. This was much more than the increase due to the use of vacuum cleaners (both the cyclone type and paper-pack unit). Vacuum cleaners led to an increase ranging from 1.3 to 3.3 times the ambient levels, depending on the machine and the particulate size.



In summary, the number of studies focusing on the effect of indoor activity on the transmission of pollutants remains limited. Most studies investigated the exposure level due to a certain activity or without one, rather than identifying how such an activity would change the transport of pollutants. For instance, the movement of occupants resuspending particles is well studied, while the change in the air exchange rate due to their activity is not. Future studies should focus on such aspects as well, to understand their mechanism better. Nazaroff [127] noted that more sophisticated models, such as CFDs, were required to accurately model and understand source–concentration relationships; however, the same holds true for understanding activity–transmission links.




10. Particle Deposition


While penetration factors determine the efficiency with which outdoor particles migrate inside, the particle deposition rate quantifies the percentage of indoor particles lost from indoor air by settling and depositing on surfaces. Some studies suggested that the deposition of particles, such as PM2.5, is beneficial, as deposited particles cannot be inhaled unless resuspended [128]. Particle deposition is described in the unit hr−1, and is driven via three major mechanisms [129]: gravitational settling, Brownian diffusion and inertial impaction. The relative contribution of each mechanism is dependent upon the particle size and nature of the surface.



The study by Ji and Zhao [121] showed that as deposition velocity varied from 0.21 hr−1 to 0.63 hr−1, more particles were deposited on indoor surfaces, leading to a decrease in PM2.5 concentration. Similarly, the study by Park et al. [51] found that for both modes of ventilation (NV and MV), the indoor concentration of PM2.5 was less than outdoor when there were no indoor sources. They suggested that deposition on indoor surfaces and/or inside air filtration devices led to lower concentrations indoors, as well as reduced daily swing as compared to outdoor conditions.



The deposition rate is a function of particle size, airflow property, deposition surface characteristics, etc. [12]. Using the results by Feng et al. [130], Zhou et al. [77] showed that large-sized particles had a higher deposition rate in building cracks. On the contrary, finer particles were easily transported indoors. This was further corroborated by Riley et al. [131], although there was disagreement about this in the literature, and was shown by Lazaridis et al. [119], who suggested that smaller particles have a higher deposition rate as compared to particles in the accumulation mode. The review by Diapouli et al [132] notes a significant variation of reported values in literature and Table 5 shows few of the reported deposition rates.



The study by Liu et al. [67] measured the variation of the PM2.5 deposition rate as a function of the air exchange rate. They conducted field measurements in two unoccupied, naturally ventilated classrooms of a university in Nanjing, China. On average, they observed that the particle deposition rate increased with an increased ventilation rate. They presented the results in the form of particle deposition velocity given by,


   v d  = β  V   ∑  A    



(1)




where    v d    is the deposition velocity representing mass transfer from air to surfaces, β is the deposition rate in hr−1, V is the total volume of the room, while ∑A represents the sum of all available areas for deposition. They suggested that assuming a constant deposition rate could give an incorrect I/O ratio, as the rate also depends on the ventilation and air exchange rate, and, as such, the equation connecting the two is shown below, where a is the air exchange rate.


   v d  = 0.345 a + 0.0246  



(2)







While deposition can constitute the loss of particles, modelling the same can be quite a challenge. Depending on the focus of the study, various models have been incorporated and used to explain the observation [12]. The wide range of reported values and the absence of a uniform mode of evaluation could produce erroneous results. Moreover, many modelling studies, especially the ones involving CFDs, used a simplified model, ignoring the phenomena of deposition altogether. Future studies should look at standardising the process to account for deposition and characterising its contribution in various scenarios.




11. Summary, Knowledge Gaps and Recommendations for Future Research


The review identified several factors influencing the exchange of pollutants between indoor and outdoor environments. Results from relevant studies were presented and discussed within each factor. The following Table 6 list the knowledge gap and aspects of further investigation within each factor.




12. Conclusions


The review highlighted various factors and determinants which play a role in the transmission of pollutants between the indoor and outdoor environments. Three primary modes of air exchange are natural ventilation (through intentional openings across the building fabric), mechanical ventilation (through the use of active systems to force airflow) and infiltration (i.e., unintended air leakage/entry via openings and faults). Outdoor and indoor conditions further affect these modes of ventilation. Temperature differences, wind pressure, humidity, atmospheric stability, urban context, fabric design, indoor activity, etc., can differentially modify particle transmission. Studies have attempted to establish how these factors may influence pollutant flow using a variety of methods, ranging from experimental observation to physics-based simulation. The following areas were identified as requiring more research and analysis:




	
A number of factors influence the transmission of pollutants between the indoor and outdoor environments. This includes both from indoors to outdoors and vice versa. Most studies were unable to account for the diverse range of factors and instead, focused on a couple. There is a need to simultaneously measure the contribution of each factor and its relative magnitude. More studies should explore this.



	
Studies which endeavoured to ascertain the impact of various determinants often performed measurements in different buildings/spaces, which had differences in construction technology and/or fabric design. Very few studies have attempted to draw a comparison between the same buildings/spaces when subjected to multiple environmental conditions. Perhaps a manufactured unit placed in multiple spots such that the building’s characteristics remain the same and only a comparison of influencing parameters can be performed.



	
While long-term exposure models are definitely essential to understand the role of indoor IAQ and health, short-term studies can gauge how building design and sheltering mechanisms can prevent episodic scenarios, such as disease outbreaks, dust storms, volcanic eruption, etc. Thus, increased attention is needed on the sheltering mechanism of building fenestration. Very few studies have been carried out in this regard.



	
Within the studies on the transmission of pollutants, building typology is unequally represented. While a significant quantity of studies has investigated residential buildings and schools, commercial complexes and offices are underrepresented. A diverse range of houses and schools has been studied, with differences in ventilation strategies, occupancy, daily routine layouts, etc., while most studies on commercial spaces investigated the variations in filters used in mechanical ventilation or the distance from the pollution source. However, a detailed study of the impact of building permeability, façade design, etc., has not been conducted.



	
Although windows are the primary mode of penetration of pollutants, there have been very few studies investigating the mechanism of transmission for different window styles and openings. Modern commercial façades usually install a double-skin façade, which has not been investigated in terms of pollutant filtering mechanism.



	
Exposure models have not explicitly modelled variations in pollutant concentrations as a function of window schedule or opening parameter. Even differences amongst various windows are rarely accounted for. There are few studies which have investigated the ventilation potential of different window configurations; however, the focus was on the air exchange rate rather than pollutant transmission.



	
There exists a wide range of indoor–outdoor relationships, such as the I/O ratio, penetration factor, infiltration factor, etc. There is always uncertainty in the measurement/prediction and often disagreement amongst researchers. For instance, while using the I/O ratio as a measure of outdoor influence, some studies claim that ratios greater than unity mean an indoor influence, while some claim that ratios greater than five indicate an outdoor influence [82]. Discretion in the use of these factors is advised and careful attention to be paid to the site and conditions.



	
The use of CFDs as a potential tool for quantifying indoor pollutants of outdoor origin is significantly lacking. Most studies on CFDs either focus on urban level or canyon dispersion. A coupled indoor–outdoor simulation could reveal finer details of the transmission mechanism. Existing studies, such as [142,143], did not account for multiple phenomena acting in the environments. There is a great need to develop detailed models to account for the dynamic nature of street canyons.



	
A coupled study of the indoor–outdoor environment would also help to understand how indoor exposure levels are modified by outdoor conditions. CFD simulations offer the potential to investigate the impact of outdoor conditions on the indoor environment and how air flow is modified by various window/façade types. The review revealed a general lack of CFD studies exploring transmission mechanisms on different building envelope designs using indoor–outdoor-coupled environment simulations.



	
The use of experimental methods and measurements is resource and time-intensive, and, hence, primarily used for long-term average exposure assessments and pollution transmission. Modelling studies can help refine the spatiotemporal resolution and generate detailed transmission and exposure reports. They also provide an effective tool to assess multiple factors simultaneously, which is not possible with experimental methods.



	
Machine learning and prediction algorithms can be trained with combined results from experimental and modelling methodologies to develop a more accurate and robust exposure prediction tool and quantify the transmission of pollutants.








While experimental observations are helpful in understanding long-term exposure assessments, CFD simulations can help visualise how the transmission of pollutants occurs over a short spatial and temporal range. The review identified the lack of a clear understanding between fluctuations in determinants and their consequent impact on transmission. Previous epidemic outbreaks and the current pandemic highlighted the importance of air quality and fear of airborne contamination. It is envisaged that future studies should investigate this direction and fill the knowledge gap, including mitigation and intervention strategies for indoor air contamination.
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Figure 1. Transmission of pollutants between indoor and outdoor environments. 
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Figure 2. Methodology of article selection. 
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Figure 3. Factors affecting transmission between indoor and outdoor environments: A—natural ventilation; B—mechanical ventilation intake; C—infiltration; D—buoyancy-driven ventilation and cross-contamination; E—solar radiation; F—thermal plume due to surface heating; G—prevailing wind (speed/direction); H—flow into canyon; I—recirculation in urban canyon; J—local amplification due to street elements such as trees; K—local source such as cars. 
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Figure 4. Pollutant transmission between indoor and outdoor environments through crossflow natural ventilation. 
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Figure 5. Bacterial concentration and I/O ratio in three seasons and three site conditions, results from [60]. 
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Figure 6. Pollutant transmission between indoor and outdoor environments through mechanical ventilation. 
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Figure 7. Variation of filter efficiency through various particle sizes, reprinted with permission from [79]. 
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Figure 8. Pollutant transmission between indoor and outdoor environments through infiltration. 
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Figure 9. Measured I/O ratios from the study by [84]. 
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Figure 10. Transmission of air particles in the case of buoyancy-driven single-sided ventilation, adapted with permission from [88]. 
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Figure 11. Particle size classification, adopted from [100]. 
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Figure 12. Transmission of air particles from a source building to a naturally ventilated leeward space, impacted by urban wind patterns. 
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Figure 13. Simulation results from the study by [40] (Reprinted with permission from [40]), comparing pollutant concentration in an urban area with and without intervention strategies. The main street in Case 1 shows higher patches of red as compared to Case 2, which implemented some design strategies to make the urban form permeable to the wind. 
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Figure 14. Normalised pollutant concentration from study [106] (Reprinted with permission from [106]), showing the change in the dispersion of pollutants with the addition of buildings: (a) isolated building case; (b) additional building upstream of pollutant source; (c) a third building downstream of the pollutant source. 
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Table 1. Maximum limit of pollutants as recommended by some bodies, sourced from [24,25,26].
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	EU Guidelines for Outdoor Pollutants/Ambient Air Quality (μg/m3)
	The WHO Guidelines for Outdoor/Ambient Air Quality (μg/m3)
	The WHO Guidelines for Indoor Air Quality (μg/m3)
	The UK Guidelines for Outdoor/Ambient Air Quality (μg/m3)





	SO2
	350 (1 h average)

125 (24 h average)

20 (annual average)
	500 (1 h average)

20 (24 h average)
	-
	350 (1 h average)

125 (24 h average)



	NO2
	200 (1 h average)

40 (annual average)
	200 (1 h average)

40 (annual average)
	200 (1 h average)

40 (annual average)
	288 (1 h average)

40 (annual average)



	PM2.5
	25 (annual average)
	25 (24 h average)

10 (annual average)
	-
	10 (annual average)



	BaP
	1 ng/m3 (1 h average)
	
	1.2 ng/m3 (cancer risk of 104)

0.12 ng/m3 (cancer risk of 105)

0.012 ng/m3 (cancer risk of 106)
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Table 2. Some commonly studied indoor pollutants and their sources, from [49].
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	Pollutant
	Indoor Source





	CO
	Tobacco smoking and incomplete combustion activity



	Formaldehyde
	Resins used in insulation, furnishing material, carpets, synthetic materials, etc.



	Mineral fibre
	Building materials such as rockwool, glass wool, etc.



	NO2
	Combustion activities such as internal combustion car engines, gas cookers and cigarettes. Other sources include electrostatic office machines.



	Ozone
	Usually outdoor sources, although office equipment such as photocopy machines may also contribute.



	PAH
	Certain fuel combustion (kerosene) and tobacco.



	Radon
	Ground emission surrounding sites.



	SO2
	Combustion of sulphur-containing fuels.



	Toluene
	Used as a solvent in products such as paints, printing inks, cleaning products, adhesives, etc.



	VOCs
	Building materials, office machines, HVAC systems, etc.
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Table 3. Mean I/O ratios for naturally ventilated building studies; * indicates the median value.
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Ref

	
Case Study Buildings

(Brackets Indicate the Number

of Sites in Each Case)

	
Mean I/O Ratio

	
Measurement Days




	

	

	
PM10

	
PM2.5

	
PM1

	






	
[24]

	
1. Urban kindergarten (1)

	
-

	
0.87

	
-

	
2




	
2. Rural kindergarten (1)

	
-

	
1.04

	
-

	
2




	
[59]

	
1. Retirement home (1)

	
0.46

	
0.56

	
0.50

	
109




	
2. School dormitory (1)

	
0.66

	
0.56

	
0.43

	
96




	
[60]

	
Day care centre (DCC)

	
-

	
-

	
-

	
-




	
1. Industrially located DCC (2)

	
0.875

	
0.775

	
0.685

	
24




	
2. High-traffic-located DCC (2)

	
0.95

	
0.865

	
0.725

	
24




	
3. Residentially located DCC (2)

	
0.67

	
0.715

	
0.775

	
24




	
[61]

	
1. Homes (40)

	
0.99 *

	
0.76 *

	
0.69 *

	
513




	
[64]

	
1. Dormitory (1)

	
-

	
0.65

	

	
37




	
[62]

	
1. Home with NV

	
-

	
0.876

	
-

	
3




	
2. New home with NV

	
-

	
0.197

	
-

	
3




	
[68]

	
1. Roadside houses

	
0.97

	
1.01

	
1.03

	
-




	
2. Urban houses

	
0.92

	
0.94

	
0.96

	
-




	
[52]

	
1. Office (30)

	
-

	
0.91

	
-

	
7




	
2. Classroom (30)

	
-

	
1.05

	
-

	
7




	
3. Urban residence (38)

	
-

	
1

	
-

	
7




	
4. Rural residence (12)

	
-

	
1

	
-

	
7




	
[69]

	
1. Classroom (1)

	
2.25

	
1.15

	
0.88

	
222




	
[70]

	
1. Urban school (3)

	
2.5

	
-

	
-

	
302




	
2. Industrial school (3)

	
4.2

	
-

	
-

	
302




	
3. Rural school (1)

	
2.1

	
-

	
-

	
302




	
[71]

	
1. Homes (8)

Includes mechanically ventilated buildings

	
1.35

	
1.39

	
-

	
2




	
[72]

	
1. House (1)

	

	
0.45

	
-

	
4




	
[51]

	
1. Apartment (5)

	

	
0.6

	
-

	
1




	
[63]

	
1. Nursery school—closed window (4)

	
0.52

	
-

	
-

	
3




	
2. Nursery school—open window (4)

	
0.68

	
-

	
-

	
3
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Table 4. Correlation (Pearson coefficient) between indoor PM2.5 and relative humidity [52].






Table 4. Correlation (Pearson coefficient) between indoor PM2.5 and relative humidity [52].





	Type of Building (No of Samples)
	Indoor RH (%)
	Outdoor RH (%)





	Office with glass curtain (10)
	0.088
	−0.144



	Office with concrete wall (20)
	0.493
	0.303



	Rural residence (38)
	0.270
	0.113



	Urban residence (12)
	0.488
	0.310



	Classroom (30)
	0.097
	n/a
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Table 5. Deposition rate as a function of particle size, as reported by [132].






Table 5. Deposition rate as a function of particle size, as reported by [132].





	Study
	UFPs
	PM2.5
	PM10





	Stephen and Siegel, 2012 [133]
	~1.0
	-
	-



	Chao et al., 2003 [134]
	~0.6
	-
	-



	Diapouli, 2008 [135]
	~0.32
	~0.17
	~0.3



	Matson, 2005 [136]
	~0.24
	-
	-



	Williams et al., 2003 [137]
	-
	~0.42
	-



	Allen et al., 2003 [138]
	-
	0.2
	-



	Long et al., 2001 [139]
	-
	0.1
	-



	Ozkaynak et al., 1996 [140]
	-
	~0.39
	~0.65



	Tung et al., 1999 [141]
	-
	-
	~0.06










[image: Table] 





Table 6. Summary of identified determinants and recommendations for future studies.






Table 6. Summary of identified determinants and recommendations for future studies.





	Factors
	Important Parameters for Transmission
	Recommendation for Future Research





	Natural

ventilation
	Window-opening time and duration, window size and location, ambient and indoor source strength, time of day and season, air exchange rate, and meteorology.
	Although attempts have been undertaken to understand the impact of window configuration on air exchange, future studies should explore this in detail. The inclusion of various window systems, including a double-skin façade, is needed, which is significantly lacking in pollution studies. Further, the internal arrangement of spaces should also be investigated as to how it affects the ventilation performance and corollary to the transmission of pollution.



	Mechanical

ventilation
	Location of the intake vent, the filtration and air treatment efficiency of the HVAC system and the location of ducts/diffusers.
	Detailed analysis of operation times, filter type and location. Transformational characteristics of pollutants and their interaction with mechanical equipment. Influence of environmental factors on the operation.



	Infiltration
	Building age and energy class, pressure gradient across the surface, crack geometry and particle size distribution.
	Assessment of infiltration with respect to dynamic external and internal conditions.



	Meteorology
	Temperature, radiation, wind profile, humidity, etc.
	Closer examination of the impact of these factors on the interdomain transmission. Special need to conduct a parametric assessment of these factors and understand the relative strength of each.



	Urban

geometry
	Building and canyon configuration, including the height, depth, width, form, porosity and relation to unbuilt or empty spaces. Urban elements, trees and traffic.
	More studies are required to design and examine mitigation strategies in the form of improvements in urban configuration. Design improvements in the geometry and material use need to be explored and their impact on transmission investigated.



	Indoor

activity
	Occupancy schedule, nature and use of equipment, space usage, indoor source, etc.
	The bulk of studies focused on the impact of indoor activity on inhalation exposure. However, future studies should explore the interaction of indoor activities on the air flow and movement of pollutants between various domains.



	Deposition
	Indoor activity and furnishing, nature of pollutant, air flow property and deposition surface characteristics.
	Knowledge of deposition alone is not of much use to understanding transmission. Combined modelling studies of indoor air flow and deposition of pollutants can help assess the dynamic IAQ, as well as show how the transmission is likely impacted between the indoor and outdoor domain.
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